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Series Preface
Contemporary Food engineering

Food engineering is a multidisciplinary field of applied physical sciences combined with the knowl-
edge of product properties. Food engineers provide the technological knowledge transfer essential 
for the cost-effective production and commercialization of food products and services. In particular, 
food engineers develop and design processes and equipment to convert raw agricultural materials 
and ingredients into safe, convenient, and nutritious consumer food products. However, food engi-
neering topics are continuously undergoing changes to meet diverse consumer demands, and the 
subject is being rapidly developed to reflect market needs.

In the development of food engineering, one of the many challenges is to employ modern tools 
and knowledge, such as computational materials science and nanotechnology, to develop new prod-
ucts and processes. Simultaneously, improving food quality, safety, and security continues to be 
a critical issue in food engineering studies. New packaging materials and techniques are being 
developed to provide more protection to foods, and novel preservation technologies are emerging to 
enhance food security and defense. Additionally, process control and automation regularly appear 
among the top priorities identified in food engineering. Advanced monitoring and control systems 
are developed to facilitate automation and flexible food manufacturing. Furthermore, energy saving 
and minimization of environmental problems continue to be important food engineering issues, and 
significant progress is being made in waste management, efficient utilization of energy, and reduc-
tion of effluents and emissions in food production.

The Contemporary Food Engineering Series, consisting of edited books, attempts to address 
some of the recent developments in food engineering. The series covers advances in classical unit 
operations in engineering applied to food manufacturing as well as such topics as progress in the 
transport and storage of liquid and solid foods; heating, chilling, and freezing of foods; mass trans-
fer of foods; chemical and biochemical aspects of food engineering and the use of kinetic analy-
sis; dehydration, thermal processing, nonthermal processing, extrusion, liquid food concentration, 
membrane processes, and applications of membranes in food processing; shelf life and electronic 
indicators in inventory management; sustainable technologies in food processing; and packaging, 
cleaning, and sanitation. These books are aimed at professional food scientists, academics research-
ing food engineering problems, and graduate-level students.

The editors of these books are leading engineers and scientists from different parts of the world. 
All the editors were asked to present their books to address the market’s needs and pinpoint cutting-
edge technologies in food engineering.

All contributions are written by internationally renowned experts who have both academic and 
professional credentials. All authors have attempted to provide critical, comprehensive, and readily 
accessible information on the art and science of a relevant topic in each chapter, with reference lists 
for further information. Therefore, each book can serve as an essential reference source to students 
and researchers in universities and research institutions.

Da-Wen Sun
Series Editor
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xiii

Series Editor
Born in Southern China, Professor Da-Wen Sun is a global author-
ity in food engineering research and education; he is a member of 
the Royal Irish Academy (RIA), which is the highest academic 
honor in Ireland; he is also a member of Academia Europaea (The 
Academy of Europe) and a fellow of the International Academy of 
Food Science and Technology. He has significantly contributed 
to the field of food engineering as a researcher, as an academic 
authority and as an educator.

His main research activities include cooling, drying, and refrig-
eration processes and systems;  quality and safety of food products; 
bioprocess simulation and optimization; and computer vision/

image processing and hyperspectral imaging technologies. Especially, his many scholarly works 
have become standard reference materials for researchers in the areas of computer vision, compu-
tational fluid dynamics modeling, vacuum cooling, and so on. Results of his work have been pub-
lished in over 800 papers, including more than 400 peer-reviewed journal papers (Web of Science 
h-index = 64). He has also edited 14 authoritative books. According to Thomson Reuters’s Essential 
Science Indicators SM, based on data derived over a period of ten years from Web of Science, there 
are about 4,500 scientists who are among the top one percent of the most cited scientists in the 
category of Agriculture Sciences, and in the past many years, Professor Sun has consistently been 
ranked among the very top 50 scientists in the world (he was at the 25th position in March 2015, and 
in 2nd position if ranking was based on “Highly Cited Papers”).

He received a first class BSc Honors and MSc in mechanical engineering and a PhD in chemical 
engineering in China before working in various universities in Europe. He became the first Chinese 
national to be permanently employed in an Irish university when he was appointed college lecturer 
at the National University of Ireland, Dublin (University College Dublin [UCD]), in 1995, and was 
then continuously promoted in the shortest possible time to senior lecturer, associate professor, and 
full professor. Dr. Sun is now a professor of Food and Biosystems Engineering and the director of 
the Food Refrigeration and Computerised Food Technology Research Group at the UCD.

As a leading educator in food engineering, Professor Sun has significantly contributed to the field 
of food engineering. He has trained many PhD students, who have made their own contributions 
to the industry and academia. He has also delivered lectures on advances in food engineering on 
a regular basis in academic institutions internationally and delivered keynote speeches at interna-
tional conferences. As a recognized authority in food engineering, he has been conferred adjunct/
visiting/consulting professorships from 10 top universities in China, including Zhejiang University, 
Shanghai Jiaotong University, Harbin Institute of Technology, China Agricultural University, 
South China University of Technology, and Jiangnan University. In recognition of his significant 
contribution to food engineering worldwide and for his outstanding leadership in the field, the 
International Commission of Agricultural and Biosystems Engineering (CIGR) awarded him the 
“CIGR Merit Award” in 2000, and again in 2006, the Institution of Mechanical Engineers based in 
the United Kingdom named him “Food Engineer of the Year 2004.” In 2008, he was awarded the 
“CIGR Recognition Award” in honor of his distinguished achievements as the top 1% of agricul-
tural engineering scientists in the world. In 2007, he was presented with the only “AFST(I) Fellow 
Award” in that year by the Association of Food Scientists and Technologists (India), and in 2010, 
he was presented with the “CIGR Fellow Award”; the title of fellow is the highest honor in CIGR 
and is conferred to individuals who have made sustained, outstanding contributions worldwide. 
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xiv Series Editor

In March 2013, he was presented with the “You Bring Charm to the World” Award by Hong Kong–
based Phoenix Satellite Television with other award recipients including the 2012 Nobel Laureate in 
Literature and the Chinese Astronaut Team for Shenzhou IX Spaceship. In July 2013, he received 
the “Frozen Food Foundation Freezing Research Award” from the International Association for 
Food Protection (IAFP) for his significant contributions to enhancing the field of food freezing 
technologies. This is the first time that this prestigious award was presented to a scientist outside the 
United States. In June 2015, he was presented with the “IAEF Lifetime Achievement Award”. This 
International Association of Engineering and Food (IAEF) award highlights the lifetime contribu-
tion of a prominent engineer in the field of food.

He is a fellow of the Institution of Agricultural Engineers and a fellow of Engineers Ireland (the 
Institution of Engineers of Ireland). He also serves as the editor in chief of Food and Bioprocess 
Technology—An International Journal (2012 Impact Factor = 4.115), former editor of Journal 
of Food Engineering (Elsevier), and editorial board member for a number of international jour-
nals, including the Journal of Food Process Engineering, Journal of Food Measurement and 
Characterization, and Polish Journal of Food and Nutritional Sciences. He is also a chartered 
engineer.

On May 28, 2010, he was awarded membership to the RIA, which is the highest honor that 
can be attained by scholars and scientists working in Ireland; at the 51st CIGR General Assembly 
held during the CIGR World Congress in Québec City, Canada, on June 13–17, 2010, he was 
elected. Incoming President of CIGR, became CIGR President in 2013–2014, and is now CIGR Past 
President. 

On September 20, 2011, he was elected to Academia Europaea (The Academy of Europe), which 
is functioning as the European Academy of Humanities, Letters and Sciences and is one of the 
most prestigious academies in the world; election to the Academia Europaea represents the highest 
academic distinction.

© 2016 by Taylor & Francis Group, LLC

 



xv

Preface
This book presents the necessary information to design food processing operations and methods. 
It deals with food preservation and describes the equipment needed to carry them out in detail. For 
every step in the sequence of converting the raw material to the final product, the book covers the 
most common food preservation processes required.

Chapter 1 describes blanching. Blanching is an important unit operation before processing fruits 
and vegetables for freezing, pureeing, or dehydration. A case study on the effect of blanching condi-
tions on sulforaphane content in purple and roman cauliflower (Brassica oleracea l. Var. Botrytis) 
is presented.

Chapter 2 deals with thermal processing of foods referring to the application of heat in order to 
preserve product quality and extend its shelf life. Principles of thermal processing are well described 
along with thermal process calculations.

Canning of fishery products is described in detail in Chapter 3.
Chapter 4 refers to extrusion cooking with applications in the production of ready-to-eat cereals, 

pasta, snacks, pet food, fish foods, and confectionery products.
Drying or dehydration of foods is an extremely important food processing operation used to 

preserve foods for extended periods of time and is described in Chapter 5.
The most popular method for the preservation of fresh foods, especially meat, fish, dairy prod-

ucts, fruit, vegetables, and ready-made meals is chilling and is explored in Chapter 6.
Freezing is continued in Chapter 7, where freezing equipment used, novel methods proposed for 

freezing, new approaches for the control and optimization of the current cold chain in frozen food 
distribution, as well as the latest trends, are presented.

Some more recent thermal technologies, for example, microwave energy heating technology, 
are explored in Chapter 8 in an attempt to find alternatives to conventional heating methods. 
A case study on microwave preservation of fruit-based products, application to kiwifruit puree, 
is shown.

Advances in food additives and contaminants are described in Chapter 9. The use of food addi-
tives as agents for the improvement of food quality and preservation is well documented.

Ohmic heating, which is comparable to microwave heating, along with its principles and applica-
tions are described in Chapter 10.

Chapters 11 and 12 deal with high pressure (HP) processing and especially HP pasteurization 
which is one of the most interesting nonthermal processes of foods. They cover process design 
issues, evaluation, technology, and applications.

Pulsed electric field (PEF) processing is one of the promising novel technologies used to process 
liquid or low-viscosity foods and is described in Chapter 13.

Chapter 14 deals with the basics of magnetic fields technology for food processing and preserva-
tion along with some equipment and devices. The use of magnetic fields for microbial inactivation 
is briefly discussed, and several cases are presented.

Other nonthermal technologies such as ultrasound in food disinfection are described in Chapter 15. 
The important issues addressed include mechanism of ultrasound disinfection, parameters affecting 
the effectiveness of ultrasound in disinfection, effects of ultrasound on food quality, and effects of 
combining ultrasound with other techniques.

The use of edible films and coatings in fresh fruits and vegetables preservation is described in 
Chapter 16.
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xvi Preface

Chapters 17 and 18 deal with food packaging—aseptic packaging and modified-atmosphere 
packaging in fruits and vegetables.

Finally, Chapter 19 describes biosensor technology in food, and Chapter 20 deals with ozone 
applications presenting a general overview of the use of ozone in the food industry, along with a 
discussion on the chemical properties of this chemical.
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Editors
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1

1 Blanching

Theodoros Varzakas, Andrea Mahn, Carmen Pérez, 
Mariela Miranda, and Herna Barrientos

1.1 introduCtion

Blanching is an important unit operation before processing fruits and vegetables for freezing, 
 pureeing, or dehydration.

Blanching also lowers the mass of vegetables; so process profitability can be affected by over-
treatment. Commercial blanchers used in the vegetable canning industry are  relatively intensive 
with energy and water consumption. Energy utilization is affected by the equipment used and also 
by the configuration of the following freezing step.

Furthermore, conventional blanching produces wastewater that can reduce the nutritional value 
of vegetables by leaching of soluble compounds and subsequently increasing the pollutant discharge 
(Poulsen, 1986; Williams et al., 1986).

1.2 BlanChing and Carrots

Carrots are well known for their sweetening, antianemic, healing, diuretic, and sedative prop-
erties. The enzymes commonly found to have deteriorative effects in carrots are peroxidases 
(PODs) and catalase. In order to minimize deteriorative reactions, fruits and vegetables are heat 

Contents

1.1 Introduction ..............................................................................................................................1
1.2 Blanching and Carrots ..............................................................................................................1
1.3 Blanching and Acidified Vegetables .........................................................................................3
1.4 Blanching and Sugars ...............................................................................................................3
1.5 Water Blanching .......................................................................................................................5
1.6 Vacuum Pulse Osmotic Dehydration and Blanching................................................................5
1.7 Microwave Blanching ...............................................................................................................6
1.8 Infrared Blanching ....................................................................................................................7
1.9 Blanching and Leafy Vegetables ..............................................................................................8
1.10 Blanching and High-Pressure Processing.................................................................................8
1.11 Steam Blanching .......................................................................................................................9
1.12 Blanching and Folate Reduction ............................................................................................. 10
1.13 Blanching and Frozen Vegetables ........................................................................................... 11
1.14 High-Humidity Hot Air Impingement Blanching .................................................................. 12
1.15 Blanching and Antioxidant Capacity of Foods ....................................................................... 12
1.16 Low-Temperature Blanching .................................................................................................. 13
1.17 Blanching and Sorption Isotherms ......................................................................................... 14
1.18 Blanching and Rehydration .................................................................................................... 14
1.19 Case Study: Effect of Blanching Conditions on Sulforaphane Content 

in Purple and Roman Cauliflower (Brassica oleracea L. var. Botrytis) ................................ 15
References ........................................................................................................................................20

© 2016 by Taylor & Francis Group, LLC



2 Handbook of Food Processing: Food Preservation

treated or blanched to inactivate the enzymes. Blanching of fruits and vegetables is done either in 
hot water, steam, or selected chemical solutions (Luna-Guzmán and Barret, 2000; Severini et al., 
2004a,b).

Blanching in a hot calcium chloride solution is used to increase the firmness of fruits and veg-
etables because of the activation of pectin methylesterase (PME) (Quintero-Ramos et al., 2002).

The inactivation of POD is usually used to indicate blanching sufficiency as POD is ubiquitous.
Moreover, optimization of the blanching process with respect to nutrient retention (β-carotene, 

vitamin C loss) and product yield should be considered along with enzyme inactivation (Shivhare 
et al., 2009). They determined the optimum blanching conditions for carrots in terms of nutrient 
(vitamin C and β-carotene) retention and studied the kinetics of the inactivation of POD in car-
rot juice. Various enzyme inactivation models were tested on the basis of statistical and physical 
parameters to ascertain a suitable model capable of explaining POD inactivation kinetics.

Steam blanching resulted in nonuniformity of enzyme inactivation, and the inactivation times 
of catalase and POD during steam blanching were consistently higher than that of hot water, acetic 
acid, or calcium chloride solution blanching.

The best blanching treatment for carrots based on these process parameters was 95°C for 5 min 
in water. At this time–temperature combination, both POD and catalase were inactivated and 
8.192 mg/100 g vitamin C, 55% yield of carrot juice, and 3.18 mg/100 g β-carotene content were 
observed.

Blanching treatment of carrots prior to juice extraction has been found to be an important step 
in  the production of carrot juice, which improves color and cloud stability (Martin et  al., 2003; 
Zhou et al., 2009).

The effect of three processing steps (blanching, enzyme liquefaction, and pasteurization) on 
polyphenol and the antioxidant activity of carrot juices was investigated by Ma et al. (2013).

Water blanching was carried out at 86°C for 10 min.
Polyphenols and antioxidant activity of carrot juices varied with different processes. Five 

 polyphenolic acids were identified in fresh carrot juice, and the predominant compound was 
 chlorogenic acid. Compared with fresh carrot juice, blanching and enzyme liquefaction could result 
in the increase of total polyphenol content (TPC) and antioxidant activity in scavenging DPPH 
free radicals (DPPH) and Fe2+-chelating capacity (FC), whereas pasteurization could result in the 
decrease of TPC and antioxidant activity in DPPH and FC. Meanwhile blanching, enzyme liquefac-
tion, and pasteurization showed little influence on the antioxidant activity in lipid peroxidation pro-
tection. The antioxidant activities in DPPH and FC increased with increasing concentration while 
no correlation between lipid peroxidation protection and polyphenols concentration was evident. 
Polyphenols still retained high antioxidant activity after the processes, which have potential health 
benefits for consumers.

Blanching and enzyme liquefaction helped the dissolution of polyphenols into the juice.
Freezing of vegetables is generally accompanied by other processing operations such as blanch-

ing, which is applied to inactivate enzymes implicated in color change, flavor deterioration, and 
tissue softening during frozen storage. This thermal treatment (i.e. blanching), when conducted 
at temperatures higher than 80°C, catalyzes the degradation of pectins due to β-elimination reac-
tion (Sila et al., 2008) and their solubilization from the cell wall and the middle lamella between 
adjacent cell walls.

Blanching, freezing, and frozen storage, depending on the process conditions, can cause dramatic 
effects on the textural properties of frozen products (Prestamo et al., 1998; Roy et al., 2001).

Numerous investigations have been carried out on the texture of carrots effected by different 
blanching treatments (Lee et al., 1979; Bourne, 1987; Verlinden and De Baerdemaeker, 1997; Vu 
et al., 2004) and different rates of freezing (Rahaman et al., 1971; Fuchigami et al., 1994). In par-
ticular, low-temperature (60°C–75°C) blanching has been acknowledged to increase the cell wall 
strength in carrots (Fuchigami et al., 1995; Sanjuan et al., 2005) due to PME activation. In fact, this 
enzyme is able to demethylate cell wall pectins, producing cross-linking of pectin molecules in the 
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presence of calcium ions, and this results in the strengthening of the cell walls (Quintero-Ramos 
et al., 2002; van Buggenhout et al., 2006; Rastogi et al., 2008).

Typically, blanching is carried out by treating the vegetable with steam or hot water for 1–10 min 
at 75°C–95°C; the time/temperature combination selected is dependent on the type of vegetable. 
In  the case of carrots, low-temperature/long-time and high-temperature/short-time blanching 
 methods have been applied (Sanjuan et al., 2005; Shivhare et al., 2009).

The effect of previous ultrasound and conventional blanching treatments on drying and quality 
parameters (2-furoylmethyl amino acids—as indicators of lysine and arginine participation in the 
Maillard reaction—carbohydrates, total polyphenols, protein profile, rehydration ratio, microstruc-
ture changes) of convective dehydrated carrots has been assessed by Gamboa-Santos et al. (2013). 
The most striking feature was the influence of blanching on the subsequent 2-furoylmethyl-amino 
acid formation during drying, probably due to changes in the protein structure. The highest values 
of 2-furoylmethyl amino acids were found in carrots conventionally blanched with water at 95°C 
for 5  min. However, samples previously treated by ultrasound presented intermediate values of 
2-furoylmethyl amino acids and carbohydrates as compared to the conventionally blanched sam-
ples. Dried carrots previously subjected to ultrasound blanching preserved their total polyphenol 
content and showed rehydration properties, which were even better than those of the freeze-dried 
control sample. The results obtained here underline the usefulness of 2-furoylmethyl amino acids as 
indicators of the damage suffered by carrots during their blanching and subsequent drying.

1.3 BlanChing and aCidiFied VegetaBles

In the case of acidified vegetables, it is important to understand the effect of different pretreatments, 
such as blanching and equilibration of the product in a solution containing acid and salt, on the 
dielectric properties of food materials. Within these treatments, factors, such as acid and salt con-
centrations as well as the equilibration time, may affect dielectric properties, and in turn influence 
microwave heating.

Sarang et al. (2007) reduced electrical conductivity variation, thereby improving heating unifor-
mity of chicken chow mein through selective blanching treatments of food components in a highly 
conductive, salt-containing sauce prior to ohmic heating. This finding is highly relevant to dielectric 
heating since electrical conductivity is a major component of the dielectric loss factor.

Koskiniemi et al. (2013) examined the effects of acid and salt concentration on the dielectric prop-
erties of acidified vegetables. Broccoli florets and sweet potato cubes (1.2 cm) were blanched to facili-
tate acid and salt equilibration by heating for 15 s in boiling deionized water. Red bell pepper cubes 
were not blanched. The vegetable samples were then acidified in solutions of 1%–2% sodium chloride 
with 0.5%–2% citric acid. Dielectric properties were measured at 915 MHz from 25°C to 100°C after 
0, 4, and 24 h soaking periods in the solutions using an open-ended coaxial probe connected to a net-
work analyzer. Equilibration occurred within 4 h of salting and acidification. Acid and salt concen-
tration had no significant effect on the dielectric constant (ε′). However, ε′ was significantly different 
among vegetables (p <0.05). Dielectric loss factor (ε″) was not affected by the acid, but significantly 
increased with salt concentration. These results provide the necessary dielectric property information 
to apply microwave heating technology in the processing of acidified vegetables.

1.4 BlanChing and sugars

The nutritive, physicochemical, and technological characteristics of several intermediate food prod-
ucts (IFPs) from Spanish Confitera fresh date coproducts were investigated by Martin-Sanchez 
et al. (2014). Three IFPs were obtained, two from unblanched dates in different ripening stages 
(Khalal and Rutab) and a third one from blanched Khalal fruits. The IFPs were rich in dietary fiber 
(13%–16%, dry matter), phenolics (0.56–4.26 g GAE/100 g, dry matter), and sugars (55%–82%, dry 
matter), with glucose and fructose as the predominant sugars.
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Malic acid was the major organic acid, and potassium was the main mineral. Blanching Khalal 
dates helped prevent browning in the IFP, but the thermal treatment modified the sugars  profile. 
The results indicated that both maturity stages yield IFPs with potential in the food industry; and 
according to their sugar and phenolic content, they could be suitable for the elaboration of new 
ingredients with different industrial applications. In addition, it would be recommendable to blanch 
unripe fruits.

Both IFPs from unblanched fruits presented similar total dietary fiber (TDF) values (p >0.05), 
although some decrease during maturation has been reported related to the enzymatic activity 
responsible for the softening of dates by Ashraf and Hamidi-Esfahani (2011). Khalal-blanched dates 
presented the highest TDF, insoluble dietary fiber (IDF), and soluble dietary fiber (SDF) (p <0.05) 
effect due to the loss of other components into the boiling water, which has affected the proportion 
of the components.

Blanching did not affect (p >0.05) the total sugar content; however, it caused a decrease of glu-
cose and fructose but an accumulation of sucrose. The same effect was observed by Perkins-Veazie 
et al. (1994) and Barrett et al. (2000), who found higher sucrose content in blanched sweet corn and 
more reducing sugars in unblanched samples.

Scalded dates duplicated their TPC (p <0.05), possibly due to the polyphenoloxidase inactivation 
during blanching, protecting the phenolics against oxidation, particularly during homogenization.

Wen et al. (2010) explained this increase after blanching in vegetables by a different hypothesis: 
as a possible breakdown of tannins due to the high temperatures favoring their extractability; as a 
disruption of the cell membranes, which could provoke that phenolics, usually bonded to dietary 
fiber, proteins, or sugars in complex structures in the plants, become more available; and, also as the 
possible formation of phenolic compounds during the thermal process due to a higher availability 
of precursors.

The potential thermo-protective effect of sugars on the microstructure and the mechanical prop-
erties of the carrot tissue during blanching were investigated in a recent study (Neri et al., 2011). The 
protective effect of trehalose and maltose on the microstructural properties of the carrot tissue was 
highlighted by cryo-scanning electron microscopy (SEM) analysis.

However, when slices of the vegetable underwent heat treatments at 90°C for 3 and 10 min, no 
meaningful effects were noticed at the textural level.

Raw carrots and carrots blanched in water and in 4% trehalose and maltose solutions at 75°C 
for 3 (A) and 10 min (C) and at 90°C for 3 (B) and 10 min (D) were frozen and stored at −18°C for 
8 months. The effects of heating conditions and exogenous added sugars on the mechanical proper-
ties and microstructure of the vegetable after blanching and during frozen storage were studied by 
Neri et al. (2014).

By the SEM analysis, no significant differences were observed among samples A and B water-
blanched and raw carrots, while a thermo-protective effect due to the addition of sugars was evi-
denced in sample D, which had undergone the most severe thermal treatment. Freezing and frozen 
storage determined several fractures on both raw and blanched carrots due to ice crystals formation 
and recrystallization.

The cryoprotective effect of the sugars on the vegetable microstructure was observed only in the 
“over-blanched” sample D.

The mechanical properties of carrots were affected by blanching, which caused a decrease in 
hardness, but after freezing and 1 month of frozen storage, all samples showed a further dramatic 
reduction of hardness.

Only samples characterized by a pectinesterase residual activity showed softening after 1 month 
of frozen storage likely due to a competitive effect of the thermo-protective ability of trehalose on 
this enzyme. The exogenous trehalose was able to limit the loss of hardness of carrots that had 
undergone B, C, and D blanching pretreatments.
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1.5 Water BlanChing

Water blanching is employed to extend the shelf life of certain vegetable-based foods such as ready 
meals and frozen vegetables, since blanching inactivates enzymes responsible for food deteriora-
tion, and it also reduces microbial count (Bahceci et al., 2005; Olivera et al., 2008; Volden et al., 
2009). However, thermal processing such as blanching can induce losses of important compounds 
due to thermal degradation and leaching into cooking water (Rungapamestry et al., 2007; Olivera 
et al., 2008; Volden et al., 2008, 2009).

Alvarez-Jubete et  al. (2014) investigated the effect of combined pressure/temperature 
 treatments (200, 400, and 600 MPa, at 20°C and 40°C) on key physical and chemical characteristics 
of white cabbage (Brassica oleracea L. var. capitata alba). Thermal treatment (blanching) was also 
investigated and compared with high-pressure processing (HPP). HPP at 400 MPa and 20°C–40°C 
caused significantly larger color changes compared to any other pressure or thermal treatment.

All pressure treatments induced a softening effect, whereas blanching did not significantly alter 
the texture. Both blanching and pressure treatments resulted in a reduction in the levels of ascorbic 
acid, an effect that was less pronounced for blanching and HPP at 600 MPa and 20°C–40°C. HPP 
at 600 MPa resulted in significantly higher total phenol content, total antioxidant capacity, and 
total isothiocyanate content compared to blanching. To conclude, the color and texture of white 
cabbage were better preserved by blanching. However, HPP at 600 MPa resulted in significantly 
higher levels of phytochemical compounds. The results of this study suggest that HPP may represent 
an attractive technology to process vegetable-based food products that better maintains important 
aspects related to the content of health-promoting compounds. This may be of particular relevance 
to the food industry sector involved in the development of convenient, novel food products with 
excellent functional properties.

Conventional blanching and pre-drying are two separate processes and have the drawbacks of 
having low energy efficiency and long processing time (Tajner-Czopek et al., 2008). In a typical 
water blanching operation, first the water needs to be procured and heated and second, after a 
certain amount of blanching operations, this water needs to be replaced since it becomes saturated 
with sugars leaching from the potato strips. This results in not only excessive energy consumption 
due to the reheating of the water to the blanching temperatures but also the consumption of high 
amounts of water.

Among all the pretreatment methods for drying fruits and vegetables, hot-water blanching is 
one of the most frequently used methods as it can accelerate the drying rate and prevent  quality 
deterioration by expelling intercellular air from the tissues, softening the texture, denaturing 
the  enzymes, and destroying microorganisms (Jayaraman and Gupta, 2007; Neves et  al., 2012; 
Xiao et al., 2012). However, grape drying with hot-water pretreatment has not been reported in the 
literature due to the special structure of grapes.

1.6 VaCuum pulse osmotiC dehydration and BlanChing

Pulsed vacuum osmotic dehydration (PVOD) is an efficient process for obtaining semi-dehydrated food.
Osmotic dehydration (OD) is an alternative pretreatment for processes such as drying and freezing 

(Correa et al., 2011; Reno et al., 2011). It consists of immersing the food in a hypertonic solution with 
the consequent water loss (WL) from the food to the osmotic solution and the solid gain (SG) of osmotic 
solution by the food. The use of vacuum pulse at the beginning of the process, called PVOD, causes 
the expansion and subsequent compression of occluded gas in the product pores due to the action of 
hydrodynamic mechanisms (HDM), enhanced by pressure changes, and promotes the exchange of the 
pore gas/liquid for the external liquid with higher mass transfers than standard OD (Fito, 1994; Moraga 
et al., 2009; Correa et al., 2010; Fante et al., 2011; Moreno et al., 2011; Viana et al., 2014).
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The effects of temperature (30°C–50°C), solute concentration (NaCl, 0–15 kg per 100 kg solu-
tion, sucrose, 15–35  kg per 100  kg solution), and vacuum pulse application (50–150 mbar and 
5–15 min) on WL, SG, water activity (aw), and total color difference (ΔE) of previously blanched 
pumpkin slices were assessed through the Plackett–Burman experimental design by Correa et al. 
(2014). Temperature was not statistically significant in the process. Later, with the aid of a central 
composite design (CCD), it was found that the concentration of sucrose and NaCl was influent on 
the WL, SG, aw, and ΔE, and the pressure and time of application of vacuum were influent on the 
WL and SG. The optimal conditions of the process were stabilized with the desirable function, and 
the simulated data were similar to the experimental ones.

Sliced pumpkin samples underwent blanching by immersion in boiling water for 3 min. The 
blanching was stopped by immersing the samples for 2 min in mineral water. The slices had their 
surface carefully dried with a paper towel to remove the bath water. The blanching conditions were 
based on Tunde-Akintunde and Ogunlakin (2011) and Falade and Shogaolu (2010). Blanching is 
indicated for peroxidase inactivation (Pinheiro et al., 2007), color, and texture improvement (Silva 
et al., 2011) and higher water loss and solid gain (Kowalska et al., 2008).

1.7 miCroWaVe BlanChing

Mild blanching for a short period retains the freshness and results in texture softening and the lib-
eration of flavor compounds.

Moreover, blanched fish meat can be used for the preparation of value-added products, as it 
retains the taste and textural profiles closer to that of fresh fish meat.

Microwave heating is being investigated to improve, replace, or complement conventional 
 processing technology for pasteurizing or sterilizing food products as well as to meet the demands 
of on-the-go consumers who want quick food preparation and superior taste and texture (Ahmed 
and Ramaswamy, 2007). Domestic microwave ovens are conveniently used to heat foods as they 
do it faster than conventional methods. The sensory properties of muscle foods, such as texture and 
color, primarily depend on the time–temperature history of the product.

On the other hand, mild heating or blanching for a short period using a microwave oven improves 
the texture of fresh fish as it softens the connective tissue proteins, while maintaining the function-
alities of myofibrillar proteins.

The effect of microwave blanching on quality characteristics of vacuum and conventional 
 polyethylene-packed sutchi catfish fillets was evaluated under chilled conditions by Binsi et  al. 
(2014). Emphasis has been given to retain the sensory characteristics such as color and textural 
 properties, which is a major problem in sutchi catfish fillets during extended chill storage. In gen-
eral, microwave blanching imposed minimum changes on fatty acid and mineral composition of 
fish meat. A marginal increase in fat content was recorded after microwave heating of fish  fillets. 
The microwave-blanched fillets showed minimum cooking loss of 3.2 mL per 100 g meat. A slower 
increase in spoilage parameters was obtained with microwave-blanched samples  compared with 
unblanched samples, demonstrating the higher storage stability of the sample under chilled 
 conditions. Microwave heating of fish fillets coupled with quick chilling and packing under vacuum 
improved the color and texture stability of sutchi catfish fillets to a considerable extent. Microwave 
blanching increased the hardness and chewiness values and decreased the stiffness values of fish 
fillets. The biochemical and sensory evaluation of microwave-blanched and vacuum-packed sutchi 
catfish fillets showed an extended storage life of 21 days, compared with 12 days for unblanched 
vacuum-packed samples.

Since microwave blanching is considered as a dry technique, the volume of wastewater generated 
could be diminished and therefore losses of water-soluble nutrients could be minimized (Quenzer 
and Burns, 1981; Günes and Bayindirli, 1993). Several studies on microwave blanching of vegeta-
bles and fruits have been reported. Brewer et al. (1994) considered the effect of different blanching 
methods on the ascorbic acid content and the peroxidase activity in 225 g batches of green beans, 
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and they concluded that a 3 min microwave treatment at 700 W resulted in a product similar to that 
obtained by steam blanching. Muftugil (1986) observed that the time to complete the peroxidase 
inactivation in green beans was less with microwave blanching than with water and steam treat-
ment, whereas a higher greenness remained with the two latter methods. Brewer and Begum (2003) 
studied the effects of power and irradiation time on ascorbic acid, color, and peroxidase activity in 
microwave blanching of green beans, among other vegetables.

Microwave blanching of green beans (Phaseolus vulgaris L.) was explored as an alternative to 
conventional hot-water blanching by Ruiz-Ojeda and Peñas (2013). Batches of raw pods were treated 
similarly to an industrial process employing a hot-water treatment but using a microwave oven for 
blanching. The effects of microwave processing time and nominal output power on physical proper-
ties (shrinkage, weight loss, texture, and color), enzyme activities (guaiacol peroxidase, l-ascorbate 
peroxidase, and catalase), and the ascorbic acid content of pods were measured and modeled by 
first-order kinetics. Inactivation of POD was the best indicator to assess the efficiency of microwave 
blanching of green beans. No significant differences in product quality were found between hot-
water blanched and microwaved pods at optimal processing conditions. Furthermore, since shorter 
processing times and higher ascorbic acid retention were found, microwave processing of green 
beans can be a good alternative to conventional blanching methods.

Microwave blanching of green bean pods has been proved as a reliable alternative method to 
the conventional heating process used in the vegetable canning industry. The overall quality of the 
product processed by microwave heating under optimal conditions was comparable to that of the 
current industry process.

The microwave treatment of pods, in addition to an effective enzyme inactivation in less 
 processing time, led to a better retention of ascorbic acid.

1.8 inFrared BlanChing

In industrial production, the potato strips are generally blanched with water (60°C–85°C) for 
more  than 10  min mainly to inactivate enzymes and to obtain a uniform color (Nonaka et  al., 
1977; Tajner-Czopek et al., 2008), and then predried with warm air to improve texture (Andersson 
et  al., 1994). The blanched potato strips are par-fried in hot oil (170°C–190°C), cooled at room 
 temperature, frozen, packaged, and distributed.

Infrared (IR) heating, which delivers energy by electromagnetic waves, has been shown to be an 
effective heating technology with advantages of versatility and simplicity in terms of the equipment 
required (Sandu, 1986; Chou and Chou, 2003). IR heating was used to dry various agricultural and 
food materials such as onion slices, carrots, apple slices, and almonds (Hebbar et al., 2004; Sharma 
et al., 2005; Zhu and Pan, 2009; Yang et al., 2010). In a previous research reported by Bingol et al. 
(2012), they have observed that by using IR heat, complete inactivation of polyphenol oxidase (PPO) 
enzyme could be achieved in 3 min with 4.7% moisture loss for 9.43 mm regular cut french fries. 
Furthermore, for fresh-finish-fried french fries, at the end of 7 min frying, compared to unblanched 
samples, IR-blanched samples had 37.5%, 32%, and 30% less total oil at frying  temperatures of 
146°C, 160°C, and 174°C, respectively.

Given the successful application of IR blanching for fresh-finish-fried french fries (Bingol et al., 
2012) and due to the widespread use of water blanching in industry for par-finish-fried french fries, 
Bingol et al. (2014) compared IR blanching (IRB) with water blanching (WB) for par-finish-fried 
french fries in terms of (1) oil uptake, (2) color formation, and (3) the cost of blanching.

Bingol et  al. (2014) compared IRB with WB as a pretreatment method for producing lower 
 calorie french fries. It was observed that complete inactivation of polyphenol oxidase enzyme for 
9.43 mm potato strips could be achieved in 200 s and 16 min by using IRB and WB, respectively. 
Following the blanching, the samples were deep-fat par-fried at 174°C for 1 min and were then 
deep-fat finish-fried at 146°C, 160°C, and 174°C for 2, 3, 4, and 5 min. At all frying times and tem-
peratures, IR-blanched samples had less oil content than water-blanched ones. The energy analysis 
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of both blanching operations showed that energy expenditure-wise operation cost for pretreating 
french fries with IRB would be head-to-head with WB. The final moisture contents of IR and water-
blanched samples were between 40% and 50% after 5 min of finish-frying. The chromatic color 
components of IR and water-blanched samples were significantly (p <0.05) affected by finish-frying 
time and temperature, and a* and b* values for IR-blanched samples developed faster than water-
blanched samples during deep-fat finish frying.

To prevent the swelling of the strip surfaces which were exposed to IR heat, they applied a three-
stage blanching process. In the first stage only IR heat was applied for 120 s, and then in the second 
stage, IR heat was coupled with an air flow of 2.49 ± 0.24 m/s for 45 s, and finally in the last stage, 
the air velocity was increased to 5.14 ± 0.27 m/s. The total blanching time was 200 s.

Generally, exposure of PPO to temperatures of 70°C–90°C destroys their catalytic activity 
(Queiroz et al., 2008), and low-temperature blanching (55°C–70°C) reduces the porosity of potato 
strips, which thereby will reduce oil absorption (Aguilar et al., 1997).

Therefore, for WB, the potato strips were immersed in a 2 L beaker, containing 1 L of water at 
70°C, which was held in a water bath for 16 min. Following water blanching, the strips were dried 
in a convective dryer for 15 min at 60°C.

The surface and center temperatures of potato strips during IRB and WB were measured using type 
T thermocouples (response time <0.15 s) and were recorded every 1 s with a data logger thermometer.

1.9 BlanChing and leaFy VegetaBles

Rai et al. (2014) studied the effect of different food processing techniques like blanching, micro-
wave processing, boiling, frying, and different drying methods on the depletion of minerals espe-
cially magnesium in green leafy vegetables (leaves of Trigonella foenum, common name methi, and 
Spinacia oleracea, common name spinach) using laser-induced breakdown spectroscopy (LIBS). 
These processing techniques are frequently used at home as well as in food processing industries. 
The LIBS spectra of the fresh leaves of methi and spinach and their pellets (made by drying, grind-
ing, and pressing the leaf) were recorded in a spectral range from 200 to 500 nm. After applying the 
aforementioned processing techniques, different pellets of these leaves were made in the same way. 
The LIBS spectra of these processed leaf samples were also recorded using the same experimental 
parameters as used for the fresh samples. Their results showed that among the aforementioned pro-
cessing techniques, frying most significantly reduces the content of magnesium, whereas the least 
loss of Mg is observed in the case of boiling. They have verified this result by recording the LIBS 
spectra of the intact fresh leaves and of those processed with different techniques. The same results 
were also obtained from the LIBS spectra of the intact leaves and their pellets. The LIBS spectra 
of methi and spinach leaves were also recorded after drying them using two different techniques—
drying in vacuum and in a hot air oven. The results show that vacuum drying is more suitable in 
terms of minimizing the loss of Mg content in leaves.

The loss of magnesium is attributed to the leaching of Mg in water and degradation of the pig-
ment during processing. In blanching, magnesium is leached in two stages, that is, a substantial 
amount of it is lost in hot water and a small fraction in cold water.

Blanching treatment involved blanching of 100 g of the sample in 1 L of hot water (~85°C) in a 
stainless steel vessel for 3 min. Following hot water blanching, the samples were plunged into icy 
water (1 L, temperature of 3°C–4°C) and analyzed both immediately and after forming the pellets.

1.10 BlanChing and high-pressure proCessing

HPP is known as an alternative nonthermal food preservation method that can be applied to a 
wide variety of products. HPP is based on the application of pressures between 200 and 900 MPa 
to food that inactivates foodborne microorganisms and certain enzymes implied in food spoilage 
(Bayindirli et al., 2006).
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HPP is particularly useful for acid foods such as fruit pieces, purees, and juices (Jordan et al., 
2001; Bull et al., 2004; Bayindirli et al., 2006; Garcia-Parra et al., 2014).

The application of HPP to some fruit purees at industrial level is limited due to the resistance of 
browning-related enzymes, such as the PPO, to the treatment. This enzyme reduces the shelf life of 
the product due to the formation of brown compounds, which could modify the original color of the 
puree during storage (Gonzalez-Cebrino et al., 2012).

Other practice frequently applied during the manufacture process of purees is the application of 
thermal blanching. It consists in a short heating of the puree at the beginning of the processing line 
to maintain the original color of the puree by the inactivation of enzymes such as the PPO and also 
to reduce initial microbial levels. However, in some cases, this heating could also increase the oxi-
dation of nutritive compounds and reduce the original quality of the processed fruit products. The 
application of pretreatments would be a necessary step before HPP as suggested by Contador et al. 
(2012) in pumpkin puree, Landl et al. (2010) in apple puree, and Gonzalez-Cebrino et al. (2012) in 
plum puree.

A nectarine puree was manufactured with different pretreatments (thermal blanching or ascorbic 
acid—AA—addition), and then, the puree was processed by high-pressure treatment to evaluate 
the effect of the initial manufacture conditions in the stability of the processed purees as described 
by Garcia-Parra et al. (2014). A thermal treatment was also carried out to compare the effect with 
the HPP. All applied processes were effective to ensure the microbiological safety of the purees. 
However, the pretreatment (thermal blanching or AA addition) applied during manufacturing 
affected the final quality of the processed purees. Initially, the AA addition had a protective effect 
on color degradation during the manufacture of the purees; however, when these purees were treated 
by HPP, they showed less color stability during storage, lower bioactive compounds content, and 
antioxidant activity. In contrast, purees with an initial thermal blanching maintained better quality 
after HPP and during storage.

Puree with thermal blanching was manufactured at 80°C during the last 40 s of the blending 
process to simulate industrial preheating.

1.11 steam BlanChing

Freeze drying can be combined with heat treatments to promote good quality of the final product 
and a simultaneous improvement on color and nutritional value.

When tomatoes are submitted to treatments of drying, depending on the parameters and meth-
ods used, the concentration or degradation of nutrients can occur. The changes in the composition 
and color were verified when different drying processes were used. Freeze drying, oven drying, the 
combination of both, and also the effect of the pretreatment (blanching) using steam were studied 
by Jorge et al. (2014).

Tomato quarters were placed on a sieve and exposed to boiling water steam for 5 min.
The fresh tomato composition was compared with the composition of dehydrated tomato powder. 

After dehydration, the moisture content reduced 78% from the total initial moisture. In addition, a 
nutrient concentration was observed with an increase of about 57% of citric acid content and 3% in 
the pH. The ash content also increased from 0.53% to 8% (15 times) and 60%, the carbohydrates 
from 3.94% to 60% (15 times) and the proteins were increased from 1% to 11% (10 times). The 
blanching resulted in different types of changes, such as greater stability for the proteins, carbohy-
drates, fat, lycopene, and β-carotene.

There was a significant fat content difference in all treatments when exposed to steam blanching. A 
slight increase in the fat content was noted in the powder obtained by all drying treatments when the 
blanching treatment was used. The enzymatic action of lipase was inactivated with the steam applica-
tion, reducing the degradation reactions of this nutrient in the product (Anese and Sovrano, 2006).

The increase in lycopene and β-carotene content after the blanching was evidenced because 
heating promotes the change from cis to trans conformation form, intensifying the detection of 
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these components. Furthermore, it is seen that the heating time can cause the degradation of these 
pigments. However, the degradation was lower in the drying treatments with previous blanching 
when compared with those that did not undergo steam blanching (Jorge et al., 2014).

Steam and water blanching seem to be suitable initial operations when processing parsley into 
paste-like products. The parsley products obtained were characterized by bright green colors and 
enhanced antioxidant capacity; however, the total phenolic contents were lowered due to leach-
ing (Kaiser et  al., 2012). Furthermore, steam and water blanching at various temperature–time 
regimes of parsley and marjoram had different effects on polyphenol stabilities. Both increases 
and decreases of individual phenolic compounds were observed (Kaiser et al., 2013a). In a previ-
ous study, coriander leaves and fruits were blanched and subsequently processed into a powder. 
Blanching resulted in reduced microbial loads and retention of bright green color (Schweiggert 
et al., 2005).

Fresh coriander leaves were steam and water blanched at 100°C and at 90°C and 100°C, respec-
tively, for 1–10 min, and subsequently comminuted to form a paste as reported by Kaiser et  al. 
(2013b). Pasty products obtained from coriander fruits were processed after water blanching, 
applying the same time–temperature regimes. Among the 11 phenolics characterized in leaves by 
high-performance liquid chromatography coupled with mass spectrometric detection, several caf-
feic acid derivatives, 5-feruloylquinic, and 5-p-coumaroylquinic acids were tentatively identified 
for the first time. In fruits, 10 phenolics were detected, whereas rutin, a dicaffeic acid derivative 
and 2 feruloylquinic and caffeoylquinic acid isomers were newly detected. Upon steam blanch-
ing for 1 min, phenolic contents and antioxidant capacities remained virtually unchanged. In con-
trast, water blanching and extended steam blanching even yielded increased levels compared to the 
unheated control, whereas short-time water blanching resulted in higher values than prolonged heat 
treatment. Thus, short-time water blanching is recommended as the initial unit in the processing of 
coriander leaves and fruits into novel pasty products.

1.12 BlanChing and Folate reduCtion

Blanching is commonly used to reduce enzyme activity, which can cause undesirable changes in 
color, flavor, odor, or nutritive value during frozen storage of vegetables (Selman, 1994). It has 
also been shown to reduce the folate content in vegetables (McKillop et  al., 2002; Stea et  al., 
2006). Blanching is still used in the Egyptian food industry prior to canning of dried legumes as 
reported by Hefni and Witthöft (2014). They reported that blanching according to common prac-
tice reduced the folate content in faba beans and chickpeas by only 10% and 20%, respectively, 
probably by leaching into the blanching water as reported by others (Hoppner and Lampi, 1993; 
Dang et al., 2000).

Industrial food processing and household cooking are reported to affect folate content. This 
study by Hefni and Witthöft (2014) examined the effects of industrial and household processing 
methods on folate content in traditional Egyptian foods from faba beans (Vicia faba) and chickpeas 
(Cicer arietinum). Overnight soaking increased folate content by ~40%–60%. Industrial canning 
including soaking, blanching, and retorting did not affect folate content (p = 0.11) in faba beans but 
resulted in losses of ~24% (p = 0.0005) in chickpeas.

Germination increased folate content 0.4–2.4-fold. Household preparation increased the 
folate content in germinated faba bean soup (nabet soup) onefold and in bean stew (foul) by 20% 
(p <0.0001). After deep-frying of falafel balls made from soaked faba bean paste, losses of 10% 
(p = 0.2932) compared with the raw faba beans were observed. The folate content (fresh weight) in 
the traditional Egyptian foods, foul and falafel, and in the beans in nabet soup was 30 ± 2, 45 ± 2, 
and 56 ± 6 μg/100 g, respectively. The traditional Egyptian foods foul, falafel, and nabet soup are 
good folate sources and techniques like germination and soaking, which increase the folate content, 
can therefore be recommended.
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There are some studies on folate losses in vegetables during cooking, blanching, or  freezing. 
McKillop in 2002 determined that spinach blanching for 3.5  min involves a folate loss of 51% 
(McKillop et al., 2002). Holasova et al. (2008) obtained similar results with a percentage of reten-
tion of around 40% after 12 min boiling. DeSouza and Eitenmiller (1986), studied the impact of 
 different treatments such as blanching and freezing on folate loss in spinach, showed 17%  retention 
after blanching at 100°C for 4 min.

Folates are described to be sensitive to different physical parameters such as heat, light, pH, and 
leaching. Most studies on folates degradation during processing or cooking treatments were carried 
out on model solutions, or vegetables only with thermal treatments.

Delchier et al. (2013) identified the steps involved in folates loss in industrial processing chains 
and the mechanisms underlying these losses. For this, the folates contents were monitored along an 
industrial canning chain of green beans and along an industrial freezing chain of spinach.

Folates contents decreased significantly by 25% during the washing step for spinach in the 
 freezing process, and by 30% in the green beans canning process after sterilization, with 20% of 
the initial amount being transferred into the covering liquid. The main mechanism involved in folate 
loss during both canning green beans and freezing spinach was leaching.

Limiting the contact between vegetables and water or using steaming seems to be an adequate 
measure to limit folates losses during processing.

1.13 BlanChing and Frozen VegetaBles

Commercially frozen vegetables undergo blanching prior to freezing, a process utilizing hot water 
or steam to inactivate enzymes that otherwise cause degradative changes, limiting shelf life severely 
(Andress and Harrison, 2006). Destruction of the thermally stable enzyme peroxidase is most fre-
quently the endpoint used in determining the choice of temperature and time for the blanching 
process (USDA 2013). However, the use of peroxidase as an indicator enzyme is controversial, due 
to the fact that it often has no role in causing or enhancing degradation during storage of frozen 
product (Barrett and Theerakulkait, 1995). With an increase in blanching time and temperature, 
not only does the cost increase, but there is also a greater loss of nutrient content (Lim et al., 1989).

Yet typical blanching protocols for processing broccoli prior to freezing often exceed the limit of 
myrosinase stability (Lund, 1977). It was previously determined that commercially frozen broccoli 
lacks the ability to form sulforaphane pre- and post-cooking (Dosz and Jeffery, 2013a).

Frozen broccoli can provide a cheaper product, with a longer shelf life and less preparation time 
than fresh broccoli. Dosz and Jeffery (2013b) previously showed that several commercially available 
frozen broccoli products do not retain the ability to generate the cancer-preventative agent sulfora-
phane. They hypothesized that this was because the necessary hydrolyzing enzyme myrosinase was 
destroyed during blanching, as part of the processing that frozen broccoli undergoes. This study was 
carried out to determine a way to overcome loss of hydrolyzing activity. Industrial blanching usu-
ally aims to inactivate peroxidase, although lipoxygenase plays a greater role in product degradation 
during frozen storage of broccoli.

Blanching at a temperature of 86°C or higher inactivated peroxidase, lipoxygenase, and myrosi-
nase. Blanching at 76°C inactivated 92% of lipoxygenase activity, whereas there was only an 18% 
loss in  myrosinase-dependent sulforaphane formation. They considered that thawing frozen broccoli 
might disrupt membrane integrity, allowing myrosinase and glucoraphanin to come into contact. 
Thawing frozen broccoli for 9 h did not support sulforaphane formation unless an exogenous source 
of myrosinase was added. Thermal stability studies showed that broccoli root, as a source of myrosi-
nase, was not more heat stable than broccoli floret. Daikon radish root supported some sulforaphane 
formation even when heated at 125°C for 10 min, a time and temperature comparable to or greater 
than microwave cooking. Daikon radish (0.25%) added to frozen broccoli that was then allowed to 
thaw supported sulforaphane formation without any visual alteration to that of untreated broccoli.
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1.14 high-humidity hot air impingement BlanChing

High-humidity hot air impingement blanching (HHAIB) is a new and effective thermal treatment 
technology which combines the advantages of steam blanching and impingement technologies, 
resulting in minimum solids loss, a uniform, rapid and energy-efficient blanching process.

In HHAIB jets of high-humidity hot air impinge on the product surface at high velocity to achieve 
a high rate of heat transfer. It has been observed that the heat transfer coefficient of HHAIB at the 
initial stage is about 1400 W/(m2 K) at 14.4 m/s, 135°C, and 35% as its velocity, temperature, and 
relative humidity, respectively, which is about 12 times that of pure hot air impingement at the same 
temperature and velocity (Du et al., 2006). Furthermore, the materials are heated by steam or high 
humidity hot air, not dipped in water, which avoids loss of water-soluble nutrients during blanching. 
Xiao et al. (2012) found that appropriately HHAIB pretreatment can accelerate drying and improve 
the whiteness index of yam slices probably due to the absence of oxygen. Bai et al. (2013a) reported 
that HHAIB pretreatment is an effective pretreatment for Fuji apple quarters to inactivate PPO and, 
meanwhile, to maintain produce quality.

Seedless grapes blanched by HHAIB at different temperatures (90°C, 100°C, 110°C, and 120°C) 
and several durations (30, 60, 90, and 120 s) were air-dried at temperatures ranging from 55°C to 
70°C. The PPO activity, drying kinetics, and the product color parameters were investigated to 
evaluate the effect of HHAIB on drying kinetics and color of seedless grapes. The results clearly 
show that HHAIB not only extensively decreases the drying time but also effectively inhibits enzy-
matic browning and results in desirable green–yellow or green raisins (Bai et al., 2013b). In view of 
the PPO residual activity, drying kinetics and color attributes, HHAIB at 110°C for 90 s followed 
by air drying at 60°C are proposed as the most favorable conditions for drying grapes. These find-
ings indicate a new pretreatment method to try to enhance both the drying kinetics and quality of 
seedless grapes.

Drying grapes is more difficult than some other biological materials, since a thin layer of 
wax covers on its surface peel. Currently, chemical pretreatment methods are used frequently to 
dissolve the wax layer and accelerate dry rate. However, the chemical additive residue in the rai-
sins may cause food safety problems and how to deal with larger quantities of corrosive chemicals 
is a serious problem. HHAIB is a new and effective thermal treatment technology with advantages 
such as minimum solids loss, uniform, rapid and energy-efficient blanching process. The current 
work indicates that HHAIB may be a useful nonchemical pretreatment technology for seedless 
grape drying, which can not only accelerate drying kinetics but also improve color parameters of 
seedless grape.

1.15 BlanChing and antioxidant CapaCity oF Foods

Processing often results in either a depletion of or increase of the antioxidant properties of foods. 
Processing can induce the formation of compounds with novel antioxidant properties, which can 
maintain or even enhance the overall antioxidant potential of foods (Ioannou et al., 2012). However, 
during processing, loss of antioxidants or formation of compounds with prooxidant action may 
lower the antioxidant capacity.

In previous studies, leek extracts lost 20% of their total phenolic content when subjected to a 
thermal treatment (100°C, 60 min; this mimicked typical soup preparation).

The degree to which antioxidants change during processing depends on the sensitivity of the 
compound to modification or degradation and the length of exposure to a processing technique. 
But losses or gains of antioxidants can also vary with cooking or processing method (Ewald et al., 
1999; Ioku et al., 2001; Lee et al., 2008).

Evaluating the effect of domestic cooking on the health benefits of vegetables has great prac-
tical importance. However, only a limited number of reports provide information on the effect 
of these  treatments on the antioxidant capacity, polyphenol and S-alk(en)yl-l-cysteine sulfoxide 
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(ACSO, e.g., isoalliin and methiin) content of the white shaft and green leaves of leek (Allium 
ampeloprasum var. porrum).

Bernaert et al. (2013) studied the antioxidant capacity of leek and reported that it was highly 
influenced by cooking (blanching, boiling, and steaming). Boiling had a negative effect on total 
phenolic content in the white shaft and green leaves. An obvious increase could be observed in the 
antioxidant capacity of the steamed green leaves, while steaming did not influence the polyphenolic 
content. Remarkably, blanching resulted in a slight increase in the ACSO content. Subjecting leek 
samples to a longer thermal treatment appeared to have a negative influence on the ACSO content in 
leek. Steaming was also responsible for a decrease in ACSOs. Methiin was less susceptible to heat 
treatment than isoalliin.

Blanching and boiling did not influence the antioxidant capacity of the white shaft of leek, as 
measured using the oxygen radical absorbance capacity (ORAC assay). Blanching of the green 
leaves resulted in a 19% higher antioxidant capacity compared with the raw samples.

In general, steaming appeared to be responsible for better retention of the bioactive compounds 
present in leek compared with boiling.

Incorporation of ground peanut skins (PS) into peanut butter at 1.25%, 2.5%, 3.75%, and 5.0% 
(w/w) resulted in a marked concentration-dependent increase in both the TPC and antioxidant 
 activity as reported by Ma et al. (2014).

PS, as the other edible part of peanuts, have attracted attention because they are a rich,  inexpensive 
source of potentially health-promoting phenolics and dietary fiber (DF).

Using dry-blanched PS to illustrate, the TPC increased by 86%, 357%, 533%, and 714%, respec-
tively, compared to the peanut butter control devoid of PS; the total proanthocyanidins content 
(TPACs) rose by 633%, 1933%, 3500%, and 5033%, respectively.

PACs are complex flavonoid polymers; their phenolic nature makes them excellent candidates as 
food antioxidants.

Normal phase high-performance liquid chromatography (NP-HPLC) detection confirmed that 
the increase in the phenolics content was attributed to the endogenous proanthocyanidins of the 
PS, which were characterized as dimers to nonamers by NP-HPLC electrospray ionization mass 
spectrometry (NP-HPLC/ESI-MS).

Ferric reducing antioxidant power assay (FRAP) values increased correspondingly by 62%, 387%, 
747%, and 829%, while hydrophilic-oxygen radical absorbance capacity-fluorescein (H-ORACFL) 
values grew by 53%, 247%, 382%, and 415%, respectively.

Dry blanching of raw peanuts, to remove the seed coat (i.e., testa) from the kernel, is achieved 
by transporting peanuts on a belt through a low-temperature heating zone (at a maximum of 96°C) 
for ~45 min.

The dietary fiber content of dry-blanched PS was ~55%, with 89%–93% being insoluble fiber. 
Data revealed that PS addition enhances the antioxidant capacity of the peanut butter, permits a 
“good source of fiber” claim, and offers diversification in the market’s product line.

1.16 loW-temperature BlanChing

Low-temperature blanching (LTB), in the temperature range of 55°C–75°C, had been shown to 
improve the firmness of cooked vegetables and fruits, reducing physical breakdown and sloughing 
during further processing and providing an excellent and safe way of texture preserving (Verlinden 
et al., 2000; Dominguez et al., 2001; Ni et al., 2005; Perez-Aleman et al., 2005). Pectin methylesterase 
(PME), naturally present in many fruits and vegetables including sweet potato, had the potential to 
play a major role in cell wall strengthening at LTB (Ni et al., 2005; Abu-Ghannam and Crowley, 2006).

Free starch rate has been one of the most important criteria to evaluate the quality of sweet 
potato flour. LTB of sweet potatoes before steam cooking has shown significant increase in tissue 
firmness and cell wall strengthening by He et al. (2013). This research indicated that pectin methy-
lesterase (PME) activity decreased by 87.8% after 30 min of blanching in water at 60°C, while 
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polygalacturonase (PG) and β-amylase activity decreased 69.4% and 7.44%, respectively, under the 
same condition. Both PME and β-amylase played important roles in tissue firmness. Further stud-
ies of tissue firmness and methyl esterification showed that the combination of LTB and Ca2+ could 
increase the activity of PME and significantly enhance the pectin gel hardness to strengthen the cell 
walls and decrease free starch rate from 12.83% to 7.28%.

1.17 BlanChing and sorption isotherms

Several studies concern the influence of blanching on the progress of drying and the quality 
 attributes (Severini et al., 2005; Prajapati et al., 2011).

Jin et al. (2014) used the Flory Huggins free volume (FHFV) theory to interpret the sorption 
isotherms of broccoli from its composition and using physical properties of the components.

This theory considers the mixing properties of water, biopolymers, and solutes and has the 
 potential to describe the sorption isotherms for varying product moisture content, composition, and 
temperature. The required physical properties of the pure components in food became available 
in recent years and allow now the prediction of the sorption isotherms with this theory. Sorption 
isotherm experiments have been performed for broccoli florets and stalks, at two temperatures. 
Experimental data shows that the FHFV theory represents the sorption isotherm of fresh and 
blanched broccoli samples accurately. The results also show that blanching affects the sorption 
 isotherm due to the change of composition via leaching solutes and the change of interaction param-
eter due to protein denaturation.

Blanching changes the cellular structure (Gómez et al., 2004; Galindo et al., 2005), and conse-
quently changes the organization of the cell structure.

1.18 BlanChing and rehydration

In order to tackle the problem of rehydration of freeze-dried vegetables van der Sman et al. (2013a) 
distinguished three length scales: (1) the microscale of molecules, (2) the mesoscale of pores, 
and (3) the macroscale of the product.

At the microscale water interacts with the molecules, which constitute the food. This interaction 
determines the driving force and kinetics for the moisture transport. Recently, they have developed 
predictive theories for them (van der Sman and Meinders, 2011, 2013; Jin et al., 2011; van der Sman, 
2012, 2013; van der Sman et al., 2013b).

At the mesoscale they describe the simultaneous transport of water and solutes via the food matrix 
and the pore space. While moisture transport in the solid food matrix is governed by diffusion and 
swelling, the moisture transport in the pore space is governed by capillary transport. Experimental 
data are obtained via an experimental multiscale approach, combining NMR, Magnetic resonance 
(MRI), and XRT, targeting the molecular scale, the pore scale, and the macroscopic product scale 
(Vergeldt et al., 2012; Voda et al., 2013).

They presented a pore-scale model describing the multiphysics occurring during the rehydration 
of freeze-dried vegetables. This pore-scale model is part of a multiscale simulation model, which 
should explain the effect of microstructure and pretreatments on the rehydration rate. Simulation 
results are compared to experimental data, obtained by MRI and XRT. Time scale estimates based 
on the pore-scale model formulation agree with the experimental observations. Furthermore, the 
pore-scale simulation model provides a plausible explanation for the strongly increased rehydration 
rate, induced by the blanching pretreatment.

The increased insight in the physical processes governing the rehydration of porous or freeze-
dried food gives more rationale for optimizing all processing steps. Industry is seeking for means 
to give dried fruits and vegetables more conveniently, but also higher quality concerning health and 
texture. This study shows that blanching pretreatment prior to freeze-drying strongly enhances the 
rehydration, while the loss of nutrients is hardly affected.
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1.19  Case study: eFFeCt oF BlanChing Conditions on 
sulForaphane Content in purple and roman 
CauliFloWer (Brassica oleracea l. var. Botrytis)

aBstraCt

Brassicaceae offer many health-promoting properties due a high content of glucosinolates 
(glucoraphanin), whose hydrolysis through myrosinase yields sulforaphane, the most powerful 
anti-cancer compound derived from foodstuffs. Depending on the chemical conditions, a com-
petition reaction occurs catalyzed the epithiospecifier protein, yielding sulforaphane-nitrile, a 
non-bioactive and potentially toxic compound. Epithiospecifier protein is more thermo-labile 
than myrosinase, then its inactivation through an adequate blanching step should be possible, 
thus favoring sulforaphane synthesis. The effect of blanching conditions on sulforaphane con-
tent in roman and purple cauliflower was investigated. A factorial 22 design in two blocks was 
used; whose factors were temperature (50°C and 70°C) and immersion time (5 and 15 min). Both 
factors affected significantly sulforaphane content. The maximum sulforaphane content was 
achieved after blanching at 70°C. Our results demonstrate that it is possible to favor, and even 
optimize, sulforaphane synthesis by blanching using an adequate combination of temperature 
and immersion time.

Keywords: cauliflower, sulforaphane, blanching

introduCtion

The Brassicaceae plants, such as broccoli, white cauliflower, roman cauliflower, Brussels sprouts, 
and radish, offer many health-promoting properties owing to their high content of ascorbic acid, 
vitamin K, dietary fiber, and carotenoids. Besides, they exhibit a high content of glucosinolates 
(GSL), a group of secondary metabolites that share a common basic structure comprising a β-d 
thioglucose group, a sulphonated oxime moiety and a variable side chain derived from amino acids 
(Kushad et al., 1999; Fahey et al., 2001; Jia et al., 2009). In recent years GSL have become popular 
due to the chemoprotective properties that offer some of their hydrolysis products: isothiocyanates. 
Epidemiological studies have shown that consumption of a Brassicaceae rich diet significantly 
reduces the risk of developing some types of cancer, such as lung, colorectal, prostate, and breast 
cancer. This anticancer effect has been related to the GSL glucoraphanin, whose hydrolysis results 
in sulforaphane [4-(methylsulfinyl) butyl isothiocyanate] (Giovannucci et  al., 2003; Ambrosone 
et al., 2004; Manchali et al., 2012). Sulforaphane has been recognized as the most powerful anti-
cancer compound derived from foodstuff (Matusheski et al., 2004). Sulforaphane exerts its anti-
cancer effect by inducing phase II enzymes (quinone reductase and glutathione S-transferase), as 
shown by in vitro and in vivo studies (Zhang et al., 1992; Maheo et al., 1997; Chung et al., 2000; 
Matusheski and Jeffery, 2001). Additionally, sulforaphane has been associated with the prevention 
of cardio vascular diseases (Wu et al., 2004) and inflammatory illnesses such as arteriosclerosis 
(Kim et al., 2012).

In intact vegetal tissues, sulforaphane is absent, since its synthesis proceeds through the hydro-
lysis of glucoraphanin by the action of the enzyme myrosinase (thioglucoside glucohydrolase, EC 
3.2.1.147), and this enzyme is differently compartmentalized in specific myrosin cells. When the 
vegetal tissue is broken by mastication, harvesting, or processing, myrosinase enters in contact 
with glucoraphanin and then the hydrolysis proceeds (Latté et al., 2011). However, depending on 
the chemical conditions, a competition reaction occurs through the action of the epithiospecifier 
protein (ESP), which results in sulforaphane nitrile, a non-bioactive and potentially toxic compound 
(Mithen et al., 2000, 2003). At neutral pH the spontaneous conversion to sulforaphane proceeds, 
while as at acidic pH or in the presence of Fe2+, the production of sulforaphane nitrile by the action 
of ESP is favored (Williams et al., 2008; Mahn and Reyes, 2012). Figure 1.1 shows a scheme of 
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glucoraphanin hydrolysis. ESP is more thermolabile than myrosinase, and accordingly it should 
be possible to inactivate it through an adequate blanching step. The effect of blanching and cook-
ing conditions of Brassicaceae vegetables on GSL content has been studied by several authors 
(Matusheski et al., 2006; Cieślik et al., 2007; Jones et al., 2010; Pellegrini et al., 2010; Sarvan et al., 
2012). However, no study about the effect of blanching conditions on sulforaphane synthesis or con-
tent in cauliflower has been reported so far.

This work presents a study of the effect of different blanching conditions on the sulforaphane 
content in roman and purple cauliflower (Brassica oleracea L. var. Botrytis).

experimental

ChemiCals

Sulforaphane standard, Acetonitrile (HPLC grade), anhydrous sodium sulfate were purchased 
form  Sigma-Aldrich (Schnelldorf, Germany) and methylene chloride was purchased from 
J.T.  Baker  (USA). HPLC grade water was produced in the laboratory using an ultrapure water 
 system (Barnstead, Thermo Scientific, Waltham, Massachusetts).

Vegetable material

Purple and roman cauliflower were purchased at the local market (Santiago, Chile). All vegetables 
had 3 days from harvesting. Leaves and stems were discarded and the inflorescences were cut in 
5–7 cm pieces (vertical).

experimental Design

A factorial 22 design in two blocks was used to study the effect of blanching conditions on sul-
foraphane synthesis. The experimental factors were temperature (50°C and 70°C) and immersion 
time (5 and 15 min) (see Table 1.1). A total of 300 g of vegetable were used in each run. Blanching 
was performed by immersion in distilled water using a thermostatic bath (RE300, Stuart). After 
blanching, samples were immediately put in an ice bath, and then they were stored at −20°C until 
analyses.

S S C6H11O6

C6H12O6
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Glucoraphanin

Sulforaphane

Myrosinase
H2O

O
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O
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C N

O

S + Fe + ESP

O SO3
–

SO4
2–

S SH
C

O

N O SO3
–

Figure 1.1 Mechanism of glucoraphanin hydrolysis. (Adapted from Matusheski, N.V. et al., J. Agric. Food 
Chem., 54, 2069, 2006. With permission.)
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sulforaphane Content

Sulforaphane content was assessed by reverse phase HPLC, using the method proposed by Liang 
et al. (2006) with some minor modifications. Fresh and blanched vegetable samples were pulver-
ized with liquid nitrogen in a mortar, until obtaining a homogeneous meal. A total of 5 g of the 
meal were left to autolyze at room temperature for 30 min. After that, the meal was extracted two 
times with 50 mL methylene chloride. Extracts were combined and salted with 2.5 g sodium sulfate 
anhydrous. The methylene chloride fractions were dried at 30°C under vacuum on a rotary evapora-
tor (RE300, Stuart). The residue was dissolved in acetonitrile and was then filtered through a 0.22 
μm membrane filter prior to injection into HPLC. The equipment was a HPLC-DAD (Agilent mod. 
1110), and a reversed-phase C18 column (15.5 × 4.6 mm, i.d., 5 μm) was used. The solvent system 
consisted of 20% acetonitrile in water; this solution was then changed linearly over 10 min to 60% 
acetonitrile, and maintained at 100% acetonitrile for 2 min to purge the column. The column oven 
temperature was set at 30°C. The flow rate was 1 mL/min, and 10 mL portions were injected into 
the column. Sulforaphane was detected by absorbance at 254 nm. Quantification was carried out by 
comparison with a sulforaphane standard curve.

statistiCal analysis

Statistical analysis was performed by ANOVA, Fisher’s protected LSD and Dunett’s test for com-
parison with the control samples. A 95% confidence interval was considered (p ≤0.05). The analy-
ses were made using JMP 9.0.1 software (SAS Institute Inc.)

results and disCussion

Figure 1.2 shows the sulforaphane content in purple (Figure 1.2a) and in roman cauliflower 
(Figure 1.2b) after blanching under the different conditions given in Table 1.1. In all runs, blanching 
increased significantly the sulforaphane content in purple cauliflower with respect to fresh veg-
etable, agreeing with the results informed by Matusheski et al. (2004) for broccoli (Brassica olera-
cea var. Italica) subjected to blanching at 60°C during 5 min. This demonstrates that it is possible 
to favor sulforaphane synthesis by blanching using an adequate combination of temperature and 
immersion time. The highest sulforaphane content was obtained at 70°C and 5 min of immersion 
(run 3) in purple cauliflower, resulting in 17 mmol/g dw, representing an increase of 170% with 
respect to the fresh vegetable.

In roman cauliflower, only run 4 (70°C and 15 min immersion) resulted in significantly higher 
sulforaphane content, achieving a concentration equal to 31 mmol/g dw. This represents an increase 
of 500% with respect to the untreated vegetable. The increase of sulforaphane synthesis under some 
blanching conditions can be attributed to the inactivation of ESP at temperatures lower than 70°C. 
In this temperature range (50°C–70°C), myrosinase remained active (Matusheski et al., 2004), and 
therefore sulforaphane synthesis was favored in detriment to nitrile formation. This observation 
agrees with the results reported by Jones et  al. (2010), who found that sulforaphane content in 

taBle 1.1
Blanching Conditions

treatments temperature (°C) time (min) 

1 50 5

2 50 15

3 70 5

4 70 15
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broccoli diminished after blanching at temperatures higher than 70°C during 2–5 min. The authors 
attributed this behavior to myrosinase inactivation and also to partial leaching of glucoraphanin in 
the blanching water.

Matusheski et  al. (2004) found that at temperatures higher than 70°C sulforaphane synthesis 
was disfavored in broccoli, probably due to thermal inactivation of myrosinase. Then, it can be 
speculated that at 70°C the maximum sulforaphane synthesis would occur. Besides, since the com-
petition reaction that yields sulforaphane nitrile is disfavored, the ESP was probably inactivated at 
a temperature lower than 70°C.

Figure 1.3 shows the Pareto charts for purple (a) and roman (b) cauliflower. Here, the standard-
ized effects of the experimental factors on sulforaphane content are presented. The experimental 
factors had significant effects (p-value <0.05) on sulforaphane content in both cauliflower varieties. 
In purple cauliflower, temperature had a significant positive effect, indicating that an increase in 
temperature form 50°C to 70°C produced a significant increase in sulforaphane content. Besides, 
the binary interaction between temperature and immersion time had a significant negative effect, 
suggesting the existence of an optimum combination of temperature and time that maximizes sul-
foraphane synthesis. Immersion time had no significant effect on the response. In roman cauliflower 
both factors, as well as their interaction, had significant positive effects on sulforaphane content, 
leading to conclude that if there is an optimum, it should be outside the experimental region exam-
ined in this work. Our results agree with results obtained in broccoli by Matusheski et al. (2004), 
van Eylen et  al. (2008) and Jones et  al. (2010), and can be attributed to thermal inactivation of 
myrosinase.

Sulforaphane content behavior differed between both cauliflower varieties considered in this 
study, most likely due to different kinetic and physicochemical properties of myrosinase in both 
vegetables (Yen and Wei, 1993), or to different glucoraphanin contents in the fresh vegetables. 
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Figure 1.2 Sulforaphane content following the different treatments for (a) purple cauliflower and (b) 
roman cauliflower. Different letters indicate statistically significant differences between treatments.
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This is supported by the results of Kushad et al. (1999) and Branca et al. (2002), who found that 
the glucoraphanin content differed considerably between different varieties of cauliflower, ranging 
from 0.2 to 0.9 µmol/g dw.

The maximum sulforaphane content achieved in both cauliflower varieties in this study were con-
siderably lower than the values reported by Jones et al. (2010) for broccoli subjected to steam blanch-
ing during 2  min (145 mmol/g dw). Additionally, Matusheski et  al. (2004) reported a maximum 
sulforaphane content in blanched broccoli (immersion in water at 60°C during 5 min) equal to 10,000 
mmol/g dw. The lower sulforaphane contents obtained in cauliflower are attributed to the lower con-
tent of glucoraphanin in Brassica oleracea L. var. Botrytis (up to 900 mmol/g dw), while in broccoli 
(Brassica oleracea var. Italica) glucoraphanin content is up to 21,700 mmol/g dw (Kushad et  al., 
1999). Despite this, cauliflower is still a source of sulforaphane, as evidenced by our results. Besides, 
purple cauliflower also has a high content of anthocyanins, which show high  antioxidant activity, and 
then this vegetable has great potential as functional food.

ConClusion

This work is the first attempt of studying the effect of blanching conditions on sulforaphane con-
tent in cauliflower. Blanching temperature and immersion time had statistically significant effect 
(p <0.05) on sulforaphane synthesis in purple and in roman cauliflower. The maximum sulfora-
phane content was achieved after blanching at 70°C in both varieties, agreeing with the hypothesis 
of different inactivation temperatures of ESP and myrosinase. Roman cauliflower showed the high-
est sulforaphane content after blanching (31 mmol/g dw). Besides, even though purple cauliflower 
showed a lower sulforaphane content, both cauliflower varieties present high potential as functional 
food intended to prevent some types of cancer and other diseases. Finally, this study demonstrates 
that it is possible to favor sulforaphane synthesis by blanching using an adequate combination of 
temperature and immersion time.
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B:Time

AB

0 2 4 6
Standardized effects

8 10
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+
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Figure 1.3 Pareto chart for the effects of the blanching conditions on sulforaphane content in (a) purple 
cauliflower and (b) roman cauliflower.
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2 Thermal Processing

Nikolaos G. Stoforos

2.1 introduCtion

While the application of heat in the food industry can serve a variety of purposes, thermal process-
ing of foods refers to the application of heat in order to preserve product quality and extend its shelf 
life. Thermal processing represents a major food preservation technique. It consists of heating a 
product at a rather high temperature for a relatively short time in an accurately designed and well-
executed process. The product either before (traditional canning) or after (aseptic processing) the 
thermal treatment is enclosed into hermetically sealed containers. Unlike a number of food preser-
vation methods, such as drying, freezing, or cold storage, which rely on altering product or environ-
mental conditions in order to diminish product degradation reactions, thermal processing acts by 
destroying the undesirable agents, including pathogenic or spoilage microorganisms, enzymes, and 
toxins that could limit product shelf life. High-pressure processing, food irradiation, and a number 
of novel food preservation methods aiming also at destroying unwanted and quality- and shelf-life-
reducing parameters are, in fact, following the thermal process design principles introduced almost 
a century ago (Bigelow et al., 1920).

Thermal processing is the first man-devised preservation procedure not having a homologous 
prototype in nature, in contrast to some other preservation methods (such as drying, freezing, and 
cooling), which were developed and improved based on nature’s paradigm and systematic observa-
tions. Frenchman Nicolas François Appert (1749–1841), a Parisian confectioner and distiller, is 
considered as the inventor of the process, for which he won the 12,000-franc prize offered by the 
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French government under Napoleon, to anyone who could present a method for food preserva-
tion, in order to supply safe and nutritious food to the French troops (Valigra, 2011a). However, 
it seems that there was some form of “canned” food for at least 30 years before the publication of 
Appert’s work (Atherton, 1984). The efforts of Appert in developing his technique are extremely 
well documented in his original work on “the art of maintaining of animal and vegetable substances 
for several years” (Appert, 1810).

In his book, Appert (1810) presented details on the preparation of the product, the method of 
filling and sealing the containers (glass bottles and jars with cork stoppers), and the time in boiling 
water required for the process. Finally, he suggested how to use the processed foods before con-
sumption. Particular emphasis was placed on the quality of processed foods. For example, while 
describing the production and heat treatment of meat cooked with vegetables (pot-au-feu), he con-
cludes that “after a year or 18 months, the meat and the soup were as good as having been prepared 
on the same day.”

The basic steps followed today during thermal processing practically do not differ from those 
proposed by Appert (1810), a time at which the reason why thermal processing ensures the stability 
of the food was not known. The scientific basis of the process was found much later, in 1860, by 
Luis Pasteur, who explained that during heat treatment the microorganisms responsible for food 
spoilage were “killed,” and by Prescott and Underwood (1897 and 1898), who showed that microor-
ganisms surviving thermal processing were responsible for the spoilage of canned foods. Details of 
the historical developments of thermal processes are given, inter alia, by Lopez (1987), Holdsworth 
and Simpson (2008), and Tucker and Featherstone (2011), while a series of some early important 
works on thermal processing and the microbiology of thermally processed foods were presented by 
Goldblith et al. (1961).

The intensity of a thermal process depends on its objectives. A thermal process might be applied 
to a food product for blanching, pasteurization, or commercial sterilization. While sterilization refers 
to any process, chemical or physical, resulting in complete destruction of all living organisms, in 
view of the logarithmic nature of thermal destruction of microorganisms, the term “commercial ster-
ilization” is used. The following definitions are adopted here through a compilation of descriptions 
given in different sources (Lopez, 1987; Potter and Hotchkiss, 1995; Tucker and Featherstone, 2011):

Blanching: A mild heat treatment by direct contact with hot water or live steam applied to 
fruits and vegetables primarily to inactivate indigenous food enzymes. Depending on its 
intensity, blanching destroys some microorganisms reducing the initial microbial load of 
the product. Additionally, blanching softens the tissues, eliminates air from the tissues, 
washes away raw flavors, expels respiratory gases, and sets the natural color of certain 
products.

Pasteurization: A relatively mild heat treatment of food, usually lower than 100°C, aimed 
at destroying the vegetative cells of all pathogenic as well as most nonpathogenic micro-
organisms. Pasteurization is usually combined with another means of preservation, such as 
acidity, low water activity, and low-temperature storage.

Commercial sterilization: Application of heat (or other appropriate treatment) to render food 
free from any viable form of pathogenic and toxin-forming microorganisms, as well as of 
non-health significant microorganisms, which, if present, could grow in the food under 
normal conditions of storage and distribution of the product.

We must notice that the same definitions have been adopted for any other appropriate treatment 
applied to a food product with the same objective. Thus, we talk about “cold” pasteurization when 
high hydrostatic pressure processing is used to achieve the goals of pasteurization described earlier.

There is no clear borderline between pasteurization and commercial sterilization, especially 
when the terms are used with acidic or acidified foods. According to Stumbo (1973), “Whether the 
term sterilization or pasteurization is used to label a heat treatment designed to reduce the microbial 
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population of a food, the basic purpose of the heat treatment is the same—that is, to free the food of 
microorganisms that may endanger the health of food consumers or cause economically important 
spoilage of the food in storage and distribution.” Moreover, the principles governing the design and 
evaluation of either one of the earlier described  processes (blanching, pasteurization, and commer-
cial sterilization) remain the same. In fact, cooking (boiling and frying), a way used to control food 
texture and palatability, is a process that can also be described with similar mathematics.

Apart from the positive results, as far as the destruction of undesirable agents is concerned, deg-
radation of quality characteristics of the product inevitably occurs during a thermal process. Thus, 
precise design, implementation, and monitoring of the effects of thermal processes are required. 
Characteristically, Appert (1810) stated that for some products, even heating for 1 min longer (than 
planned and needed) would be harmful to the product. In the remaining part of the chapter, the basic 
principles that govern the design and control of thermal processes will be presented. The production 
of safe-to-eat products with the highest possible quality is the basis of the presentation that follows.

2.2 prinCiples oF thermal proCessing

Knowledge of the kinetics of thermal destruction of the heat-labile substance under consideration is 
the first requirement in analyzing a thermal process. Unless otherwise stated, in the remaining of the 
chapter, bacterial spores or microbial destruction, in general, will be used as an example when refer-
ring to any undesirable agent that can be targeted in a thermal process. Thus, for example, the substi-
tution of spore concentration by enzyme activity into the same equations that will be presented in the 
following paragraphs will enable enzyme inactivation calculations governing a blanching process.

2.2.1 KinetiCs of miCrobial DestruCtion

We assume that thermal destruction of a heat labile substance (e.g., microbial spores, Esty and 
Meyer, 1922) follows first-order kinetics, that is, at constant temperature:

 
− =dN

dt
k NT  (2.1)

where
N represents the microbial load, that is, the number of spores/mL (or microorganisms per 

 container, or any other appropriate unit)
t is the processing time in min
kT is the thermal destruction rate constant in min−1 (or s−1)
Subscript T in kT indicates the dependence of the rate constant on temperature.

For No being the initial (at t = 0) microbial load, the solution of Equation 2.1 is given by

 ln( ) ln( )N N k to T= −  (2.2)

and switching from natural logarithms (ln) to common logarithms (base 10 logarithms, log) 
we obtain

 
log( ) log( )

ln( )
N N

k
to

T= −
10

 (2.3)

Equation 2.3 indicates the logarithmic nature of microbial thermal destruction. N approaches zero 
at infinite time. A negative log(N), that is, an N value less than 1, must be statistically interpreted. 
Thus, for example, N = 10–4 spores/can indicates the surviving of 1 spore in 104 cans. Interpreting 
this reversely, we can say that 9,999 cans (out of 10,000) are spore-free. Thus, in a given experimental 
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observation of, for example, six cans, we will most probably find and report “complete” spore 
destruction.

As suggested by Equation 2.3, a plot of log(N) versus time is linear with the slope being equal 
to −kT/ln(10). In the classical thermobacteriological literature (Ball and Olson, 1957; NCA, 1968; 
Stumbo, 1973), experimental N values (in logarithmic scale) were plotted versus heating time 
(in linear scale) in semi logarithmic paper (as depicted in Figure 2.1); the slope of the “best fit” 
straight line, the Thermal Death Rate (or Survivor) Curve, was described through the decimal 
reduction time DT. The decimal reduction time is defined as the time, at a constant temperature T, 
required to reduce the microbial population by a factor of 10. In reference to Figure 2.1, DT can 
be graphically determined as the time required for the Thermal Death Rate Curve to traverse a 
logarithmic cycle.

The slope of the straight line (Figure 2.1) is given as

 
slope

d N

dt

N N

t t
= = −

−
(log( )) log( ) log( )2 1

2 1

 (2.4)

where indices 1 and 2 represent any two points on the straight line. For N2 = 0.1·N, by definition, 
t2 − t1 = DT. Thus, Equation 2.4 reduces to

 
slope

N N

D
D

slopeT
T= − = −log( . ) log( )0 1 11 1 or  (2.5)

Equation 2.5 can be used to calculate DT from the slope of the Thermal Death Rate Curve, the 
slope being estimated from a computerized linear least square regression analysis applied to the 
experimental log(N) versus t data. Furthermore, recalling the slope of the same line defined by 
Equation 2.3, an expression between decimal reduction time and thermal destruction rate constant 
can be obtained

 
D

k
T

T

= ln( )10  (2.6)
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Figure 2.1 Log-linear thermal destruction kinetics of heat resistant bacterial spores. Graphical determina-
tion of decimal reduction times (DT) at two temperatures.
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In view of Equation 2.6, Equation 2.3 can be explicitly written in terms of N as

 N No
t DT= −10 ( / )  (2.7)

From Equation 2.7, one can easily evaluate the survivors, N, from a microbial population 
 characterized by a decimal reduction time DT, for a given processing time t at a given temperature, 
T, if the initial microbial population, No is known. Alternatively, one can calculate the required 
processing time at a given constant temperature in order to achieve a specific microbial destruction. 
Rearranging Equation 2.7, the required processing time is given by

 t D N NT T o= −(log( ) log( ))  (2.8)

In Equation 2.8, the symbol tT was used for the required time in order to emphasize its temperature 
dependence.

In Figure 2.1, the Thermal Death Rate Curves for bacterial spores at two different temperatures 
are plotted. As the temperature increases, the time required to reduce the microbial population 
decreases. For the particular data shown in Figure 2.1, the decimal reduction time at 115°C is 
equal to 5.6 min, and it reduces to 1.3 min when the temperature rises to 121°C. A secondary 
model is needed to fully describe the effect of temperature on decimal reduction time or the ther-
mal destruction rate constant. In the classical thermobacteriological analysis, a linear relationship 
between log(DT) and temperature is assumed. In analogy to the decimal reduction time, the DT 
values are plotted versus temperature in semilogarithmic paper to form the Phantom Thermal 
Death Time (TDT) Curve, as depicted in Figure 2.2. The slope of the “best fit” straight line is 
described through the z value. The z value is defined as the temperature difference required for 
changing the  decimal reduction time by a factor of 10. In reference to Figure 2.2, z can be graphi-
cally determined as the temperature required for the Phantom TDT Curve to traverse a logarithmic 
cycle. As previously shown when analyzing the Thermal Death Rate Curve, similarly, the slope 
of the Phantom TDT Curve is equal to −1/z. Each point on the Phantom TDT Curve represents 
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Figure 2.2 Effect of temperature on decimal reduction time. Graphical determination of the z value.
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time–temperature combinations capable of reducing the microbial population by 90%. On the con-
trary, a TDT Curve refers to time–temperature combinations needed for “complete” destruction of 
a given microbial population.

In analogy to Equation 2.7, an expression defining the z value can be written as

 D DT T
T z

o= −10( / )  (2.9)

where DTo, a meaningless value, represents the DT value at zero temperature. For a reference tem-
perature, Tref, within the lethal temperature range of data collection, Equation 2.9 gives

 
D DT T

T z
ref o

ref= −10( / )  (2.10)

and by combining Equations 2.9 and 2.10, we obtain the following expression, the formal math-
ematical definition of the z value:

 
D DT T

T T z
ref

ref= −10(( )/ )  (2.11)

In converting z values to different temperature units, we must remember that z represents a tempera-
ture difference. Thus, a z value of 10°C is equivalent to 10 K or 18°F.

DT is used to describe the heat resistance of microorganisms. Indeed, between two different 
microorganisms, the one characterized by a longer decimal reduction time at a particular tempera-
ture is the most heat resistant. However, one must remember the effect of temperature on DT. If the 
two microorganisms differ in their sensitivity to temperature changes, that is, if they are character-
ized by different z values, then, the choice of the most heat-resistant microorganism can be tempera-
ture dependent. This is illustrated in Figure 2.3, where below 96°C the microorganism characterized 
by D100°C = 8 min and z = 5°C is the most heat resistant, while above 96°C the microorganism char-
acterized by D110°C = 2 min and z = 10°C becomes the most heat resistant. In a typical thermal pro-
cess, where product temperature is not constant, the selection of the target microorganism, among 
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those characterized by different z values, requires complete calculations, the choice being based on 
the remaining microbial populations at the end of the entire thermal process.

While the secondary model used to describe the effect of temperature on decimal reduction time 
is given in terms of the z value, the Arrhenius equation is typically used to express the effect of 
temperature on the reaction rate constant, as given here by (Lund, 1975)

 
k kT Tref

Ea
Rg

Tref T

Tref T

=
−

⋅

−

10
10ln( )

)(

 (2.12)

Note that T and Tref in Equation 2.12 represent absolute temperatures (i.e., expressed in Kelvin).
The discrepancy between Equations 2.11 and 2.12 is given. Some critical discussion on this mat-

ter can be found in the literature (Jonsson et al., 1977; Ramaswamy et al., 1989; David and Merson, 
1990; Datta, 1993). Nevertheless, both equations have been used to analyze the thermal destruction 
of a number of heat-labile substances during heat processes. Equation 2.11 is the choice when deal-
ing with microbial destruction, while Equation 2.12 is preferred when the degradation of chemical 
substances is considered. Both equations are considered appropriate, as long as they are used within 
the temperature range where the inactivation data have been collected. However, one should not 
overestimate their empirical nature (Barsa et al., 2012).

At this point, we must also mention concerns about the appropriateness of first-order kinetics to 
describe microbial thermal inactivation. Deviations from first-order kinetics do exist. A number of 
alternative models have been proposed (Valdramidis et al., 2012). However, given the simplicity of 
the first-order kinetics and its successful application in the thermal processing industry for about a 
century, the first-order model is considered as an appropriate engineering tool for thermal process 
design calculations (Pflug, 1987).

2.2.2 F Value

If two thermal processes, applied to identical products, are applied for the same processing time, 
then the one using higher processing temperature is more intense, that is, resulting in higher destruc-
tion of a given microbial population. Similarly, if the temperature of two processes is the same, 
the one lasting longer is more severe. However, if both the processing time and temperature of two 
thermal processes are different, for example, one is for 30 min at 115°C and the other for 15 min at 
120°C, then it is not obvious which one is more destructive.

Among a number of choices, the comparison of different thermal processes in terms of their 
destructive effect on a heat-labile substance is traditionally made by means of the equivalent pro-
cessing time, that is, the F value. The F value of a process is formally defined as the equivalent 
processing time of a hypothetical thermal process at a constant, reference temperature, Tref, that 
produces the same destructive effect as the actual thermal process. Selection of a different hypo-
thetical thermal process at a different reference temperature results in a different F process value. 
Thus, when reporting an F value, the reference temperature used must be always explicitly stated. 
Alternatively, a subscript with the Tref always accompanies the symbol F, that is, FTref. Furthermore, 
in view of the discussion when introducing the z value, the F value of a process depends on the 
z value of the particular microbial population. Thus, the subscript z is also placed on the symbol F 
when the z value is not explicitly stated; that is, the complete symbol for the F value is FT

z
ref .  If we use 

the constant product temperature T (when applicable) as the reference temperature, then following the 
F value definition, the time, tT, defined by Equation 2.8 for constant temperature processes, coincides 
with the process FT value. With the preceding comment, if we write Equation 2.8 for two equivalent 
 thermal processes with constant but different product temperatures, T1 and T2, we obtain

 F t D N NT
z

T T o1 1 1( ) (log( ) log( ))= = −  (2.13)
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and

 F t D N NT
z

T T o2 2 2( ) (log( ) log( ))= = −  (2.14)

On Equations 2.13 and 2.14, the logarithmic microbial reduction, log(No/N), as well as the z value 
were kept the same since we are referring to equivalent thermal processes (Stoforos and Taoukis, 
2006). Expressing DT2 in terms of DT1 ,  through Equation 2.11, that is,

 D DT T
T T z

2 1
1 210= −(( )/ )  (2.15)

and substituting it to Equation 2.14, we end up with

 F FT
z T T z

T
z

2
1 2

110= −(( )/ )  (2.16)

The aforementioned equation suggests how to convert an F value from one reference temperature to 
another. It also explains mathematically the z dependency of the F value.

The preceding information would be sufficient for thermal process calculations, requiring only 
minor additions and clarifications, if product temperature remained constant during a thermal pro-
cess. However, in typical thermal processes, product temperature varies with time, as illustrated in 
Figure 2.4 for the geometric center of a conduction-heated product processed in metal cans. In ref-
erence to Figure 2.4, we must notice that a cooling cycle must always follow the heating cycle of a 
thermal process in order to cease the detrimental effects of heat on the quality characteristics of the 
product. In defining the F value for such processes, that is, with product temperature varying with 
time, we can proceed as follows:

• Total processing time (including heating and cooling time) is divided to n equal-spaced 
time steps (through i = 0 to n nodes); each time step is equal to Δt, while the ith time step, 
Δti, is confined between the (i − 1)th and the ith node.

• Within each time step, we approximate product temperature with a constant value, for 
example, the temperature value at the end of the time step, as illustrated in Figure 2.4. 
Thus, product temperature at the end of the ith time step is equal to Ti.
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Figure 2.4 Typical temperature profile at the geometric center of a conduction-heated canned product dur-
ing the heating and cooling cycles of a thermal process. The approximation of product temperature, used for 
the F value derivation, is illustrated at two time steps with the rectangular drawings.
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• Next, we calculate the F value for each time step, based on Equation 2.16, due to the 
 constant temperature assumption within the time step, and Equation 2.8:

 
F t D N NT

z

i

T T z
i T i iref

i ref
ref= = −−

−10 1
(( )/ ) (log( ) log( ))∆  (2.17)

where Ni is the microbial population at the end of the ith time interval.
• Doing this for each time step, we progressively obtain
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 (2.18)

• Adding the equations, for equal-spaced time intervals, we end up with

 

F t D N NT
z

i
i

n
T T z

i

n

Tref o nref
i ref

=

−

=
∑ ∑= = −

1 1

10(( )/ ) (log( ) log( ))∆  (2.19)

• The first summation is equal to the F value of the entire process. Taking the limit as i goes 
to infinity, the second summation in Equation 2.19 becomes a definite integral:

 lim (( )/ ) (( ( ) )/ )

n

T T z

i

n
T t T z

t

t t

i ref ref

p

t dt
→∞

−

=

−

=

=

∑ ∫=10 10
1 0

∆  (2.20)

  for tp being the total processing time. Using N instead of Nn, as we have done so far in the text 
for the microbial population at the end of the process, Equation 2.19 reduces to its final form:

 

F dt D N NT
z T t T z

t

t t

T oref
ref

p

ref
= = −−

=

=

∫ 10
0

(( ( ) )/ ) (log( ) log( ))  (2.21)

  An alternative derivation of Equation 2.21 has also been presented in the literature (Stoforos 
and Taoukis, 2006). Analogous expressions can be obtained in the kT and EA approach, 
that is, when Equations 2.2 and 2.12 are used (Stoforos and Taoukis, 2006). One can also 
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derive comparable expressions when other than first-order kinetics are used, for example, 
when an nth order model is used to describe microbial destruction. However, description 
of microbial inactivation in terms of log reduction in such cases is not meaningful.

2.3 thermal proCess CalCulations

Equation 2.21 represents the fundamental equation used for thermal process design and evaluation. 
It enables calculation of the F value of a process, either through microbiological  destruction data 
(right-hand side of Equation 2.21) or through time–temperature data (left-hand side of Equation 2.21). 
Comparison of the destructive effects of two thermal processes can be easily done through calcula-
tion of their corresponding F values. Nevertheless, the F value of a process (noted as Fprocess) cannot 
tell if the goal of the thermal process has been achieved, that is, for example, if the thermal process 
has achieved commercial sterilization, unless we compare the F value of the process with a target, 
a required F value.

2.3.1 requireD F Value

A required F value (noted as Frequired) is defined as the time (at a constant reference temperature) 
required for destroying a given percentage of microorganisms whose thermal resistance is charac-
terized by a particular z value. It sets the target of a thermal process. If

 
F FT

z

process
T
z

requiredref ref≥  (2.22)

then the thermal process has accomplished its objectives. In view of the negative effects of heat on 
product quality, the equality in Equation 2.22 is sought.

The right-hand side of Equation 2.21 is commonly used to estimate the required F value. 
For example, for a given target microorganism (and thus, for known z and D values, let us assume 
z = 10°C and D121.11°C = 1 min) based on an estimated maximum initial load of microorganisms (e.g., 
No = 1.4 × 106 spores/container) and aiming, after the thermal treatment, for no more than one spore 
surviving per 50,000 containers (i.e., N = 2 × 10–5 spores/container), the required F value can be 
calculated as

 
F F

required
121 11
10 6 5

121 111 1 4 10 2 10. .(log( . ) log( ))°
° −= × × − × ⇒C
C

°°
° ≈C
C min10 11

required  

For low-acid products in which there is the potential for Clostridium botulinum growth, a minimum 
F121 11

10
. °
°

C
C  required value is taken equal to 3 min, which corresponds to a 12 logarithmic cycle reduction 

of the microbial load of C. botulinum (Pflug and Odlaugh, 1978; Tucker and Featherstone, 2011). 
Note that the symbol Fo is used for an F value at Tref = 121.11°C (actually, 250°F—a typical process-
ing temperature for commercial sterilization of low-acid foods) and for a z value of 10°C (18°F) (the 
z value characterizing the thermal inactivation of C. botulinum spores). Note that according to the 
FDA (2014), low-acid foods mean any foods, other than alcoholic beverages, with a finished equi-
librium pH greater than 4.6 and a water activity greater than 0.85. Tomatoes and tomato products 
having a finished equilibrium pH less than 4.7 are not classed as low-acid foods. Usually, target 
Fo values of 6 min or longer are applied to low-acid foods in order to control heat-resistant spoilage 
microorganisms. However, the rate of quality degradation during thermal processing and storage 
are key factors in shaping the objectives of the process and selecting the required F value. Some 
indicative Frequired values for low-acid foods are given by Holdsworth and Simpson (2008).

Product pH, water activity, the addition of nitrites, or any other hurdle, in addition to heat, used 
to preserve the product affects the target F value. Thus, for example, according to the International 
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Olive Council (IOC, 2004), fermented table olives packed in brine require a pasteurization process 
with an F62 4

5 25
.
.
°
°
C
C  value of 15 min, while for commercial sterilization of unfermented olives darkened 

by oxidation, a required F121 11
10

. °
°

C
C  value of 15  min is recommended. Note the different reference 

temperatures and the different z values used to describe the requirements of the two processes. 
The difference in z values is due to the different target microorganisms: propionic acid bacteria 
characterized by a z value of 5.25°C and C. botulinum spores with a z value of 10°C. Different 
reference temperatures are used to provide a “meaningful” F value. Equation 2.16 can be used to 
convert one reference temperature to another. So, an F62 4

5 25
.
.
°
°
C
C of 15 min corresponds to an F121 11

5 25
.

.
°

°
C

C  
value of 6.56 × 10–12 min, a number difficult to comprehend. Usually, reference temperatures close 
to processing temperatures (which in turn are compatible with the severity of the thermal process 
needed) are used.

For acidic or acidified foods, target F93 33
8 89

.
.

°
°

C
C  values suggested by Tucker and Featherstone (2011) 

are as follows: for products with pH < 3.9, 0.1 min; for 3.9 ≤ pH < 4.1, 1.0 min; for 4.1 ≤ pH < 4.2, 
2.5 min; for 4.2 ≤ pH < 4.3, 5.0 min; for 4.3 ≤ pH < 4.4, 10.0 min; and for 4.4 ≤ pH < 4.5, 20.0 min. 
Note that the thermal processing literature uses temperature in degrees Fahrenheit. When feasible, 
we convert them to degrees Celsius. This sometimes gives rise to odd decimal numbers (we use two 
decimal digits). Thus, the reference temperature of 93.33°C and the z value of 8.89°C are tempera-
ture conversions from 200°F and 16°F, respectively.

A guide to required F for acidic products is also given by NCA (1968) and Holdsworth and 
Simpson (2008). In general, a 6-log reduction of the target microbial population is recommended for 
acidic foods, where processes are based on spoilage, non-health significant microorganisms (Tucker 
and Featherstone, 2011). In relation to the right-hand side of Equation 2.21, the F value required for 
a 6-log reduction is equal to

 
F DT

z
Tref ref= ×6  (2.23)

A collection of relative DTref  and z values for designing pasteurization processes for shelf-stable, 
high-acid fruit products has been presented by Silva and Gibbs (2004).

In the absence of appropriate data, the determination of the Frequired value is done through the 
TDT Curve. The methodology is described in detail in the literature (NCA, 1968). Briefly, it includes 
the following steps:

• Preparation of spores of the target microorganism: As the left-hand side of Equation 2.21 
suggests, the F values of different microorganisms characterized by the same z value and 
experiencing the same time–temperature history are the same. Thus, a surrogate micro-
organism can be used in place of the target microorganism as long as it is characterized 
by the same z value; spores of PA 3679, a putrefactive anaerobe, are often used instead of 
C.  botulinum spores.

• Inoculation of the product under study with the spores: Typically, an initial load of 
105–106 spores per TDT can (a specially designed 208 × 006 metal can for such experi-
ments) is used.

• Selection of experimental conditions: Typically, six temperatures and six processing times 
are selected based on the information of the thermal sensitivity of the target microorganism. 
If all times and/or all temperatures would result in the total destruction, or no destruction of 
the tested microorganism, no conclusions can be drawn. Processing times and temperatures 
should be chosen so that, in each temperature in some samples, microorganisms should be 
totally destroyed, and in some other samples they should survive after processing.

• Heating six samples (e.g., TDT cans) for each time and treatment temperature: Periodically 
remove samples and check for survivors.

• Incubate the samples and check for survivors: For example, for gas-producing microor-
ganisms check for deformation of the lid of the TDT can.
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• Record the results: Heating times at which no growth of microorganisms is observed in 
any of the six samples used are recorded as “destruction times”; otherwise, heating times 
which enabled the survival and growth of microorganisms are recorded as “survival times.”

• Plot the results: On a semilogarithmic paper, plot destruction and survival times (on the 
logarithmic scale) against processing temperature (on the linear scale) as depicted in 
Figure 2.5. The straight “best fit” line that is above all survival times and at the same time 
below as many destruction times as possible defines the TDT Curve.

For a given microorganism, the TDT Curve is parallel to the Phantom TDT Curve, its slope being 
equal to −1/z. Each point on the TDT Curve defines required time–temperature combinations, that 
is, the required F value at a chosen temperature. In doing such experiments, a number of issues 
must be resolved, the main one probably being the assurance of constant sample temperature dur-
ing processing. Again, the reader is referred to the NCA (1968) publication for further details.

2.3.2 F Value of a proCess

The calculation of the F value of a process is based on Equation 2.21. The right-hand side of 
Equation 2.21 enables the calculation of Fprocess by measuring the initial and final, at the end of the 
process, population of the target microorganism (in situ method) and knowing the kinetics of its 
thermal inactivation (D and z values). Any other substance or agent can be alternatively used in place 
of the target microorganism, as long as the corresponding z values are identical (time–temperature 
integration—TTI method). The left-hand side of Equation 2.21 enables the calculation of the Fprocess 
value by measuring the product temperature evolution throughout the process (physical–mathemat-
ical procedures). The latter is the method of choice if such temperature data can become available. 
Relative discussion can be found in Stoforos and Taoukis (2006).

The calculation of the Fprocess value through the evaluation of the integral of Equation 2.21 is rather 
straightforward. If experimental product temperature data during the thermal process are available, 
a numerical integration can be performed. Its accuracy can be controlled by the time step and the 
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Figure 2.5 Thermal death time curve for target Frequired values determination.
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method of integration used. If an analytical equation for product temperature predictions is used, the 
complexity of the equation will direct toward an analytical or a numerical evaluation of the integral. 
The first published procedure for thermal process calculations used experimental product tempera-
ture data and graphical integration for the evaluation of the integral (Bigelow et al., 1920). Since no 
assumptions about product temperature were made, the method was termed general method.

The ability of calculating the process F value serves a dual purpose. First, it enables the 
 evaluation  of the thermal process in terms of its objectives by comparing Fprocess with Frequired 
(Equation 2.22). In thermal process calculation literature, this is sometimes called first-type prob-
lem. Second, it enables the design of a thermal process. That is, it allows for the calculation of the 
heating time required in order for a target Frequired value to be achieved. This is the second-type 
problem. The mathematical definition of the second-type problem is given as follows:

Splitting the integral of Equation 2.21 in two parts, one corresponding to the heating and the 
other to the cooling cycle of a thermal process, we obtain

 

F dt dtT
z T t T z

t

t t

T t T z

t t

ref
ref

g

ref

g

= +−

=

=

−

=
∫ 10 10

0

(( ( ) )/ ) (( ( ) )/ )

tt tend=

∫  (2.24)

where
tg is the time at the end of the heating cycle
tend is the time at the end of the entire process

What we are looking for in designing a thermal process is to determine the heating time, tg, so that 
the F value given by Equation 2.24 will be equal to the target Frequired value. Note that if we totally 
rely on experimental product temperature data for a single heating time, we will have no means of 
knowing the product temperature evolution if heating time is to be changed. In fact, this lack of 
predictive ability associated with the general method is the main drawback of the method. More 
specifically, in order to attack the second-type problem, general method suggests a “geometric simi-
larity,” that is, it assumes that the shape of the integrand (of the second integral of Equation 2.24) 
versus time curve during cooling is geometrically the same, irrespective of the total heating time. 
This is not true in general. An example of using the general method for heating time calculations is 
given by Stoforos and Taoukis (2006). The process F value for the product time–temperature data 
presented in Figure 2.4, calculated by the general method, is equal to 6.9 min.

A question yet to be addressed in relation to Equation 2.21 (or Equation 2.24) is, at which point 
inside the product are temperatures to be taken. When product temperature is not uniform, as with 
conduction heating products, each point will possess a unique Fprocess value, which means that each 
point will be characterized by a different microbial (log) reduction. The point that receives the 
least effects of the heat treatment, in terms of microbial destruction, is termed “critical point.” It is 
located at the geometric center of conduction-heated foods in cylindrical cans, or more precisely, at 
two doughnut-shaped regions located symmetrically along the vertical axis, slightly away from the 
geometric center (Flambert and Deltour, 1972) and toward the bottom of the container for natural 
convection-heated foods (Stoforos, 1995). Using computational fluid dynamics, the location of the 
slowest heating zone and the critical point within the product were assessed for several cases during 
thermal processing of table olives in still cans (Dimou et al., 2013). Some further discussion on this 
issue can be found, among others, in the NCA (1968), Holdsworth and Simpson (2008), and Tucker 
and Featherstone (2011) books.

If the critical point achieves the target microbial reduction, then the whole product will meet 
 process requirements. Thus, an Fprocess value can be based on time–temperature data at the  critical 
point of the product. Such F values are single-point F values and sometimes are symbolized 
with Fc. On the other hand, design criteria can be based on the whole product. For this purpose, one 
must evaluate the surviving microbial population at each point in the product and by appropriately 
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integrating such results, assess the microbial reduction over the whole product volume. Such 
F values are integrated F values, sometimes symbolized with Fs. While there is a preference for the 
single-point Fc value approach when microbial reduction (safety) is concerned, integrated Fs values 
are the only choice for most quality calculations cases. For example, the remaining vitamin con-
tent at the geometric center of a conduction-heated product is not representative of the vitamin 
content of the whole product; vitamin retention away from the geometric center, where the product 
is exposed to higher temperatures, will be much less compared to the center of the product. More 
discussion and a number of references on this issue are given by Stoforos (1995). Calculations 
based on Fc values constitute the most common approach for thermal process calculations and will 
be further discussed.

2.3.3 ball’s formula methoD

Due to the limitations of the general method, a number of thermal process calculation 
 methodologies appeared in the literature (Stoforos et al., 1997). The common characteristic of 
these methodologies, termed formula methods, was the incorporation of an equation, a formula, 
to relate product temperature with time, so that one could transform time–temperature data to 
different conditions. Charles Olin Ball was a pioneer in this approach (1893–1970); while in 
graduate school at George Washington University (1919–1922), he did research on sterilization 
of canned foods for the National Canners Association (Valigra, 2011b). Soon after the introduc-
tion of the general method, Ball developed his method (Ball, 1923), which became the most 
widely used method in the United States for establishing thermal processes and the basis for all 
subsequently developed formula methods. Figure 2.6 is a scanned copy of a cover of the origi-
nal publication being in the possession of the present author since 1996, courtesy of Kan-Ichi 
Hayakawa (1931–2009), a food engineering professor and a major contributor to the thermal 
processing literature. In fact, the product temperature profile depicted in Figure 2.4 was created 
using the empirical equations developed by Hayakawa (1970), based on experimental time–
temperature data, to describe the product center temperature during the heating and the cooling 
cycles of a thermal process. A number of publications dealt with Ball’s formula method (Merson 
et al., 1978; Stoforos, 1991, 2010). A brief working presentation of the method will be given in 
the next paragraphs.

Ball (1923) used the empirical parameters f and j to describe the time–temperature curves 
of any product during thermal processing. A rather extensive discussion on these parameters as 
well as their theoretical correlation to product properties and process conditions for a number of 
practical cases was made in Chapter 4 of the present Handbook (Kookos and Stoforos, 2014). The 
parameters f and j are related to the slope and the intercept of the heat penetration curves. When 
the difference between medium and product temperature is plotted, in the logarithmic scale of a 
semilogarithmic paper, versus time, both heating and cooling curves could be approximated by a 
straight line. Conventionally, medium temperature during the heating cycle is called retort tem-
perature, symbolized by TRT, whereas during cooling it is called cooling water temperature and 
is symbolized with TCW. Traditionally, the heating curve (TRT − T vs. heating time) is plotted on a 
reversed logarithmic paper, with two y-axis scales, as shown in Figure 2.7. A similar plot is used 
for the cooling curve, where T − TCW versus cooling time data are used (Figure 2.8). The parameter 
f ( fh for heating and fc for cooling) is defined as the time needed for the straight-line heating or 
cooling curve to traverse through a logarithmic cycle. The parameter j, a dimensionless correc-
tion factor, is related to the intercept of the straight-line heating or cooling curve. The jh value is 
defined as

 
j

T T

T T
h

RT A

RT IT

= −
−

 (2.25)
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with TA being an extrapolated pseudo-initial product temperature at the beginning of heating defined 
as the intercept, with the temperature axis at time zero, of the straight-line heating curve, and TIT is 
the initial product temperature (Figure 2.7). Similarly, jc is defined as

 
j

T T

T T
c

B CW

g CW

= −
−

 (2.26)

with TB being the extrapolated pseudo-initial product temperature at the beginning of cooling, and 
Tg is the actual product temperature at the beginning of cooling (equal to the product temperature at 
the end of heating) (Figure 2.8).

Based on the definitions given earlier, the equation for the straight-line portion of the heating 
curve becomes

 

T T

T T
jRT

RT IT
h

t fh−
−

=
−

10
/

 (2.27)

Figure 2.6 Copy of a cover of the original publication of Ball’s method (Ball, 1923) with Ball’s hand 
writing.
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The reader should recognize Equation 2.27 based on similar equations presented in Chapter 4 of the 
present Handbook (Kookos and Stoforos, 2014). Equation 2.27 can be explicitly solved for product 
temperature to give

 T T j T TRT h RT IT

t fh= − −
−

( )
/

10  (2.28)

Equation 2.27 (or 2.28) describes only the linear portion of the heating curve, that is, it approximates 
the heating curve only after some initial time lag. However, Ball (as well as all other  investigators 
that proposed formula methods) used this equation to describe the entire heating curve since the 
thermal destruction taking place at the beginning of heating, where, under common commercial 
 practices the temperature of the product has not yet reached lethal temperatures, is negligible. 
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Figure 2.7 Typical heating curve, as traditionally plotted, based on heat penetration data presented in 
Figure 2.4 (TRT = 120°C).
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In fact, Ball assumed that no microbial destruction takes place if the product temperature is more 
than 80°F lower than the retort temperature.

Solving Equation 2.28 for heating time, we obtain

 t f j T T T Th h RT IT RT= − − −(log( ( )) ( ))log  (2.29)

Ball used the symbol B for the time at the end of heating, the symbol I for the initial temperature 
difference, that is,

 I T TRT IT= −  (2.30)

0
21

22

23

24

25
26
27
28
29
30

40

50

60

70
80
90

100
110
120

220

320

420

520
620
720
820
920

1020

20 40 60 80
Time (min)

Cooling curve

Straight line fitting (to the “linear”
portion of the experimental data)
Experimental data

100 120
1

10

fc= 60 min

Pr
od

uc
t–

Co
ol

in
g 

w
at

er
 te

m
pe

ra
tu

re
, T

−
T C

W
 (°

C)

Pr
od

uc
t t

em
pe

ra
tu

re
, T

 (°
C)

Tg

TB

Tg−TCW

TB−TCW

100

1000

TRT −TAjh = = 1.89=
TRT −TIT

189
100

TB−TCWjc= = 1.54=
Tg−TCW

147.73
95.93

Figure 2.8 Typical cooling curve, as traditionally plotted, based on heat penetration data presented in 
Figure 2.4 (TCW = 20°C).
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and the symbol g for the temperature difference at the end of heating, that is,

 
g T TRT g= −  (2.31)

Under the definitions given earlier, at the end of heating, Equation 2.29 gives

 B f j I gh h= −(log( ) ( ))log  (2.32)

Thus, from Equation 2.32, one can calculate the (required) heating time if the temperature differ-
ence (retort − product temperature) at the end of heating is known.

A similar, to Equation 2.28, equation was used to describe the linear portion of the cooling curve:

 T T j T TCW c CW

t fc c= + −
−

( )
/

10  (2.33)

where cooling time, tc, is used instead of processing time, t. Note that the cooling time is zero at the 
beginning of cooling, and with the definitions used throughout the chapter:

 
t t t t t Bc g c= − = −or  (2.34)

Contrary to the heating curve, the initial curvilinear part of the cooling curve, where the product 
is in the lethal temperature range, cannot be approximated by Equation 2.33, but it needs to be 
precisely evaluated. In fact, the main difference of the various proposed formula methods for ther-
mal process calculations is based on the way they approach the initial part of the cooling curve 
(Stoforos et al., 1997). Ball used a hyperbola for the initial curvilinear portion of the cooling curve. 
For 0 ≤ tc ≤ fc × log( jc/0.657), he used the following expression:

 

T T T T
j

t

f
g g CW

c

c

c

= + − − +
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2

 (2.35)

Ball proceeded by substituting Equations 2.28, 2.33, and 2.35 into 2.24 and obtained a relationship 
between the F value and the heating time. Given the complexity of Equation 2.35, he evaluated 
the resulting integrals numerically. Before proceeding to the solution of the resulting equation, he 
did some conservative simplifying assumptions, the most important being the use of a fixed value 
of 1.41 for jc and the use of fc = fh. He presented his results in a tabulated or graphical form (Ball, 
1923, 1957; NCA, 1968). Instead of giving F versus B values, in order to significantly reduce the 
number of figures or tables involved, Ball gave fh  /U versus g or log(g) data, where U was defined as

 
U F FT

z
iref=  (2.36)

for

 Fi
T T zref RT= −10(( )/ )  (2.37)

that is, U FT
z
RT

= ,  which means that Ball used TRT as Tref , in order to reduce the number of param-
eters involved. The only additional parameters used were the z value and the TRT − TCW temperature 
difference, or m + g according to Ball’s nomenclature. For m defined as

 
m T Tg CW= −  (2.38)
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then

 m g T TRT CW+ = −  (2.39)

The final working fh  /U versus log(g) figures associated with Ball’s method (NCA, 1968) are three 
figures for m + g equal to 130°F, 160°F, and 180°F, each one having eight curves for eight differ-
ent z values: 10°F, 12°F, 14°F, 16°F, 18°F, 20°F, 22°F, and 24°F. Note that since safety (instead 
of  quality) was Ball’s intention, the z values used were adequately covering the range of z values 
involved in microbial destruction calculations.

Corrections for cases where the retort temperature does not instantaneously reach the process-
ing temperature, or when fc ≠ fh, or when a straight line does not adequately describe the heating 
curve have been addressed by Ball (1923), but they are not considered within the scope of this chap-
ter, and therefore, they will not be presented here. However, they have been discussed elsewhere 
(Stoforos, 2010).

The steps for solving first-type problems (i.e., when looking for the F value of a given process) 
with Ball’s method (or, in fact, any formula method) are

 1. Given the heating time, B, calculate log(g) from Equation 2.32.
 2. From Ball’s figures for the log(g) value calculated in step 1, find fh  /U (for the appropriate z 

and m + g values).
 3. From the fh  /U value calculated in step 2, calculate the Fprocess from the following equation 

(based on Equation 2.36):

 
F

f

f U F
T
z h

h i
ref = ( / )

 (2.40)

The reverse procedure is followed for solving second-type problems (i.e., when looking for the 
required heating time, B, for a given Frequired value). Giving explicitly, the steps involved

 1. Based on the given required F value, calculate fh  /U from the following equation:

 

f

U

f

F F
h h

T
z

iref

=  (2.41)

 2. From Ball’s figures for the fh  /U value calculated in step 1, find log(g) (for the appropriate 
z and m + g values).

 3. From the log(g) value calculated in step 2, calculate the heating time, B, from Equation 2.32.

To facilitate calculations and make Ball’s method easier for computer implementation,  regression 
equations were developed to substitute for Ball’s figures (Stoforos, 2010). Thus, for  thermal pro-
cesses with g ≥ 0.1°F, the following equation was proposed to relate fh  /U with log(g):

 
log ( / ) / ) ( / )

f

U

a

a e

a

a e
h

a g z z z a g zc







 = +

+
+− − −

1

2

4

51 13 6log( log( −− +z zc
a/ ) 7  (2.42)

for the values of the regression parameters a1 to a7 and zc given in Table 2.1.
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Since Equation 2.42 is nonlinear, the following equation was proposed for the inverse problem, 
that is, to relate log(g) with fh  /U:

 
log

c

g

z

b

b e

b

b e

z

zb f U b f Uh h







 = +

+
+

+
′− −

1

2

4

51 13 6log( / ) log( / )  (2.43)

for the values of the regression parameters b1 to b6 and ′zc  given in Table 2.2. More details and 
additional information are given by Stoforos (2010).

The ratio of g/z is used in both Equations 2.42 and 2.43 following Hayakawa’s (1970) approach. Note 
that the g and z values associated with Equations 2.42 and 2.43 were initially given in degrees Fahrenheit 
(see Tables 2.1 and 2.2 for the zc and ′zc  values, which are reported as initially calculated in °F), but since 
temperature difference ratios are used, degrees Celsius can be equally employed, as long as the zc and 
′zc  values are converted to degrees Celsius. Regression coefficients for two m + g values, namely 130°F 

(72.22°C) and 180°F (100°C), are given. For intermediate values, one can do a linear interpolation. For 
m + g values outside the given range, one can use the closest m + g value. Stumbo (1973) stated that a 
difference of 10°F in m + g values introduces an error of the order of 1% in the F value.

2.3.3.1 example Calculation
We will calculate the Fprocess value for the data presented in Figure 2.4 and the associated fh 
and jh values from Figure 2.9, that is, for fh = 60 min and jh = 1.89. Further information include 
TIT = 20°C = 68°F, TRT = 120°C = 248°F, TCW = 20°C = 68°F, and B = 100 min.

 1. From Equation 2.32 we calculate

 
B f j I log g g jI

B

f
h h

h

= − ⇒ = −(log( ) ( )) log( ) log( )  (2.44)

taBle 2.1
Values for the regression Coefficients of equation 2.42

m + g (°F) a1 a2 a3 a4 a5 a6 a7 zc (°F) 

130 40.122199 38.533071 2.3715954 5.305832 2.8885491 0.63534158 –0.63814873 405.49832

180 22.01651 21.598294 2.4586869 38.202986 23.706331 0.49435142 –0.74859566 468.11021

From data by Stoforos (2010).

taBle 2.2
Values for the regression Coefficients of equation 2.43 
m + g (°F) b1 b2 b3 b4 b5 b6 ′zc (°F) 

130 –0.088335831 –0.96375429 0.028257272 1.0711536 0.19518983 4.5699218 389.106

180 –3.3545727 –0.34453049 0.42100067 4.005721 0.13211471 3.2971998 389.48491

From data by Stoforos (2010).
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thus,

 
log( ) log( . ( )) ( )log . .g g g= × − − ⇒ = ⇒ = °1 89 248 68

100
60

0 8651 7 3294 F

 2. From Equation 2.42, for z = 18°F and Table 2.1 coefficients for m + g = 180°F 
(=TRT − TCW = 248 – 68), we calculate
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= −0 4287.

and
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U
h h






 = ⇒ =0 8618 7 2748

 3. From Equation 2.40, for Tref = 250°F and for Fi = =
−

10 1 2915
250 248 18( )/

.  (Equation 2.37), we 
finally calculate
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Figure 2.9 Time–temperature effects on quality and microbial (m.o.) destruction.
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We performed the aforementioned calculations in degrees Fahrenheit, as traditionally done in 
 thermal process calculations literature. However, the use of the proposed Equations 2.42 and 2.43 
allows direct calculations in degrees Celsius. Repeating the procedure in degrees Celsius, we have

 
log( ) log( . ( )) ( ) . .g g g= × − − ⇒ = ⇒ = °1 89 120 20

100
60

0 6098 4 0719log C
 

and for z = 10°C, and zc = 468.11021/1.8 = 260.06123°C we obtain
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= −0 4287.

a value exactly the same as previously calculated, which leads to the same fh  /U and Fo values. It 
must be noted here that an attempt to introduce degrees Celsius for direct thermal process calcula-
tions by Shapton et al. (1971) did not receive wide acceptance.

Recall that calculations with the general method gave an Fprocess value equal to 6.9 min. Thus, 
Ball’s method calculations were close to those made by the general method (which can be consid-
ered as exact) and slightly conservative. This could be somewhat expected, given the assumptions 
associated with Ball’s method and Hayakawa’s (1970) empirical formulas. However, this conclusion 
should not be generalized.

2.4 thermal proCess optimization

So far, we presented the principles for establishing process schedules, that is, time–temperature 
 combinations for thermal processing of foods. Classical publications such as the NFPA’s Bulletins 
26-L for metal containers (NFPA, 1982) and 30-L for glass containers (NFPA, 1984) as well 
as Lopez’s (1987) three-volume work entitled A Complete Course in Canning and Related Processes 
suggest process schedules for a variety of products.

It is somewhat intuitively understood that what can be achieved in terms, for example, of micro-
bial destruction, by heating a product at a certain temperature for a certain time, can also be accom-
plished by heating the product at a higher temperature for a shorter time. Due to differences in 
temperature sensitivity of quality factors compared to undesirable agents, selection of an optimum 
process schedule, that is, a time–temperature combination that will provide the desirable degree of 
safety with minimal quality degradation, is possible.

It is generally accepted that quality degradation follows first-order kinetics, and it can be 
described by the same kinetic parameters (D − z values or k − Ea parameters) as microbial destruc-
tion. Table 2.3 gives practical ranges for z, Ea, and D121°C values for several quality and safety 
factors (Lund, 1977). An extensive, comprehensive list with kinetic parameters for microbial 

taBle 2.3
Kinetics parameters for several Quality and safety Factors
Constituent z (°C) ea (kcal/mol) D121°C (min) 

Vitamins 25–31 20–30 100–1000

Color, texture, and flavor 25–45 10–30 5–500

Enzymes 7–56 12–100 1–10

Vegetative cells 5–7 100–120 0.002–0.02

Spores 7–12 53–83 0.1–5.0

From data by Lund (1977).
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inactivation in a variety of products as well as for a number of quality attributes’ degradation 
is given by Holdsworth and Simpson (2008). The high D values that characterize the majority 
of the quality parameters compared to the corresponding values for microorganisms (Table 2.3) 
lead to a high degree of quality retention for most thermally treated products. Differences in 
z (or,  equivalently, Ea) values allow for process optimization, as it will be illustrated in the 
 following examples.

2.4.1 Constant proDuCt temperature

Let us, at the moment, restrict our discussion to cases where the product temperature is constant 
throughout the entire thermal process, a situation that can be anticipated during aseptic processing 
of homogeneous liquid products. Let us further assume that the target microorganism is character-
ized by a z value equal to 10°C and a D121.11°C equal to 1 min, and commercial sterility is achieved 
for a required Fo value of 6.4 min. Based on these values one can plot the Phantom TDT Curve 
(labeled as the “90% m.o. reduction” line in Figure 2.9) and the actual TDT Curve (labeled as the 
“commercial sterility” line in Figure 2.9).

On the same plot, we can superimpose the retention of a quality parameter characterized by the 
following parameters: z = 25.56°C (46°F) and a D121.11°C = 154 min. Dotted (regular) lines showing 
different time–temperature combinations for 10%, 50%, 90%, and 99% quality retention are plot-
ted in Figure 2.9. The intersection of the “commercial sterility” line with the quality retention lines 
(vertical bold dotted lines in Figure 2.9) gives time–temperature combinations that ensure safety 
(being on the “commercial sterility” line), but result in different percent retention of the quality 
parameter (Table 2.4). All calculations were performed through Equations 2.7 and 2.11 and their 
combination.

For these example data, it is evident (Table 2.4) that high-temperature short-time (HTST) 
 processes preserve better product quality as compared to low-temperature long-time (LTLT) 
 processes. Nevertheless, before generalizing one must remember that we analyzed a constant 
product temperature case. As a matter of fact, if product temperature is uniform (that is, there is 
no spatial temperature distribution within the product, although there can be time varying product 
temperature), the above conclusion still holds. Furthermore, we used a z value for the quality 
index higher than the z value of the safety parameter. HTST processes have less detrimental effect 
on parameters characterized with high z values, compared to LTST ones. Thus, the inactivation of 
a particular enzyme, characterized by a high z value, might be the aim of a HTST process.

2.4.2 ConDuCtion-heateD fooDs

If the product temperature is not uniform, one has to integrate the effects of temperature on each 
portion of the food in order to calculate volume average quality retention values. Mathematically 

taBle 2.4
time–temperature Combinations for Constant product temperature 
thermal processes targeting Fo = 6.4 min

time (min) temperature (°C) Quality retention (%) 

1189.94 98.42 10

165.56 106.98 50

7.50 120.42 90

0.16 137.19 99

Quality retention is based on z = 25.56°C (46°F) and D121.11°C = 154 min.
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speaking, the volume average remaining concentration, Cb, of the parameter under study is given 
by (Stoforos et al., 1997)

 

C
V

C V dVb
p

a

V
F V D

p

Tref
z

Tref= ⋅∫
−1

10
0

( )
( )/

 (2.45)

where
Vp represents the volume of the product
Ca is the initial concentration of the parameter under study, which can be position dependent, 

that is, Ca(V)

Similar to the right-hand side of Equation 2.21, where we defined point F values, one can define 
integrated F values, usually noted as Fs, based on average initial and final concentrations, as

 
F F D C CT

z

s
s Tref a bref

= = −( )log( ) log( )  (2.46)

with Cb  given by Equation 2.45, and Ca  representing the average initial concentration. Usually, the 
concentration of the parameter of interest is considered uniformly distributed at the beginning of 
the process; thus, C Ca a= .

2.4.2.1 stumbo’s method
The significance of using average concentrations and Fs values, when quality calculations are 
of interest, has been already indicated. The calculations involved for such estimations are rather 
complicated. Stumbo and his colleagues (Jen et al., 1971; Stumbo, 1973) developed a procedure 
to facilitate such calculations for conduction-heated products. In the following paragraphs, we 
will illustrate the use of Stumbo’s method through an example, utilizing the product temperature 
data presented in Figure 2.4, and the kinetic parameters used in the constant product tempera-
ture example.

When performing quality retention calculations, the symbol C ( CT
z
ref ) is usually used inter-

changeably with the F value, while a prime on the z and D values, that is, z′ and D′, indicates that 
the kinetic parameters refer to quality indices. Jen et al. (1971) proposed the following equation for 
calculating integrated F (or C) values:

 

C C D
D C C

D
s c T

T c

T
ref

ref

ref

= + ′ ⋅
′ + ⋅ −

′









log

. ( )10 93 λ
 (2.47)

Subscript “c” in Equation 2.47, as well as everywhere in Stumbo’s method, indicates values calcu-
lated at the geometric center (the critical point) of the product, while subscript “λ” refers to a point 
in the product for which

 
g gcλ =

1
2

 (2.48)

and therefore,

 
j jcλ =

1
2

 (2.49)
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The Cc and Cλ values, in accordance with Equation 2.40, are given by
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f U C
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z
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h

h c i
ref=( ) = ( )/ |

 (2.50)

and

 
C C

f

f U C
T
z h

h i
refλ

λ λ
=( ) = ( )/ |

 (2.51)

respectively, while the parameter Ci is absolutely equivalent to Fi given by Equation 2.37.

 Ci
T T zref RT= −10(( )/ )  (2.52)

The fh  /U values associated with Equations 2.50 and 2.51 are obtained from the appropriate tables. 
Following Ball’s approach, Stumbo (1973) synopsized his method by correlating fh  /U with g, in a 
 tabular form, for a number of z values (ranging from 8°F to 200°F, thus, contrary to Ball’s method, 
allowing also for quality retention calculations), using the j value as the only parameter. Stumbo’s 
method uses temperature in degrees Fahrenheit and restrictively assumes that the f and j parameters 
during heating and cooling are equal. In relation to Equation 2.47, the 10.93 factor is valid for cylin-
drical geometries. For spherical objects this factor assumes a 10.73 value, while for cube-shaped 
objects it is equal to 11.74 (Holdsworth and Simpson, 2008).

2.4.2.1.1 Example Calculation
Utilizing the product temperature data presented in Figure 2.4, the associated values calculated in 
the example of Ball’s method and the kinetic parameters used in the constant product temperature 
optimization example, we get the following.

We already have found from Equation 2.44 that, g = gc = 7.3294°F.
For the case under study, we obtained jh = 1.89 and jc = 1.54. Since Stumbo assumes jh = jc, we 

have to choose a single value, let us assume j = jh = jc = 1.89.
By successive linear interpolations between Stumbo’s tabulated values (for z = 46°F) for j = 1.80, 

we have fh  /U|c = 1.9055 (by interpolating between values for fh  /U = 1.00, g = 2.15°F and for fh  /U = 
2.00, g = 7.87°F); for j = 2.00 we have fh  /U|c = 1.9961 (by interpolating between fh  /U = 1.00, 
g = 2.01°F and fh  /U = 2.00, g = 7.35°F); and for j = 1.89 we find: fh  /U|c = 1.9463.

 
For Equation 2.49: j j j jc= = = ⇒ =λ

1
2

1
2

1 89 0 945. .

 
For Equation : F7.32942 48 3 6647

1
2

1
2

. .g g g gc= = = ⇒ = °λ

By successive linear interpolations between Stumbo’s tabulated values (for z = 46°F) for j = 0.80, 
we have fh  /U|λ = 1.6805 (by interpolating between values for fh  /U = 1.00, g = 1.31°F and for fh  /U = 
2.00, g = 4.77°F); for j = 1.00, we have fh  /U|λ = 1.5767 (by interpolating between fh  /U = 1.00, 
g = 1.45°F and fh  /U = 2.00, g = 75.29°F); and for j = 0.945, we find: fh  /U|λ = 1.6053.

From Equation 2.52:

 C C Ci
T T z

i i
ref RT= =⇒ ⇒ =− −10 10 1 1053250 248 46(( )/ ) (( )/ ) .
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and from Equations 2.50 and 2.51:
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Therefore, the Cs value can be calculated from Equation 2.47 as
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From Equation 2.46, the average remaining concentration of the quality parameter can be calcu-
lated as
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That is, the average percent remaining concentration is equal to 46.39%. (Note that if one uses 
j = jh = jc = 1.54 and proceeds as described earlier, the resulting average percent remaining concen-
tration can be found equal to 46.51%.)

In the aforementioned example, an Fo value of 6.4 min was achieved by heating the product for 
100 min at a retort temperature of 248°F, and the resulting average percent remaining concentra-
tion of the quality factor under study was found equal to 46.39%. With the procedures presented in 
this chapter, we can perform calculations to find equivalent processes (i.e., processes that result in 
the same Fo value of 6.4 min) at different retort temperatures and estimate average quality reten-
tion for these processes. In doing so, optimum processing conditions can be identified as origi-
nally shown by Teixeira et al. (1969) and illustrated here in Figure 2.10 for the aforementioned 
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Figure 2.10 Thermal process optimization of a conduction-heated product based on the retention of a 
quality parameter characterized by z = 25.56°C (46°F) and D121.11°C = 154 min. The heat penetration data pre-
sented in Figure 2.4 together with a target Fo value of 6.4 min were used.
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example data. Compared to the constant product temperature case analyzed earlier, average qual-
ity retention is much lower in the case of conduction heating foods where optimum processing 
conditions exist and should be sought.

2.5 ConCluding remarKs

Kinetic parameters of microbial thermal destruction coupled with product temperature history 
and the kinetics of thermal degradation of quality factors are absolutely necessary information for 
designing optimum thermal processes. From the vast thermal processing literature, only key refer-
ences were given, and only the basic principles in designing thermal processes for food preservation 
were presented. Determination of the kinetic parameters of heat inactivation through constant or 
dynamic temperature treatments represents an interesting and challenging issue per se. The same 
is true for heat transfer studies during thermal processing of foods. A number of issues associated 
with thermal processing of foods were not covered. For example, no reference was made to process 
validation, process deviations handling, processing equipment, or to the computational efforts of a 
number of researches to enlighten the process. Nevertheless, we believe that the information pre-
sented here is sufficient to introduce the reader to the subject and guide him for further learning and 
deeper understanding.

nomenClature

a1–a7 regression coefficients appearing in Equation 2.42, dimensionless
b1–b6 regression coefficients appearing in Equation 2.43, dimensionless
B time at the end of heating (steam-off time), min
C concentration of a heat-labile substance, number of microorganisms/mL, spores/container, 

g/mL, or any other appropriate unit
Ci the Fi factor in reference to quality indices, defined by Equation 2.52, dimensionless
CT

z
ref  (or simply C) the F value in reference to quality indices, min

DT (noted also as D) decimal reduction time or death rate constant—time at a constant tempera-
ture required to reduce by 90% the initial spore load (or, in general, time required for 90% 
reduction of a heat-labile substance), min

Ea activation energy, J/mol
FT

z  (or simply F) time at a constant temperature, T, required to destroy a given percentage of 
microorganisms whose thermal resistance is characterized by z, or, the equivalent process-
ing time of a hypothetical thermal process at a constant temperature that produces the same 
effect (in terms of spore destruction) as the actual thermal process, min

Fi factor defined by Equation 2.37, which when multiplied by FTref gives the F value at the retort 
temperature, dimensionless

f time required for the difference between the medium and the product temperature to change 
by a factor of 10, min

g difference between retort and product temperature (at the critical point) at steam-off time, 
°C or °F

I difference between retort and initial product temperature, °C or °F
j a correction factor defined by Equations 2.25 and 2.26 for the heating and cooling curve, 

respectively, based on the intercept, with the temperature axis at time zero, of the straight 
line that describes the late, straight portion of the experimental heating or cooling curve 
plotted in a semilogarithmic temperature difference scale as shown in Figures 2.7 and 2.8, 
respectively, dimensionless

kT thermal destruction rate constant, min−1

m difference between product temperature at steam-off and retort temperature during cooling, 
defined by Equation 2.38, °C or °F
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N number of spores/mL (or microorganisms per container, or any other appropriate unit)
Rg universal gas constant, 8.314 J/(mol K)
T (product) temperature, °C or °F
TA extrapolated pseudo-initial product temperature at the beginning of heating defined as 

the intercept, with the temperature axis at time zero, of the straight line that describes 
the late, straight portion of the experimental heating curve plotted as shown in Figure 2.7, 
°C or °F

TB extrapolated pseudo-initial product temperature at the beginning of cooling defined as the 
intercept, with the temperature axis at zero cooling time, of the straight line that describes the 
late, straight portion of the experimental cooling curve plotted as shown in Figure 2.8, °C or °F

t time, min (or s)
U the F value at TRT, defined by Equation 2.36, min
Vp product volume, m3

z temperature difference required to achieve a decimal change of the DT value, °C or °F
zc, ′zc correction temperature difference factors appearing in Equations 2.42 and 2.43, respec-

tively, °F (or °C)

subsCripts

1, 2, i, n referring to a particular condition
a initial condition
b final condition
CW (water) cooling medium
c cooling phase, or critical point value
h heating phase
IT initial condition (for product temperature only)
end end of cooling cycle
g condition at steam-off time
p process
process referring to process values
RT (retort) heating medium
ref reference value
required referring to required values
o initial condition
s integrated value
T temperature
λ refers to a point in the product defined by Equations 2.48 and 2.49

symbols

Δ difference
 volume average value

′ a prime on the z and D values indicates that the parameters refer to a quality index
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3 Canning of Fishery Products

C.O. Mohan, C.N. Ravishankar, and T.K. Srinivasa Gopal

Food processing was practiced from the prehistoric age mainly to fulfill the requirements of 
 military and sailing persons. The major food processing techniques followed include drying, salted 
and drying, fermenting, and smoking until the advent of heat-processed products in glass contain-
ers by Nicolas Appert. Preservation aims to process foods for storing for longer duration. Human 
beings are dependent on products of plant and animal origin for food. As most of these products 
are readily available only during certain seasons of the year and fresh food spoils quickly, methods 
have been developed to preserve foods. Preservation must be seen as a way of storing excess foods 
that are abundantly available at certain times of the year, so that they can be consumed in times 
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when food is scarce. Apart from preserving for a longer duration, processing also helps in convert-
ing raw foods into edible and palatable form, increases organoleptic quality, makes foods safe for 
consumption, helps in bringing nutritional and food security, increases product diversification, 
minimizes wastage, generates employment, and helps in earning foreign exchange by exporting 
processed food products.

Fish and shellfishes pass through a number of processes immediately after catch before it is 
consumed or sold for consumption. These processes can be divided into primary processing and 
secondary processing. Primary processing includes the steps that enable fish to be stored or sold 
for further processing, packaging, and distribution. Examples include washing, cleaning, heading, 
gilling, scaling, gutting, grading, filleting, deboning, skinning, chilling, and freezing. Whereas sec-
ondary processing includes the production of “value-added products.” Examples are salting, drying, 
smoking, canning, marinating, and packaging ready-to-eat foods. Fresh fish spoils very quickly due 
to various internal and external factors. Once the fish has been caught, spoilage progresses rapidly. 
In the high ambient temperatures of the tropics, fish will spoil within 12 h. By adopting good fish-
ing techniques (to minimize fish damage) and cooling the fish immediately, the storage life can be 
increased. It is well established that spoilage of fish and shellfish is mainly due to three destructive 
processes. These are

 1. Enzymatic decomposition
 2. Bacterial action
 3. Oxidation process

3.1 enzymatiC deComposition

Enzymes are powerful biological chemicals that occur in the tissue of all living organisms. They 
perform important functions, either by breaking down large food compounds into smaller ones 
in the stomach and gut, as in digestion, or by helping to make new compounds for building new 
body tissue or for producing energy. In the living animal, the body keeps a close control on the 
activity of enzymes. However, when the animal dies this control is lost. The enzymes will start 
attacking the flesh of the body, breaking large compounds down to smaller ones, just like the 
process of digestion (autolysis). Enzyme activity depends on various factors like temperature, pH, 
and water activity.

3.2 BaCterial aCtion

Bacteria or germs are living organisms that are found everywhere in nature. They are classified 
mainly as psychrophile, mesophile, and thermophile bacteria. Psychrophilic or  psychrotrophic 
bacteria are microorganisms with optimum growth temperatures in the region of 10°C–15°C and 
20°C, respectively, capable of growth down to 0°C. The bacteria growing on fish spoiling in ice are 
predominately psychrophilic. Mesophiles have an optimum growth temperature, the temperature 
at which they multiply most rapidly, in the region of 35°C–40°C. Food poisoning  organisms are 
adapted to grow in the body of warm-blooded animals and are mesophiles, though some can grow 
at chilled temperatures. Thermophilic bacteria grow best at elevated temperatures in the range of 
55°C–75°C. Bacillus stearothermophilus is an extremely heat-resistant thermophilic spore-form-
ing bacteria, which has been found to be responsible for the flat-sour spoilage of canned foods. 
Although there are many useful bacteria, they pose problems in the handling of food either by 
spoiling the food or by causing food poisoning. Fish carry millions of bacteria on their external 
surfaces (skin and gills) and in their intestines. A healthy, living fish uses its natural defense 
mechanism to protect it against the harmful effects of bacteria. However, when a fish dies, the 
defense mechanism stops working. This allows the bacteria the opportunity to feed on the flesh, 
multiply, and eventually spoil the fish. Conditions which allow bacteria to multiply are suitable 
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temperatures, the presence of water, and a source of food. Bacteria will enter the flesh easily if the 
fish has been damaged through improper handling and storage.

3.3 oxidation

Rancidity is a more widely used term for oxidation. It occurs when oxygen in the air reacts with oil 
or fat in the flesh of the fish. This leads to a sour or stale, unpleasant smell or taste. Fatty pelagic 
fishes like skipjack, seer, mackerel, herring, scads, and sardines store fat in their flesh and can turn 
rancid quickly if not handled and stored properly. White-fleshed demersal fish store fat in their liv-
ers, so these must be removed during gutting. Frozen-stored fatty fish can spoil through oxidation if 
stored improperly, even though the temperature is too low for bacteria to grow or enzymes to work 
effectively.

3.4 minimizing Fish spoilage

Fish spoilage can be effectively minimized if the effects of enzymes, bacteria, and oxidation are 
controlled properly. This can be achieved by understanding the optimum conditions that enzymes, 
bacteria, and oxidation processes prefer and modifying these conditions which helps to preserve 
food. Many processing procedures aim to alter these conditions to achieve preservation. Some of 
the approaches are given in Table 3.1.

3.4.1 lowering the temperature

Chilling food in the refrigerator or with ice slows down the destructive processes of enzymes and 
bacteria. The shelf life of food can therefore be extended by many days. If the temperature is low-
ered further, as in freezing, much longer storage times are possible because all bacterial activity and 
virtually all enzymatic action is stopped if the temperature is maintained properly.

3.4.2 raising the temperature

High temperatures kill bacteria and destroy enzymes. Processes such as cooking (boiling, frying, 
and baking), hot smoking, canning, and pasteurization extend the keeping time of the food.

3.4.3 Drying or DehyDration

Removing water from the food by drying is a very old and effective method of controlling bacterial 
and enzymatic spoilage of food. Drying can be achieved under the sun and wind (natural drying) or 

taBle 3.1
Food preservation methods

approaches examples of process 

Low temperature Chilling, refrigeration, freezing

High temperature Pasteurization, thermal processing, smoking

Reduced water availability Drying, salt curing, spray drying, freeze drying

Chemical-based preservation Organic acids, natural extracts from plants

Microbial product based Bacteriocins

Radiation Ionizing (Gamma rays) and nonionizing (UV rays) radiation

Hurdle technology Altered atmosphere (vacuum and modified atmosphere with CO2, O2, N2, 
and other gases); active packaging; high-pressure treatment; and smoking
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in a mechanical drier. Salting helps the drying process too, as it binds the water, making it unavail-
able to bacteria. Some high-temperature processing such as hot smoking uses a combination of 
drying and high temperatures to control bacteria and enzymes.

Oxidation problems of fatty fish can be controlled by preventing the contact of oxygen to the 
product. This is achieved by packing the fish in high barrier plastic bags or by packing under 
vacuum or packing with oxygen absorbing sachet.

The food preservation methods are aimed at preventing undesirable changes in the wholesome-
ness, nutritive value, and sensory quality of food by controlling the growth of microorganisms and 
obviating contamination by adopting economic methods. Thermal processing is one such method, 
by which food is given sufficient heat treatment in a hermetically sealed container to destroy patho-
genic and/or spoilage causing microorganisms and their spores, antinutrients, and enzymes that 
cause degradation in the food.

An Italian naturalist Spallanzani concluded from his experiments that organisms causing spoil-
age in a number of food products were carried in the air, and by heating the contaminated infusions 
in airtight container, the development of the organism was prevented. Although Spallanzani’s work 
was the key to the preservation of food by heat, little use appears to have been made of it until the 
early part of the nineteenth century when Nicholas Appert first succeeded in preserving food in air-
tight glass containers. So, the Frenchman Nicholas Appert is credited as the inventor of this noble 
technology.

3.5 thermal proCessing

Thermal processing of foods constitutes a significant part of the world’s food preservation technique. 
Thermally processed foods include heat-processed foods in bottles, jars, metal cans, pouches, tubes, 
and plastic-coated cartons. The heat treatment is applied with the objective of destroying specific, 
usually pathogenic organisms and also spoilage causing microorganisms. The first publisher on 
canning of food was French confectioner Nicholas Appert, who in 1810 edited “L art de conserver 
pendant plusiers ann’ees toutes les substances animals et vegetables,” which was later translated to 
English “Of preserving all kinds of animal and vegetable substances for several years.”

Demand for better quality processed food is increasing as civilization developed. This led to the 
development of a large food preservation industry, aiming to supply food that is sterile, nutritious, 
and economical. Thermal sterilization of foods is the most significant part of this industry and is 
one of the most effective means of preserving our food supply (Karel et al., 1975). The objective of 
sterilization is to extend the shelf life of food products and make them safe for human consumption 
by destroying the pathogenic microorganisms.

Thermal processing is the most common sterilization method, which employs steam as the heat-
ing medium, although other types of heating medium like steam–air mixture, pressurized hot water, 
and direct flame are available. Saturated steam is the most commonly and highly desirable heating 
medium used for commercial sterilization of canned foods. Other methods of sterilization such as 
pulsed electric field (Barbosa-Canovas et al., 1998, 2001), ultrahigh hydrostatic pressure (Barbosa-
Canovas et al., 1998; Palou et al., 1999; Furukawa and Hayakawa, 2000), and ultraviolet treatment 
(Farid et al., 2000) have been widely studied. However, these methods fail to replace the common 
thermal processing mainly due to their inability to inactivate enzymes, which can cause various 
negative effects such as discoloration, bitter flavor, and softening (Clark, 2002).

3.5.1 prinCiples of thermal proCessing

Thermal processing which is also commonly referred as heat processing or canning is a means of 
achieving long-term microbiological stability for non-dried foods without the use of refrigeration, 
by prolonged heating in hermetically sealed containers, such as cans or retortable pouches, to ren-
der the contents of the container sterile. The concept of thermal processing has come a long way 
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since Nicholas Appert’s time. Later, Bigelow and Ball developed the scientific basis for calculating 
the sterilization process for producing safe foods. Today, thermal processing forms one of the most 
widely used methods of preserving and extending the shelf life of food products including seafoods. 
Thermal processing involves the application of high-temperature treatment for sufficient time to 
destroy all the microorganisms of public health and spoilage concerns. The important factors to be 
considered in thermal processing are the seal integrity, sufficient process lethality, and post-process 
hygiene. The seal integrity is achieved by a hermetic seal, which helps in preventing recontamina-
tion and creates an environment inside the container that prevents the growth of other microorgan-
isms of higher heat resistance. It also helps in preventing toxin production from pathogens. The 
time–temperature schedule for the required process lethality should be effective to eliminate the 
most perilous and heat-resistant mesophilic anaerobic spore-forming pathogen Clostridium botuli-
num. Post-process hygiene is of utmost importance for heat-processed foods as the heat-processed 
containers, which are still warm and wet, may lead to inward leakage through the seal. Hence, the 
use of chlorinated water is mandatory for can washing and cooling.

Normally, thermal processing is not designed to destroy all microorganisms in a packaged prod-
uct. Such a process may destroy all the important nutrients and results in low product quality. 
Instead of this, the pathogenic microorganisms in a hermetically sealed container are destroyed 
by heating, and a suitable environment is created inside the container which does not support the 
growth of spoilage-type microorganisms. Several factors must be considered for deciding the extent 
of the heat processing (Fellows, 1988). These are

 1. Type and heat resistance of the target microorganism, spore, or enzyme present in the food
 2. pH of the food
 3. Heating conditions
 4. Thermo-physical properties of the food and the container shape and size
 5. Storage conditions

Food contain different microorganisms and/or enzymes that the thermal process is designed to 
destroy. In order to determine the type of microorganism on which the process should be based, 
several factors must be considered. In foods that are vacuum packed in hermetically sealed con-
tainers, low oxygen levels are intentionally achieved. Therefore, the prevailing conditions are 
not conducive to the growth of microorganisms that require oxygen (obligate aerobes) to create 
food spoilage or public-health problems. Further, the spores of obligate aerobes are less heat 
resistant than the microbial spores that grow under anaerobic conditions (facultative or obligate 
anaerobes). The heat resistance of food spoilage microorganisms has been studied extensively, 
and thermal resistance data are available for the more resistant organisms in a variety of products 
(Esty and Meyer, 1922). The heat tolerance of microorganisms is greatly influenced by pH or 
acidity. From a thermal-processing standpoint, foods are divided into three pH groups: high-acid 
foods (pH < 3.7), acid or medium-acid foods (pH 3.7–4.5), and low-acid foods (pH > 4.5). With 
reference to thermal processing, the most important distinction in the pH classification is the 
dividing line between acid and low-acid foods.

Sterilization or its commercial equivalent for the reduction of viable microbes to some predeter-
mined level forms the basis of a substantial class of food preservation operations and is particularly 
important in canning (Kumar et  al., 2001). The main purpose of sterilization is the destruction 
of microorganisms by heating, which causes spoilage of food during preservation. The usually 
targeted microorganism in the sterilization of foods is the C. botulinum. However, the use of non-
pathogenic and more resistant species is preferred, particularly Clostridium sporogenes (PA 3679) 
(Ranganna, 1986). The argument is that once these have been destroyed, all other less heat-resistant 
spores can be safely assumed to be destroyed.

Most of the research dealing with thermal processing devotes special attention to C.  botulinum, 
which is a highly heat-resistant, rod-shaped, spore-forming, anaerobic pathogen that produces an 
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extremely potent exotoxin under favorable conditions, which leads to “botulism.” It has been gener-
ally accepted that C. botulinum do not grow and produce toxins below a pH of 4.5 and is a potential 
health hazard only in foods with a pH above 4.5. Therefore, all low-acid foods should receive a pro-
cess that is adequate to destroy C. botulinum. Generally, canned foods receive a heat treatment that 
is more severe than that required to destroy C. botulinum since several other species of microorgan-
isms have a greater heat resistance. An order-of-the-process factor of 12D is used in the commercial 
heat processing of low-acid foods that do not contain preservation levels of salt or other bacterio 
labile or bacteriostatic chemicals (Gillespy, 1951).

Thermal processing is designed to destroy different microorganisms and enzymes present in 
the food. Normally in thermal processing, an exhausting step is carried out before sealing the 
containers. In some cases, food is vacuum packed in hermetically sealed containers. In such 
cases very low levels of oxygen is intentionally achieved. Hence, the prevailing conditions are not 
favorable for the growth of microorganisms that require oxygen (obligate aerobes) to create food 
spoilage or public-health problems. Further, the spores of obligate aerobes are less heat resistant 
than the microbial spores that grow under anaerobic conditions (facultative or obligate anaer-
obes). The growth and activity of these anaerobic microorganisms are largely pH dependent. 
From a thermal-processing standpoint, foods are divided into three distinct pH groups which 
are given below. Changes in the intrinsic properties of food, mainly salt, water activity, and pH 
are known to affect the ability of microorganisms to survive the thermal processes in addition to 
their genotype. Due to health-related concerns on the use of salt, there is an increased demand 
to reduce salt levels in foods. The heat tolerance of microorganisms is greatly influenced by pH 
or acidity. The United States Food and Drug Administration (FDA) has classified foods in the 
federal register (21 CFR Part 114) as follows:

 1. High-acid foods (pH < 3.7; e.g., apple, apple juice, apple cider, apple sauce, berries, cherry 
(red sour), cranberry juice, cranberry sauce, fruit jellies, grapefruit juice, grapefruit pulp, 
lemon juice, lime juice, orange juice, pineapple juice, sour pickles, and vinegar)

 2. Acid or medium-acid foods (pH 3.7–4.5; e.g., fruit jams, fruit cocktail, grapes, tomato, tomato 
juice, peaches, piento, pineapple slices, potato salad, prune juice, and vegetable juice)

 3. Low-acid foods (pH > 4.5; e.g., all meats, fish and shellfishes, vegetables, mixed entries, 
and most soups).

The acidity of the substrate or medium in which microorganisms are present is an important factor 
in determining the degree of heating required. With reference to thermal processing of food prod-
ucts, special attention should be devoted to C. botulinum which is a highly heat-resistant, rod-shaped, 
spore-forming, anaerobic pathogen that produces the botulism toxin. It has been generally accepted 
that C. botulinum and other spore-forming human pathogens does not grow and produce toxins below 
a pH of 4.6. The organisms that can grow in such acid conditions are destroyed by relatively mild heat 
treatments. Some spore formers may cause spoilage of this category of foods, for example, Bacillus 
coagulans, Clostridium butyricum, and Bacillus licheniformis, as well as ascospores of Byssoclamys 
fulva and Byssoclamys nivea, which are often present in soft fruits such as strawberries. For food with pH 
values greater than 4.5, so-called low-acid products which include fishery products, it is necessary to 
apply a time–temperature regime sufficient to inactivate spores of C. botulinum which is commonly 
referred to as a botulinum cook in the industry. Thermal processes are calibrated in terms of the 
equivalent time the thermal center of the product, that is, the point of the product in the container most 
distant from the heat source or cold spot, spends at 121.1°C, and this thermal process lethality time 
is termed F0 value. Although there are other microorganisms, for example, B. stearothermophilus, 
Bacillus thermoacidurans, and Clostridium thermosaccolyaticum, which are thermophilic in nature 
(optimal growth temperature ~50°C–55°C) and are more heat resistant than C. botulinum, a compro-
mise is drawn on the practical impossibility of achieving full sterility in the contents of a hermetically 
sealed container during commercial heat processing, whereby the initial bacterial load is destroyed 
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through sufficient decimal reductions to reduce the possibility of a single organism surviving to an 
acceptably low level. This level depends on the organism, usually C. botulinum, which the process is 
designed to destroy. The time required to reduce the number of spores of this organism (or any other 
microorganism) by a factor of 10 at a specific reference temperature (121.1°C) is the decimal reduction 
time, or the D value, denoted by D0. The D0 value for C. botulinum spores can be taken as 0.25 min. 
A reduction by a factor of 1012, regarded as an acceptably low level, requires 3 min at 121.1°C, and 
is known as the process value, or F value, designated F0 so, in this case, F0 = 3, which is known as a 
“botulinum cook” which is the basis of commercial sterility.

3.5.2 thermal resistanCe of miCroorganisms

For establishing safe thermal processing, knowledge on the target microorganism or enzyme, its 
thermal resistance, microbiological history of the product, composition of the product, and storage 
conditions are essential. After identifying the target microorganism, the thermal resistance of the 
microorganism must be determined under conditions similar to the container. Thermal destruction 
of microorganism generally follow a first-order reaction indicating a logarithmic order of death, that 
is, the logarithm of the number of microorganisms surviving a given heat treatment at a particular 
temperature plotted against the heating time (survivor curve) will give a straight line (Figure 3.1). 
The microbial destruction rate is generally defined in terms of a decimal reduction time (D value) 
which represents a heating time that results in 90% destruction of the existing microbial population 
or one decimal reduction in the surviving microbial population. Graphically, this represents the time 
during which the survival curve passes through one logarithmic cycle (Figure 3.1). Mathematically,
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Figure 3.1 Survivor curve.
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microorganisms is theoretically not possible. From the survivor curve, as the graph is known, 
it can be seen that the time interval required to bring about one decimal reduction, that is, 90% 
reduction, in the number of survivors is constant. This means that the time to reduce the spore 
population from 10,000 to 1,000 is the same as the time required to reduce the spore population 
from 1,000 to 100. This time interval is known as the decimal reduction time or the “D” value.

The D value for bacterial spores is independent of initial numbers, but it is affected by the 
temperature of the heating medium. The higher the temperature, the faster the rate of thermal 
destruction and lower the D value. This is why thermal sterilization of canned fishery products 
relies on pressure cooking at elevated temperatures (>100°C) rather than cooking in steam 
or water, which is open to the atmosphere. The unit of measurement for D is “minute.” An 
important feature of the survivor curve is that no matter how many decimal reductions in spore 
numbers are brought about by a thermal process, there will always be some probability of spore 
survival. So in practice, the fish canners are satisfied if the probability of pathogenic spore 
survival is sufficiently remote, and the associated public-health risk is also not  significant. In 
addition to this they also accept, as a commercial risk, a slightly higher probability of non-
pathogenic spoilage. Different microorganisms and their spores have different D values as 
shown in Table 3.2.

Since bacterial spores possess different D values, a thermal process designed to reduce spore 
population of one species by a factor of 109 (i.e., 9 decimal reductions or 9D process) will bring 
about a different order of destruction for spores of another species. Thermophilic spores are more 
heat resistant and therefore have higher D values than other mesophilic spores.

3.5.3 thermal proCessing requirements for CanneD fishery proDuCts

Thermal processing is carried out for achieving two objectives; the first is consumer safety from 
botulism and the second is nonpathogenic spoilage which is deemed commercially acceptable to 
a certain extent. If heat processing is inadequate, the possibility of spoilage due to C. botulinum 
is more and will endanger the health of the consumer. Safety from botulism is made possible by 
making the probability of C. botulinum spores surviving the heat process sufficiently remote and 
presents no significant health risk to the consumer. An acceptable low level in the context of this 
dangerously pathogenic organism means less than one in a billion (10−12) chance of survival. Such 
a low probability of spore survival is commercially acceptable as it does not represent a significant 
health risk. The excellent safety record of the canning industry with respect to the incidence of 
botulism through under processing confirms the validity of this judgment. An acceptable low level 
in the case of thermophilic nonpathogenic organisms should be arrived at judiciously considering 
the factors like very high D value, risk of flat-sour spoilage, commercial viability, and profitability. 
Since nonpathogenic organisms do not endanger the health of the consumer, process adequacy 

taBle 3.2
D Value (at 121.1°C) of some Bacterial spores

microorganism optimum growth temperature (°C) D Value (min) 

B. stearothermophilus 55 4–5

Clostridium thermosaccharolyticum 55 3–4

Clostridium nigrificans 55 2–3

C. botulinum types A and B 37 0.1–0.25

C. sporogenes (PA 3679) 37 0.1–1.5

B. coagulans 37 0.01–0.07

Nonspore-forming mesophilic bacterial yeasts and moulds 30–35 0.5–1.0
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is generally assessed in terms of the probability of spore survival which is judged commercially 
acceptable. Considering all these facts, it is generally found acceptable if thermophilic spore levels 
are reduced to around 10−2 to 10−3 per gram. Another reason for this acceptance is that the survivors 
will not germinate if the storage temperature is kept below the thermophilic optimum growth tem-
perature, that is, below 35°C.

3.5.4 CommerCial sterility

If the thermal process is sufficient to fulfill the criteria of safety and prevention of nonpathogenic 
spoilage under normal conditions of transport and storage, the product is said to be “commercially 
sterile.” In relation to canned foods, the FAO/WHO Codex Alimentarius Commission defines com-
mercial sterility as the condition achieved by the application of heat, sufficient alone or in combi-
nation with other appropriate treatments, to render the food free from microorganisms capable of 
growing in the food at normal non-refrigerated conditions at which the food is likely to be held 
during distribution and storage. Apart from this concept, there are circumstances where a canner 
will select a process which is more severe than that required for commercial sterility as in the case 
of mackerel and sardine where bone softening is considered desirable.

3.5.5 thermal proCess eValuation

The primary objective of thermal processing of canned foods is to destroy microorganisms capable 
of causing deterioration of the foods or endangering the health of consumer (Hersom and Hulland, 
1980). The basic ideas of thermal process calculation are well presented in several published articles 
and textbooks (Ball and Olson, 1957; Lopez, 1969; Stumbo, 1973; Hayakawa, 1978; Merson et al., 
1978; Ramaswamy et al., 1992; Teixiera, 1992). The first systematic approach to the problem of 
applying bacteriology and physical data to the determination of thermal process time for canned 
foods was that of Bigelow et al. (1920). They derived the “General method” of process calculation, 
which integrates the lethal effects by a graphical or numerical integration procedure based on the 
time–temperature data obtained from test containers processed under actual commercial process-
ing conditions. Ball (1923) developed a mathematical procedure for determining the heat steriliza-
tion required for the safe processing of canned foods, which is known as the “Formula method.” 
This makes use of heat penetration (HP) parameters with several mathematical procedures to inte-
grate the lethal effects of heat (Stumbo, 1973; Hayakawa, 1978; Ramaswamy et al., 1992). Over the 
years, Ball’s method has undergone rigorous evaluations, simplifications, and improvements (Ball 
and Olson, 1957). Despite its limitations, Ball’s method is widely used in the canning industry all 
around the world (Merson et al., 1978). Stumbo’s method eliminates some of the oversimplifications 
and assumptions used in the development of Ball’s formula method (Stumbo, 1973). Additional 
formula methods were developed by Hayakawa (1978) and Steele and Board (1979). These meth-
ods involving the solution of formulae for thermal process calculations have been widely used for 
many years in the food industry. The purpose of these is to estimate the process lethality of a given 
process, or alternatively to arrive at an appropriate process time under a given set of heating condi-
tions to result in a given process lethality. Smith and Tung (1982) assessed the accuracy of the Ball, 
Stumbo, Steel and Board, and Hayakawa’s formula methods for determining process lethality in 
conduction-heated foods. They reported that Stumbo’s (1973) method gave the best estimates of 
process lethality under various conditions.

Determination of the time–temperature history of processed food has practical and safety impli-
cations. Navankasattusas and Lund (1978), have discussed methods for time–temperature profile 
evaluation and measurement of lethality in processed foods. Data on thermal process schedules, 
which indicate the F0 value, time and temperature of the processing, are available in the literature 
(Lopez, 1996). Time–temperature histories may be derived by using direct measurements or by 
mathematical modeling (Tucker and Holdsworth, 1991).
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3.5.6 paCKaging materials for thermal proCessing

Packaging material forms the most important component of thermal processed foods. It should be 
able to withstand the severe process conditions and should prevent recontamination of the product. 
Various packaging materials have been used historically starting from glass container to metal con-
tainer, flexible retoratble pouches, and rigid plastic containers (Figure 3.2).

3.5.6.1 glass Containers
Glass is a natural solution of suitable silicates formed by heat and fusion followed by immediate 
cooling to prevent crystallization. It is an amorphous transparent or translucent super-cooled liq-
uid. Modern glass container is made of a mixture of oxides namely, silica (S1O2), lime (CaO), soda 
(Na2O), alumina (Al2O3), magnesia (MgO), and potash in definite proportions. Coloring matter and 
strength improvers are added to this mixture and fused at 1350°C–1400°C and cooled sufficiently 
quickly to solidify into a vitreous or noncrystalline condition.

Glass jars for food packing have the advantages of very low interaction with the contents and 
product visibility. However, they require more careful processing and handling. Glass containers 
used in canning should be able to withstand heat processing at a high temperature and pressure. 
Breakage occurring due to “thermal shock” is of greater significance in canning than other reasons 
of breakage. Thermal shock is due to the difference in the temperature between the inside and the 
outside walls of the container giving rise to different rates of expansion in the glass wall producing 
an internal stress. This stress can open up microscopic cracks or “clucks” leading to large cracks 
and container failure. Thermal shock will be greater if the wall thickness is high. Therefore, glass 
containers in canning should have relatively thin and uniform walls. Similarly, the bottom and the 
wall should have a thickness as uniform as possible. More  defects occur at sharp containers and flat 
surface and hence these should be avoided. Chemical surface coatings are often applied to make the 
glass more resistant to “bruising” and to resist thermal shock. Various types of seals are available, 
including venting and non-venting types, in sizes from 30 to 110 mm in diameter, and made of either 
tin or tin-free steel. It is essential to use the correct overpressure during retorting to prevent the lid 
being distorted. It is also essential to preheat the jars prior to processing to prevent shock breakage.

3.5.6.2 metal Containers
Metal cans are the most widely used containers for thermal processed products. Metal containers 
are normally made of tin, aluminum, or tin-free steel.

3.5.6.3 tinplate Cans
Tinplate is low-metalloid steel plate of can making quality (CMQ) coated on both sides with tin, 
giving a final composition of 98% steel and 2% tin. The thickness varies from 0.19 to 0.3 mm 
depending on the size of the can. Specifications with respect to the content of other elements are: 
Carbon (0.04%–0.12%), manganese (0.25%–0.6%), sulfur (0.05% max), phosphorus (0.02% max), 

Figure 3.2 8 oz and A 2½ aluminum cans, TFS cans, and retortable pouches.
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silicon (0.01% max), and copper (0.08% max). The corrosive nature of tinplate depends princi-
pally on the contents of copper and phosphorous. The higher the contents of these metals, the 
greater the corrosiveness of steel. However, higher phosphorous content imparts greater stiffness 
to steel plate which is advantageous in certain applications where higher pressure develops in the 
container, for example, beer can.

Base plate for can making is manufactured using the cold reduction (CR) process. CR plates are 
more advantageous over hot reduced plates because of the following characteristics:

 1. Superior mechanical properties—possible to use thinner plates without loss of strength
 2. More uniform gauge thickness
 3. Better resistance to corrosion
 4. Better appearance

3.5.6.3.1 Tin Coating
The base plate is coated with tin either by the hot dipping or electrolytic process. The latter is more 
common because:

• It consumes less tin.
• It gives uniform coating.

In the electrolytic process pure tin is used as the anode, and base steel plate serves as the cathode. 
Depending upon the number of anodes used and the speed of the plate in the electrolytic cell, the 
pickup of the can be regulated. Depending upon the different usages, the plate is given even or 
differential coating. In differential coating, the higher content of tin will always be on the surface 
coming into contact with the food.

Tinplate for can making has a steel base with four identical layers on either side.

• Steel base—provides strength and formability
• Tin–iron alloy FeSn2 formed at the interface of steel and free tin layer acts as a bond 

between the two
• Passivating film of chromium oxide that prevents corrosion of tin
• Oil film, usually dioctyl sebacate or acetyl tributyl citrate, for easy handling and prevention 

of abrasion

3.5.6.3.2 Coating Weights of Tin
The coating weight of tin used to be expressed as units in lbs per basis box. A basis box consists 
of 112 sheets of size 20 in. × 14 in. The coating of 1 lb per basis box is known as E 100. When 
the weight of tin is 0.75 lbs per basis box, the plate is described as E 75. However, nowadays this 
is expressed as grams per square meter (GSM). The recommended differential coating for fish 
cans is D 11.2/5.6 which indicates a coating 11.2 GSM tin on the food contact side and 5.6 GSM 
on the external surface.

3.5.6.3.3 Lacquering
Tinplate for fish cans is given a coating on the food contact surface with a sulfur-resistant lacquer. 
The lacquers most commonly employed in fish cans are oleoresinous C-enamels. C-enamels contain 
zinc oxide that will react with the sulfur compounds released during heat processing producing zinc 
sulfide (white in color) preventing the formation of tin or iron sulfide.

Open top sanitary cans are generally of “three-piece” or “two-piece” construction. Three-piece 
cans consist of a cylindrical body with a soldered side seam and two ends attached to the cylinder 
by double seaming. Circumferential beads are made on certain type of can bodies, especially bodies 
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of larger cans to strengthen it by making it into columns of shorter can bodies. This is also a check 
against handling abuse and paneling pressures.

Cans ends are stamped out from the tinplate sheet simultaneously producing concentric expan-
sion rings on them. The edges are curled, and the inside of the curl is lined with a sealing com-
pound, which is generally a rubber solution, and is dried quickly. A film of rubber compound is 
left in the groove that will act as a gasket to ensure airtight sealing of the can.

3.5.6.4 improvements in Can making
Beaded cans permit the use of thinner plates for can making. To compensate for the loss in strength, 
mechanical strength is introduced into the can body by beading.

3.5.6.4.1 Cemented Side Seam
The cemented side seam imparts a better appearance to the can. The end seam also will be better 
formed. Thermoplastic cement, usually a nylon material, is the bonding material. This is applied to 
the pre-lacquered body beads, and a lap joint is formed which is bonded by application of heat fol-
lowed by rapid cooling. The interior of the formed can is sprayed with lacquer.

3.5.6.4.2 Welded Side Seam
This is an alternative to soldering and has several advantages:

• Increased output
• Provides a lead-free side seam
• Improved flanging and double seaming, especially at the junction of the side seam
• Saves can material because of narrow overlap

3.5.6.4.3 Two-Piece Cans
Two-piece cans have a seamless body, and the ends are secured on top by double seaming. 
Advantages are

• Elimination of side seam and the seam on one end reduces the possibility of leakage
• Eliminates a potential source of lead contamination
• Aesthetic appeal because of the smooth profile and streamlined appearance
• Permits uninterrupted print decoration
• Bottom of the can may be designed and formed for better stackability
• Elimination of overlap at the two seams permits use of less metal

Two-piece cans are “drawn” cans made by cutting, drawing, and flanging from a plate in one opera-
tion. Aluminum or tinplate used shall be thicker and more ductile than that used for round cans. The 
two types are “Drawn and wall-ironed” (DWI) and “Drawn and redrawn” (DRD) cans.

3.5.6.5 drawn and Wall-ironed Can
This was first developed with aluminum in the early 1960s and the tinplate version became available 
by early 1970s. The process involves

• Blanking out a disc of metal from the sheet
• Drawing the disc into a cup
• Forcing it by means of a punch through a series of dies, each slightly smaller than the pre-

ceeding one, thus elongating the wall by a stretching or ironing action. During this ironing 
process, the wall thickness is reduced with a corresponding increase in height

• Trimming the top to the standard height
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• Cleaning to remove lubricant and dust of metal
• Flanging
• Lacquering (by spraying)

3.5.6.6 drawn and redrawn Can
A blank disc is first drawn into a cup. A can of desired size can be made by a series of press opera-
tions, the number of operations being determined by the material used and the depth/diameter ratio 
of the can. A shallow can could be made by a first draw followed by a redraw; a deeper can by a 
draw followed by two redraws. In the DRD process

• The plate must be pre-lacquered to assist fabrication.
• The can wall remains substantially equal to the original plate thickness.
• A clear process which avoids the need for washing the cans after fabrication.

Two-piece cans are of different shapes—round, oval, and rectangular. Ordinary seamers for 
round cans will not be suitable for irregularly shaped cans. In the common seamers used for such 
cans, the can will remain stationary and two pairs of seaming rolls, the pair of opposite rolls in 
succession, will move round the can to make a seal. There is a possibility for uneven pressure 
on the seams and hence of leakage. This is partly overcome by the use of a good quality sealing 
compound in the cans’ ends.

3.5.6.7 necked-in Can
This is another modification where the can ends have the same diameter as the body. Such cans can 
be packed compactly.

3.5.6.8 easy open ends
Easy open ends (EOE) are generally made of aluminum, though tinplate versions also became 
popular later. EOE consists of two parts, the lid and the tab. The tab is secured to the lid by means 
of an integral rivet. By pulling the tab, the central panel can be removed. Tinplate or aluminum ends 
are pre-punctured to provide a full aperture sealed by an adhesive strip of metalized polyester film 
or aluminum foil. Use of aluminum EOE on tinplate cans is limited because of the probability of 
bimetallic corrosion.

3.5.6.8.1 Aluminum Cans
The standard aluminum of 99.5%–99.7% purity is obtained by addition of one or more elements 
like magnesium, silicon, manganese, zinc, and copper (Mahadeviah and Gowramma, 1996). Lahiri 
(1992) described the suitability of different aluminum alloys for various food products. He also 
reported on the corrosion behavior of aluminum cans. Naresh et al. (1988) studied the corrosion 
behavior of aluminum cans by electrochemical studies and found that corrosion reaction is faster 
in plain aluminum cans compared to lacquered ones. Griffin and Sacharow (1972), suggested a 
suitable food grade lacquer coating for interior corrosion resistance. Balachandran et  al. (1998) 
reported that the best promising alternative to tinplate has been considered as aluminum alloyed 
with manganese and magnesium. Lopez and Jimenez (1969) reviewed the use of aluminum cans for 
canning fruits and vegetable products. Srivatsa et al. (1993) studied the suitability of indigenously 
prepared aluminum cans for canning different food products. The advantages and disadvantages of 
aluminum alloys have been described by Balachandran (2001). Lakhsminarayan (1992) reported 
that aluminum containers are 100% recyclable and biodegradable. Gargoming and Astier-Dumas 
(1995) studied the canning of vegetables and reported that the acidity of tomatoes resulted in greater 
migration of aluminum into the products. Ranau et al. (2001) studied the aluminum content in fish 
and fishery products and concluded that aluminum content of seafood does not present a significant 
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health hazard. Ranau et al. (2001) studied the changes in aluminum concentration of canned herring 
fillets in tomato sauce and curry sauce. Figure 3.4 represents the aluminum can fitted with thermo-
couples for monitoring time–temperature history of the product.

Advantages of aluminum cans are

• Light weight, slightly more than 1/3 of the weight of a similar tinplate can
• Nonreactive to many food products
• Clear, bright, and aesthetic image
• Not stained by sulfur-bearing compounds
• Nontoxic, does not impart metallic taste or smell to the produce
• Easy to fabricate; easy to open
• Excellent printability
• Recyclability of the metal

However, aluminum cans are not free from some disadvantages like

• Thick gauge sheet needed for strength
• Not highly resistant to corrosion, acid fruits and vegetables need protection by lacquering 

or other means
• Special protection needed during heat processing to avoid permanent distortion
• Aluminum has a great tendency to bleach some pigmented products
• Service life is less than that of tinplate for most aqueous products

3.5.6.8.2 Tin-Free Steel Containers
Tin-free steel (TFS), apart from aluminum, is a tested and proven alternate to tinplate in food 
can making. It has the same steel substitute as tinplate. It is provided with a preventive coating 
of chromium, chromium oxide, and chromate–phosphate. TFS is manufactured by electroplating 
cold-rolled base plate with chromium in chromic acid. This process does not leave toxin substrate 
such as chromates or dichromates on the steel, and it can be formed or drawn in the same way as 
tinplate.

Advantages

• The base chromium layer provides corrosion barrier.
• The superimposed layer of chromium oxide prevents rusting and pickup of iron taste.
• Provides an excellent base for lacquer adhesion.
• Good chemical and thermal resistance.
• Tolerance to high processing temperature and greater internal pressure.
• Improved and more reliable double seam.

Disadvantages

• Low abrasion resistance; hence, compulsory lacquering.
• Difficulty in machine soldering.
• The oxide layer needs removal even for welding.
• Limitations in use for acid foods.

An important problem associated with TFS can ends is scuffing of lacquer on the double seam. This 
may occur at the seamer or downstream at different stages of lacquering. TFS cans have been found 
quite suitable for canning different fish in various media. Thus, it holds good scope as an important 
alternate to tinplate cans.
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3.5.6.9 Can sizes
Can sizes are generally denoted by a trade name followed by their dimensions, diameter, and height, 
in that order, by their digit symbols. The first digit represents integral inches and the next two digits 
indicate measurements in sixteenth of an inch. Thus, a 301 × 309 can has a diameter of 31 16/ ′′ and 
height of 39 10/ ′′. Presently the dimensions are specified in millimeters. Trade names and dimensions 
of some cans popular for canning fish in India are given in Table 3.3.

3.5.6.9.1 Rigid Plastic Containers
The rigid plastic material used for thermal processing of food should withstand the rigors of the 
heating and cooling processes. It is also necessary to control the overpressure correctly to maintain 
a balance between the internal pressure developed during processing and the pressure of the heating 
system. The main plastic materials used for heat-processed foods are polypropylene and polyethyl-
ene tetraphthalate. These are usually fabricated with an oxygen barrier layer such as ethylvinylal-
cohol, polyvinylidene chloride, and polyamide. These multilayer materials are used to manufacture 
flexible pouches and semirigid containers. The rigid containers have the advantage when packing 
microwavable products.

3.5.6.9.2 Retortable Pouches
The retort pouch is a relatively new type of container for packing foods, which enjoyed a rapid growth 
in demand since its introduction in the late 1950s. The U.S. Army promoted the concept of flexible 
retortable pouches for use in combat rations in the 1950s, which replaced the metal containers and 
glass jars. The choice of materials for the manufacture of retort pouches is very important. Packaging 
materials for retort pouches should protect against light, degradation, moisture changes, microbial 
invasion, oxygen ingress and package interactions, toughness and puncture resistance. It is very dif-
ficult to get a single material with all the desirable properties. Hence, laminates or co-extruded films 
are used (Rangarao, 1992). The most common form of pouch consists of 3-ply laminated material, 
with an outer polyester, middle aluminum foil and inner polypropylene layer. A retort pouch can be 
defined as a container produced using 2-, 3-, or 4-ply material that, when fully sealed, will serve as 
a hermetically sealed container that can be sterilized in steam at pressure and temperature similar to 
those used for metal containers in food canning. The materials used should be tough with good bar-
rier property and heat sealability. Rubinate (1964) and Schulz (1973) suggested the material require-
ments for the retortable pouch. The development of the retort pouch has been considered as the most 
significant advance in food packaging since the metal can and has the potential to become a feasible 
alternative to the metal can and glass jars (Mermeistein, 1978). One of the early studies on the use of 
the pouch was by Hu et al. (1955). He reported the feasibility of using plastic film packages for heat-
processed foods. Ishitani et al. (1980) reported the effect of light and oxygen on the quality changes of 
retortable pouch-packed foods. Lampi (1967) reported the microbiological problems faced in foods 
packed in retortable pouch. The review on the flexible packaging material including the history has 
been documented (Mahadeviah, 1976; Lampi, 1977; Leung, 1984; Gopakumar and  Gopal,  1987; 

taBle 3.3
Can sizes used in india

trade name trade dimensions over seam dimensions (mm) 

4½ oz prawn 301 × 203 77 × 56

8 oz prawn 301 × 206 77 × 60

1 lb jam 301 × 309 77 × 90

No. 1 Tall 301 × 409 77 × 116

8 oz Tuna 307 × 113 87 × 43
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Griffin, 1987; Yamaguchi, 1990; Rangarao, 1992; Gopakumar, 1993). Retort pouches have the 
advantages of metal cans and boil-in plastic bags. Configuration of some typical pouches are

2 ply 12 µ nylon or polyester/70 µ polyolefin

3 ply 12 µ polyester/9–12 µ aluminum foil/70 µ polyolefin

4 ply 12 µ polyester/9–12 µ aluminum foil/12 µ polyester/70 µ polyolefin

The 3-ply pouch is most commonly used in commercial canning operations. This is a three-layer 
structure where a thin aluminum foil is sandwiched between two thermoplastic films. The outer 
polyester layer provides barrier properties as well as mechanical strength. The middle aluminum 
foil provides protection from gas, light, and water. This also ensures adequate shelf life of the 
product contained within. The inner film which is generally polyproplyline provides the best heat 
sealing medium.

The normal design of a pouch is a flat rectangle with rounded corners with four fin seals 
around 1 cm wide. A tear notch in the fin allows easy opening of the pouch. The rounded cor-
ners allow safe handling and help to avoid damage to the adjacent packs. The size of the pouch 
is determined by the thickness that can be tolerated at the normal fill weight. The size ranges 
(mm) available are

A1 130 × 160

A2 130 × 200

A3 130 × 240

B1 150 × 160

B2 150 × 250

B3 150 × 240

C1 170 × 160

C2 170 × 200

C3 170 × 240

D1 250 × 320 (Catering pack)

D2 250 × 1100

D3 250 × 480

Advantages

• Thin cross-sectional profile—hence rapid heat transfer—30%–40% saving in processing 
times—no overheating of the product near the walls

• Better retention of color, flavor, and nutrients
• Shelf life equal to that of the same product in metal can
• Very little storage space for empty pouches—15% of that for cans
• Easy to open

Disadvantages

• Pouches, seals more vulnerable to damage, can be easily damaged by any sharp material, 
hence necessitates individual coverage.

• With an over wrap cost that may go up above that of cans.
• Slow rate of production, 30 pouches in place of 300–400 cans per minute.
• Needs special equipment.
• Higher packaging cost and low output push up the cost of production.
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3.5.7 unit operations in thermal proCessing of fishery proDuCts

Although a very wide variety of canned fishery products are available, there are very few opera-
tions that are unique to a certain variety of products. The initial handling steps, retort operation, and 
post-process handling steps are similar to all the products in a particular container. The major unit 
operations in canned fishery products are

 1. Raw material handling
 2. Pretreatment
 3. Precooking or blanching
 4. Filling into the container
 5. Exhausting
 6. Sealing
 7. Retorting
 8. Cooling
 9. Post-process handling
 10. Storing

Raw material handling is similar among the different products. The fish has to be maintained at a 
lower temperature from the time of its harvest till it is used for the preparation and maintained in a 
proper hygienic quality. The quality of the canned product is affected whenever the raw material is 
not maintained at a proper temperature and/or damaged physically between harvesting and thermal 
processing. It is usual practice to maintain fish in iced condition or in chilled seawater system or 
freeze the fishes onboard the fishing vessel to maintain the quality and in the mainland, it is stored 
in cold storage maintained at −18°C or lower temperature, before it is used for canning purpose.

The pretreatment steps include washing, beheading, gilling, gutting, washing, and cutting into 
desired sizes. The main purpose of this step is to bring the raw material closer to the usable form. 
These pretreatment steps have to be carried out under strict hygienic conditions to prevent contami-
nation from handling surfaces and from viscera.

Precooking, sometimes referred to as blanching is normally carried out in steam, water, oil, 
smoke, microwave, or a combination of these. Precooking reduces enzyme activity and improves 
sensory quality. The purpose of precooking is to remove excessive water content from the raw 
material which otherwise will be collected in the container after retorting. Precooking coagulates 
protein and helps in improving firm texture, imparting desirable flavor, and removing undesirable 
flavor. As precooking affects yield and sensory quality, the precooking conditions have to be opti-
mized for different fishes.

Filling is the addition of products using filling media, and it can be either manual or automatic. 
It is a very important step as the variation in filling weight and fill temperature for hot fill products 
affects the rate of heat transfer. Apart from maintaining proper fill weight, maintaining proper head 
space in the container is necessary to maintain the seal integrity as it can be affected by the thermal 
expansion of the product upon retorting.

Exhausting is an important step to remove the air present in the product as well as in the con-
tainer. The air entrapped inside the container adversely affects the heat transfer capacity. It is also 
carried out to overcome the loss of oxygen-sensitive nutrients. Different methods are being fol-
lowed in the industry for exhausting. These are hot filling, thermal exhausting, steam injection, and 
creating vacuum. In the hot filling method, the filling medium is heated to a specified temperature 
and filled in a hot condition, and the lids are closed immediately. In thermal exhausting, the filled 
containers are exposed to a specified temperature maintained either by steam as in an exhaust box 
(Figure 3.3) or exposed to boiling water. Exhausting is also done by injecting steam directly into the 
containers till it condenses, which ensures the removal of air. Exhausting is also achieved by creat-
ing a vacuum in the containers mechanically.
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The success of the canning process is mainly assured with the formation of hermetic sealing of 
the containers whether glass, metal cans, or flexible retortable pouches. Failure in this critical step 
indicates the compromise of product safety and shelf stability. In cans, sealing is normally done using 
double seaming machines, either semiautomatic or fully automatic seaming machines (Figure 3.4). 
Once the sealing is over, the containers are arranged in the perforated trays or cages and loaded into 
the retort for thermal processing. Heat processing is normally carried out in the temperature range 
of 110°C–135°C for a specified time to achieve desired lethality and quality product. Retorting can 
be carried out either in steam, steam air (Figure 3.5), or water immersion retorts (Figure 3.6). After 
retorting for a specified time, cooling is done inside the retort by pumping cool potable water into the 
retort. Special attention is to be given while retorting in flexible retortable pouches to overcome the 
bursting of pouches due to pressure differences in and out of the pouches during cooling as there 

Figure 3.3 Exhausting by steam injection and using exhaust box.

Figure 3.4 Semi-automatic and automatic double seaming machines for cans.
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is a sudden drop in the pressure of the retort during the cooling process. This can be overcome by 
applying an overpressure of around 14 psi using air during the cooling process. Special care is also 
needed while performing heat processing in glass containers as this requires overpressure to over-
come the damage to container. The cooling process is continued till the product temperature reduces 
to a minimum of 40°C. Upon cooling, post-process handling assumes importance as there is a chance 
of recontamination of the processed product if sufficient care is not taken. Chlorinated water has to 
be used to wash the containers after the cooling process maintaining proper hygiene and sanitation. 
Mechanical damage to containers has to be reduced during handling and storing. The washed and 
dried containers are stored in an ambient storage condition in a dust-free area.

3.5.8 thermal proCess ValiDation

Measuring the product temperature at cold point is the major activity of establishing a thermal 
process. Normally two stages of temperature measurement are employed for establishing a process, 

Figure 3.5 Steam retorts used in industry.

Figure 3.6 Water immersion retort.
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whether by general method or mathematical method, for process value calculation. These are tem-
perature distribution tests (TD) to identify the location of the zone of slowest heating in the retort, 
and HP tests to measure the temperature response at the product cold point.

3.5.8.1 temperature distribution test
TD is the first step in HP studies. Generally, any system for thermal processing, whether retort, 
autoclave, or sterilizers, will contain regions in which the temperature of the heating medium 
is lower than that measured by the master temperature indicator. For example, with steam–air 
processes this can be caused by improper mixture and proportion, and in water immersion 
processes this can be caused by poor circulation of hot water. The location of these cold spots 
should be determined by performing “temperature (or heat) distribution” tests throughout the 
system. The concepts for TD testing are simple; however, the practicalities of making the rel-
evant measurements are loaded with difficulty. A uniform TD throughout the retort does not 
necessarily indicate uniform lethalities since uniform temperature does not guarantee uniform 
heat transfer. Therefore, the uniformity in temperature is the minimum that has to be studied 
and an additional heat distribution study is advisable if there are concerns about air entrapment 
or heat transfer coefficient reductions throughout a container load. For a steam retort, if the 
TD is unsatisfactory, it can normally be resolved by increasing the length of the period of air 
removal at the start of the process (venting). This contrasts with non-steam retorts where a large 
temperature range may be attributed to the design/loading of the retort, and simple corrective 
action is not possible.

3.5.8.1.1 When is TD Testing Required?
The TD within a retort should be tested on its installation, with intermittent retesting being required 
as factors change that could affect the retort performance. Retorts require, at a minimum, retesting 
in the event of any engineering work likely to affect the TD of the retort, such as

• Relocation of the retort or installation of another retort that uses the same services
• Modification to the steam, water, or air supply
• Failure of the key components (e.g., pumps and valves)
• Repair or modification to water or steam circulation systems within the retort
• If there are any doubts about the performance of the circulation system

In addition, if the load to be processed in a retort changes, retesting is required. Such circumstances 
include the use of

• New container sizes and shapes
• New container loading patterns
• New crate or layer pad design, or mode of use

It is also necessary to ensure that a retort’s performance does not deteriorate over a period of time, 
as corrosion or fouling in the steam, water, or air supply pipes builds up. Retort instrumentation and 
process records should be inspected regularly to identify when a TD problem has arisen. Regular 
retesting of a retort’s TD is a good practice to ensure that these faults are not overlooked.

3.5.8.1.2 Objectives of TD Tests
Although TD tests basically sample the performance of retort systems, in the industry they are 
frequently used as an opportunity to “audit” the installation to ensure long-term compliance 
(Figure 3.7). Good manufacturing practices for TD tests in batch retorts should be such that in 
steady-state operation, the temperature spread across the sterilizing vessel should ideally be 1°C 
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or less. However, when this degree of control is not achievable due to design or characteristics of 
the equipment, any deviation from the limit should be allowed for the scheduled process.

If the retort uses condensing steam as the media, it is necessary to establish the time of vent in 
order that the distribution of temperatures across the retort is reduced to an acceptable limit. For 
venting trials, the following guidance are normally adopted:

• Note precisely the time at which the retort reaches 100°C.
• Do not close the main vent until all thermocouples reach the same temperature within 

0.5°C.
• Close the vent and record when the master temperature indicator and chart recorder reach 

the process temperature.
• All thermocouples should indicate the same temperature within 1 min of the first thermo-

couple indicating that (process) temperature.
• Record the venting time as the number of minutes for which the main vent was left open 

after 100°C was reached on the thermocouple in the thermometer pocket.

The vent test is specific to condensing steam retorts and is required in addition to TD testing. For 
retort systems utilizing water or mixtures of steam and air, the TD tests are unlikely to result in a 
1°C distribution in temperatures across the crates at the start of the hold phase. This is because of 
less favorable heat transfer coefficients with these heating media when compared with condens-
ing steam and also the reduced quantity of heat available in, for example, a raining water system. 
It is common practice to quote a time into the hold phase by which the temperature distribution has 
stabilized to within 1°C, and to take this into account when establishing the hold time at constant 
temperature.

3.5.8.2 heat penetration tests
HP is further subdivided into two stages when conducting the tests, first to locate the product cold 
point in the container and second to establish the process conditions that will lead to the scheduled 
process.

3.5.8.3 locating the product Cold point
Within each food container there will be a point or region that heats up more slowly than the rest. 
This is referred to as the “slowest heating point” or “thermal center” and should be located using 
thermocouples (Figure 3.8) or some other sensing method positioned at different places in a food 
container (Figures 3.9 and 3.10). For foods that heat mainly by conduction, the slowest heating point 

Figure 3.7 Arranging thermocouple fittings in overpressure autoclave for heat penetration studies.
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Figure 3.8 Different types of thermocouples used in the study.

Figure 3.9 Aluminum and TFS cans fitted with thermocouple.

Figure 3.10 Retortable pouches fitted with spacer and thermocouple.
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will be at the container geometric center. However, for foods that permit movement and can thus 
convect heat, this point is between the geometric center and approximately one tenth up from the 
base (in a static process). During a thermal process the food viscosity will decrease in response to 
increasing temperature, and as a result the slowest heating point will move downwards from the 
container geometric center. The critical point is when the lethal effect on the target microbiologi-
cal species is at its most significant, which will be toward the end of the constant temperature hold 
phase. If the process utilizes rotation or agitation, the slowest heating point will be at the container 
geometric center.

3.5.8.4 establishing the scheduled process time and temperature
The thermal process is finally established by measuring the temperature at the container slowest 
heating point for a number of replicates that are placed in the cold spot(s) of the thermal process-
ing system. The data obtained are usually referred to as “heat penetration” data. Campden and 
Chorelywood Food Research Association (CCFRA) (1997) recommended three sensors from each 
of three replicate runs, and National Food Processors Association (NFPA), USA, suggests at least 
ten working sensors from a run, with replicate runs required where variability is found. The more 
common situation now is to take up to ten samples in two replicate runs, providing that the vari-
ability between runs is within acceptable limits. However, there can be limitations on the number 
of probes that can be inserted through a packaging gland or through the central shaft of a rotating 
system, and in these situations at least two replicate runs should be completed. Various methods 
can be employed to collect accurate HP data. The aim of an HP study is to determine the heating 
and cooling behavior of a specific product in order to establish a safe thermal process regime and to 
provide the data to analyze future process deviations. The design of the study must ensure that all of 
the critical factors are considered to deliver the thermal process to the product slowest heating point.

3.5.8.4.1 When is HP Testing Required?
The HP study should be carried out before commencing production of a new product, process, or 
package. Changes to any of the criteria that may change the time–temperature response at the prod-
uct slowest heating point will require a new HP study to be conducted. The conditions determined 
in the study are referred to as the scheduled heat process and must be followed for every production 
batch, with appropriate records taken to confirm that this was followed. No further temperature 
measurement within containers is required in production, although some companies do measure 
temperatures in single containers at defined frequencies. However, the conditions used in single 
container testing will not represent the worst case, and it would be expected that the instrumented 
container would show a process value in excess of that measured by the HP study. Such data are 
intended to show carefulness and are more of a comfort factor. Figures 3.11 through 3.14 represent a 
variety of canned food products like sardine in oil and curry medium, smoked rainbow trout in oil 
medium, seafood mix in brine and tomato sauce medium, and tuna processed along with vegetables 
in TFS cans. Figures 3.15 through 3.18 represent the HP curves, and F0 values of a value-added 

Figure 3.11 Sardine in oil and curry medium in metal cans and retortable pouches.
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fish product “Shrimp Kuruma” in aluminum cans and retortable pouches of different sizes. Factors 
taken into consideration during HP tests are listed below:

 1. Process-related factors
a. Retort temperature history, heating, holding, and cooling temperatures and times: 

The accuracy of temperature measurements has a direct effect on lethality values, and 
 temperature-measuring devices need to be calibrated to a traceable standard.

b. Heat transfer coefficients: For processes heated by steam and vigorously agitated in 
boiling water, these are usually so high that no effect is observed; however, with other 
methods of heating, which have much lower values, it is important to estimate the 
effective values as accurately as possible.

c. Come up time in steam, steam–air retorts, and filling stages for raining water or water 
immersion systems.

d. Type of retort—stationary (batch or continuous), reel or spiral retort, hydrostatic retort.
 2. Product-related factors

a. Size of the individual pieces, composition of the food, product preparation method, 
ration of solid to liquid content.

Figure 3.12 Smoked and canned Rainbow trout in oil in TFS cans.

Figure 3.13 Seafood mix in brine and tomato sauce medium in TFS cans.
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Figure 3.14 Tuna with green pea, baby corn, broccoli, and mixed vegetables in TFS cans.
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Figure 3.15 Heat penetration characteristics and F0 value for 16 × 20 cm retort pouch.
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Figure 3.16 Heat penetration characteristics and F0 value for 301 × 206 can.
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Figure 3.17 Heat penetration characteristics and F0 value for 17 × 30 cm retort pouch.
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Figure 3.18 Heat penetration characteristics and F0 value for 401 × 411 can.
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b. Initial temperature of can contents: The uniformity of the initial filling temperature 
should be carefully controlled. The higher the initial temperature, the shorter the 
required process time.

c. Pre-retorting delay temperature and time: This is related to the filling temperatures 
and results from malfunctioning of the process, and delays affect the initial tempera-
ture of the can contents.

d. Thermal diffusivity of product: Most models are very sensitive to changes in the value 
of this property.

e. Z- and D-value of the target microbial species.
 3. Container-related factors

a. Container materials: Apart from tinplate and other metallic containers, all other mate-
rials, for example, plastics and glass, impede heat transfer into the container.

b. Container shape: The most rapidly heating containers have the largest surface area and 
the thinnest cross section.

c. Container thickness: The thicker the container wall, the slower the heating rate.
d. Headspace: This is of particular importance to agitated and rotary processes. The 

headspace and the rate of rotation need to be carefully controlled.
e. Container stacking: The position of the containers inside the retort and the type of 

stacking also affect the heat transfer to individual containers.

3.5.8.5 effect of thermal processing on the nutrition of Food
The primary objective of a thermal process is to produce a product that is free of pathogenic 
microorganisms. The target criterion for thermal processing of low-acid foods is to destroy spores 
of C. botulinum, which is the most heat resistant among the common food poisoning bacteria. 
Although thermal processing makes microorganisms and spores inactive, it may cause destruc-
tion of essential nutrients that leads to deterioration of product quality. Much attention has been 
given to maximizing quality retention for a specified reduction in undesirable microorganism. 
However, since the degradation of heat-sensitive vitamins and other quality factors such as color 
and texture will take place along with the microbial destruction, the optimum processing time 
and temperature must be utilized. Because of these safety and quality factors, care must be taken 
to avoid either overprocessing or underprocessing. Broek (1965) reported that moderate heating 
of fish had not affected the nutritive quality, while overheating led to loss of nutrients. In recent 
years, growing consumer awareness increased the interest in food quality during processing and 
storage (Lubuza, 1982). Researches have studied the effect of thermal processing on the nutri-
tive value of food. Bender (1972) and Ford (1973) reported the effect of thermal processing on 
the protein of fish. A reduction of 25% lysine during thermal processing was reported by Tooley 
and Lowrie (1974). Taguchi et al. (1982), and Taneka and Taguchi (1985) reported an increase in 
peroxide value. A decrease in TBA value, TMA, and vitamin B1 (thiamin) for shrimp, rainbow 
trout, and Alaska Pollock (Chia et  al., 1983) and a decrease in the TMA-O content of squids 
(Kolodziejska et al., 1994) after heat processing have been reported. Ma et al. (1983) reported a 
toughening during the initial stages of heating and softening during the later stage of process-
ing for shrimps and mussels. Tanaka and Taguchi (1985) reported the changes in nutritional and 
sensory characteristics in canned fishery products. Fellows (1990) reported a reduction of about 
10%–20% of the amino acids in canned products. Lou (1997) reported a decrease in purine 
content of shrimp especially adenine during thermal processing. A combination of tuna and veg-
etables like green pea and baby corn gave a better product than broccoli (Mohan et al., 2014). 
Thermal processing of tuna with vegetables like green pea, broccoli, and baby corn to an F0 
value of 8.0 min resulted in the reduction of 4.35%–15.22% in process time compared with tuna 
without vegetables for the same size cans. Retortable pouches had an advantage over metal cans 
in many ways. Processing in 16 × 20  cm retortable pouches resulted in 35.67% reduction in 
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process time for equivalent lethality when compared with 301 × 206 cans (Mohan et al., 2006, 
2008). For 17 × 30 cm retortable pouches, a reduction of 56.56% process time was obtained than 
the 401 × 411 cans. In the canned samples, the reduction of SH content was 50.54% more when 
compared with pouches. Although thermal processing affects some of the nutritional quality, it is 
by far the most successful preservation technology as it offers various advantages.
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4 Extrusion
Cooking

Kasiviswanathan Muthukumarappan 
and Chinnadurai Karunanithy

4.1 introduCtion

Consumers are looking for foods that provide health, convenience, and taste at an affordable price. 
Ever-increasing population and urbanization mean high demand for staple foods; moreover, chang-
ing eating habits means more convenient foods. To address consumer demand, a key research prior-
ity in the food industry is the development of foods that promote health and wellness. Snack foods 
have become a significant part of modern life and represent a distinct and consistently widening 
and changing group of food items (Riaz 2005). Extrusion is one of the most versatile operations 
available to the food industry for transforming ingredients into intermediate or finished products. 
Extrusion technology provides a method to process raw ingredients on a large scale at a remarkably 
low cost. Extrusion finds ever-increasing application in the food industry, such as the production of 
ready-to-eat cereals, pasta, snacks, pet food, fish foods, and confectionary products, apart from its 
obvious applications in the plastics industry (Muthukumarappan and Karunanithy 2012).

Extrusion is a high-temperature, short-time process that has the ability to perform many operations 
such as mixing, kneading, cooking, shearing, shaping, and forming simultaneously. Literally, extru-
sion (extrudere in latin) means the action of pushing or forcing material through a narrow gap; thus 
it describes only a small portion of the industrial applications which are primarily forming or shap-
ing without affecting the properties of the material (e.g., pasta processing). Now, extrusion is not lim-
ited to initial application; expanded to cooking, expansion, co-extrusion, supercritical fluid extrusion, 
destructing antinutritional factors, and some microorganisms. First extrusion was applied to food when 
chopped meat was stuffed into casings using a piston-type extruder for sausage manufacturing in 1870. 
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The single-screw extruder (SSE) was introduced in 1930 for mixing semoltheina and water and shaping 
the dough into macaroni in one continuous operation. High-shear extruders were introduced during 
the late 1930s and 1940s for making directly expanded products (e.g., corn curls). A literature survey 
indicates that the twin screw was introduced in the late 1950s. The extrusion process has grown several 
fold due to continuous research-related efforts as evident from a variety of extruded food products found 
in the market. The leading food extruder manufacturers around the world are Wenger, United States; 
American Extrusion, United States; Extru-Tech, United States; Buhler, Switzerland; Pavan Mapimianti, 
Italy; Krupp Werner & Pfleiderer, Germany; C.W. Brabender, Germany; Clextral, France; APV Baker, 
England; and Lalasse, Holland. The advantages of extruders can be found in many extrusion text books. 
This chapter presents the raw materials of an extruder, components of an extruder, types of an extruder, 
 factors influencing expansion and nutritional qualities, heat transfer in an extruder, and process control.

4.2 raW materials For extrusion CooKing

According to Moley (2013), ingredients are the building blocks of foods—they combine together to 
form structures at the micro and macro level. In general, most ingredients do not act alone; in order 
to reap the benefits of ingredients’ interactions, the ingredients need to be in the right state; they must 
be soluble. Different ingredients play different roles in any food product development; therefore, 
choosing the right ingredients is a critical and challenging task for the food scientists. The properties 
of raw materials play a vital role on texture, color, and quality of the final product. The type of feed, 
composition of feed, its moisture content, and particle size have a greater impact on the viscosity of 
melt within the extruder; ultimately, they dictate the quality of product besides extruder variables. 
In general, any blend consists of starch, protein, lipid/fat, and fiber, and each one of them have a sig-
nificant influence on the physical, chemical, nutritional, and sensory qualities. It is well known that 
starch content up to 60% is required for producing directly expanded products with good expansion. 
Table 4.1 summarizes the composition of raw materials reported in the literature and can be used as 
a guide for selecting ingredients to formulate a blend. In general, the blend can be formulated in vari-
ous combinations of ingredients such as cereal, grains, millets, fruits, vegetables, tubers, legumes, oil 
seeds, food industry by-products, animal fat, and proteins as presented in Table 4.2. The reason for 
the selection of a particular ingredient is outlined in the second column of Table 4.2 and significant 
findings of each study are also given in the fourth column. Starch is the one that provides mechani-
cal strength to the extrudates; the most commonly used starch sources are corn, wheat, rice, and 
potato. Other less commonly used starch sources such as barley, tapioca, peas, beans, sweet potato, 
amaranthus, and millets are also explored as evident from Table 4.2. Table 4.3 shows a summary of 
characteristics of various starches in terms of starch granule size, flavor, color, expansion, and energy 
requirement that can serve as a guide to select an appropriate starch depending upon the application.

4.3 Components oF extruder

Feed hopper/live bottom bin, preconditioner, screw, barrel, die, cutter, and drive are the major com-
ponents in addition to sensors/controlling devices such as thermocouples and pressure transducers. 
The food contact surface should be noncorrosive and nontoxic; therefore, most of the screws and lin-
ers are constructed with high-quality wear-resistant stainless steel alloys (heat treatable 400 series).

A feed hopper is a place where the raw material enters into the extruder. The design of a feed 
 hopper depends on the properties of raw materials such as the angle of repose, abrasiveness, ability 
to free flow/bridging, and the size depends on the capacity. In some cases, the raw material would 
not flow freely; therefore, a scraper/rotating blade is placed inside the feed hopper and is termed 
as a live bottom bin where continuous free flow is ensured. It costs more than $20,000 depending 
upon the capacity.

Preconditioner, as the name implies, is where the raw material is preconditioned before 
actual extrusion. Addition of moist steam not only hydrates the raw material but also heats 
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taBle 4.1
Composition of raw materials reported in the literature

raw material moisture starch protein lipid  Fiber ash references 

Corn 12.6 76.1 9.0 2.3 NR NR Onwulata et al. (1998)

Corn 9.1 78.5 10.23 2.18 7.15 1.46 Pastor-Cavada et al. (2011)

Corn flour 12.0 78.6 6.0 2.2 0.6 0.6 Haley and Mulvaney (2000)

Corn flour 12.0 Diff 6.0 2.2 0.6 0.6 Liu et al. (2000)

Corn flour 9.3 80.4 9.00 2.9 NR 2.1 Veronica et al. (2006)

Cornmeal 10.15 82.21 6.5 1.14 NR NR Konstance et al. (1998)

Corn grits 11.77 78.31 6.74 2.33 1.1 0.57 Dehghan-Shoar et al. (2010)

Corn — 90.54 6.48 0.44 1.98 0.55 Gimenez et al. (2013)

Corn 9.7 48.9 12 3.5 19.3 2.8 Semasaka et al. (2010)

Corn grits 11 77.9 9.2 0.7 0.7 0.5 Nascimento et al. (2012)

Corn grits — 86.11 11.11 1.01 0.45 1.32 Sobota et al. (2010)

Maize flour 10.61 37.28 9.42 4.47 2.89 1.34 Rodríguez-Miranda et al. (2011)

Nixtamalized maize flour 11.69 59.19 10.81 6.95 1.78 1.91 Rodríguez-Miranda et al. (2011)

Rice 12.0 78.3 8.5 1.2 NR NR Onwulata et al. (1998)

Rice flour 9.95 81.43 5.85 0.56 1.74 0.47 Choudhury and Gautam (2003)

Rice grit 11.45 81.43 5.92 0.79 NR 0.42 Yagci and Gögus (2009)

Rice flour 9.95 81.43 5.85 0.56 1.74 0.47 Choudhury and Gautam (1998a)

Rice flour 12.11 79.78 6.75 0.14 0.80 0.28 Dehghan-Shoar et al. (2010)

Rice 8.2 86.9 7.38 0.53 3.81 1.19 Pastor-Cavada et al. (2011)

Durum clear flour 7.39 74.37 13.38 2.93 NR 1.93 Yagci and Gögus (2009)

Wheat semolina 12.48 74.09 10.72 2.15 2.5 0.56 Dehghan-Shoar et al. (2010)

Whole bran wheat flour — 70 13.8 2.0 NR NR Zasypkin and Lee (1998)

Whole wheat bran 4.4 75.2 14.9 1.5 28.5 4.1 Dansby and Bovell-Benjamin (2003)

Wheat bran — 70.82 17.46 2.45 5.34 3.92 Sobota et al. (2010)

Cassava flour 5.2 89.45 1.55 0.45 1.75 1.60 Rampersad et al. (2003)

Potato 9.0 80.5 10.0 0.5 NR NR Onwulata et al. (1998)

Sweet potato flour 2.8 84.3 8.9 0.96 9.9 3.0 Dansby and Bovell-Benjamin (2003)

Oat flour 12.0 Diff 18.0 7.0 9.0 2.0 Liu et al. (2000)

Barely flour — 85.7 10.3 2.3 16.2 1.7 Altan et al. (2009)

(Continued )
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taBle 4.1 (continued )
Composition of raw materials reported in the literature

raw material moisture starch protein lipid  Fiber ash references 

Taro flour 6.22 57.55 5.37 0.74 1.47 3.78 Rodríguez-Miranda et al. (2011)

Acha 12.5 87.6 7.98 NR 0.4 2.73 Olapade and Aworh (2012)

Amaranthus flour 12.32 64.17 13.58 7.56 NR 2.37 Chávez-Jáuregui et al. (2000)

Defatted amranthus flour 13.44 69.98 13.70 0.16 NR 2.71 Chávez-Jáuregui et al. (2000)

Glandless cotton seed flour NR NR 55.3 12.6 1.0 7.83 Hsieh et al. (1990)

Pulse 5.2 6.03 45 19 20 4.77 Semasaka et al. (2010)

Hard-to-cook common beans — 75.0 19.3 1.0 NR 4.4 Batista et al. (2010)

Broad bean — 42.26 31.07 2.66 20.01 3.99 Gimenez et al. (2013)

Pigeon pea flour 8.2 59.68 18.00 1.50 6.10 6.52 Rampersad et al. (2003)

Cowpea 11 67.5 26 NR 1.62 3.15 Olapade and Aworh (2012)

Cowpea 6.95 63.75 23.0 3.75 1.05 1.45 Oduro-Yeboah et al. (2014)

Cowpea 12.0 60.20 22.10 1.70 2.10 1.90 Filli et al. (2011)

Plantain 8.45 85.0 2.15 1.9 0.6 1.85 Oduro-Yeboah et al. (2014)

Full-fat soy flakes 7.67 33.23 39.1 20.0 NR NR Konstance et al. (1998)

Partially defatted soy flour 9.4 34.5 44.2 7.7 NR 4.6 Veronica et al. (2006)

Defatted soy flour — 36.6 55.6 1.3 NR NR Zasypkin and Lee (1998)

Semi defatted sesame cake 8.1 14.4 35 11.2 22.7 8.6 Nascimento et al. (2012)

Partially defatted hazelnut flour 2.90 39.72 33.51 17.26 NR 6.61 Yagci and Gögus (2009)

Millet 4.39 70.3 15 2.5 7 0.81 Semasaka et al. (2010)

Pearl millet 11.2 70.80 10.80 3.80 1.80 1.60 Filli et al. (2011)

Tomato pomace — 82.7 9.7 4.8 52.8 2.8 Altan et al. (2009)

Grape pomace — 86.6 6.9 2.4 12.3 4.1 Altan et al. (2009)

Brewer’s spent grain 6.33 60.64 24.39 6.18 9.19 2.48 Sobukola et al. (2013)

Sweet whey solids 5.0 75.0 12.1 1.5 NR NR Onwulata et al. (1998)

WPC 3.0 60.0 34.0 3.0 NR NR Onwulata et al. (1998)

NR, not reported.
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taBle 4.2
selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Cornmeal, potato, rice 
flour, WPC, and sweet 
whey solids

It is usual practice to fortify the low nutrient 
snacks with protein. However, incorporation of 
whey protein reduces the expansion. Textural 
characteristics can be enhanced if TSE is 
employed due to changing screw configuration/
introducing reverse screw elements, enhancing 
mechanical energy transfer, and lowering 
moisture content.

TSE with two circular die of 
3.18 mm, temperature of 
100°C/110°C/125°C, screw 
speed of 300 rpm, water feed 
rate of 1.02 L/h, and feed rate of 
cornmeal, potato, and rice are 
5.42, 6.54, and 3.45 kg/h, 
respectively

Inclusions of whey products require considerable 
modification for producing expanded crunchy 
products. Whey products more than 10% in the 
blend reduces expansion and increases 
water-holding capacity.

Onwulata et al. 
(1998)

Corn grits, full-fat and 
defatted soy flour

Cereals have low protein, high methionine, and 
cysteine but limited lysine, whereas soy protein 
is high in lysine but low in methionine and 
cysteine. Optimal inclusion of defatted/full-fat 
soy flour into cereal-based extruded snack can 
increase the protein quality.

Corotating TSE with l/d 35:1, 
temperature profile of 30°C/35°
C/45°C/95°C/135°C/155°C/130°
C/125°C, screw speed of 300 
rpm, feed moisture of 16.5% wb, 
and feed rate of 22 kg/h

According to the authors, the extruded snack had 
higher protein content than that of market 
snacks. The essential amino acids such as lysine, 
methionine, and cystine and they are 80% of 
FAO recommendation.

Boonyasirikool 
and 
Charunuch 
(2000)

Taro flour and maize 
flour (0%–100%)

Taro is an edible starchy tuber that has high 
nutritional and health values. Due to high 
moisture content, sustained metabolism, and 
microbial attack, taro should be converted from 
perishable to nonperishable form.

Laboratory-scale SSE with l/d of 
20:1 and screw compression 
ratio of 1:1, a die of 3 mm 
diameter, temperature of 
140°C–180°C, screw speed of 
60 rpm, moisture content of 
18% wb, and feed rate of 
1.68 kg/h

An increase in taro flour proportion has positively 
enhanced the functional properties. A blend of 
taro flour and nixtamalized maize flour with 
85.4°C–14.6°C extruded at 174.14°C was 
similar in chemical composition, hardness and 
overall acceptability, resistant starch content, 
pH, water activity, apparent density to extrudates 
prepared taro flour and non-nixtamalized maize 
flour at the same proportion.

Rodríguez-
Miranda et al. 
(2011)

(Continued )
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taBle 4.2 (continued )
selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Oat flour (55%–100%) 
and corn flour

Soluble fiber (β-glucan) from oats can lower 
blood cholesterol and prevent coronary heart 
disease. Production of expanded product from 
whole grain oat is difficult due to high level of 
fat and soluble gum. Corn flour can act an 
expansion agent and blending it with oat flour 
can produce expanded product.

Corotating and intermeshing TSE 
with l/d of 15:1 and circular die 
of 3.18 mm screw speed of 
200–400 rpm, feed moisture of 
18%–21% wb, and feed rate of 
45.4 kg/h

Among the variables studied, oat flour percentage 
and feed moisture significantly affected its 
physical and sensory properties, whereas the 
effect of screw speed was not significant.

Liu et al. 
(2000)

Pinto bean meal Though legumes have apparent benefits of 
soluble fiber in preventing heart disease, they 
need long cooking time and presence of 
anti-nutritional substance such as trypsin 
inhibitors. Legume proteins comes with low 
biological value because of their low 
digestibility; therefore their use is limited. 
Extrusion can address the above issues and 
make better products.

SSE with l/d of 20:1, screw 
compression ratio of 2:1 and 
circular die of 2.4 mm, 
temperature of 140°C–180°C, 
screw speeds of 150–250 rpm, and 
feed moisture of 18%–22% wb

Among the variables studied, temperature and feed 
moisture significantly influenced expansion index, 
bulk density, water absorption index, and protein 
digestibility, whereas temperature affected water 
solubility index. Authors have not found trypsin 
inhibitors in extrudate obtained in any of the 
conditions. Screw speed had no effect on any 
dependent variable. Feed moisture 22% extruded at 
160°C produced the best product.

Balandrán-
Quintana 
et al. (1998)

Whole bran wheat flour 
and defatted soy flour

A blend of soybean and wheat flour can 
complement proteins with increased nutritional 
value and better textural or other functional 
properties.

SSE with l/d of 20:1 with screw 
compression ratio of 3:1 and a 
circular die of 3 mm, temperature 
of 60°C/160°C/165°C, screw 
speed of 200 rpm, and feed 
moisture 16%–18% wb

Expansion ratio of extrudate from wheat flour or 
soy flour increases with decreasing moisture 
content, whereas the composite blend has no 
effect or lowers it.

Zasypkin and 
Lee (1998)

Degermed cornmeal, 
full-fat soy flakes, and 
soy isolates and 
concentrates

Soy concentrates and soy isolates can provide 
highly concentrated protein sources, high 
lysine, bland flavor, reduction of flatulence 
factors, and reducing sugars. Corn-soy blend 
eliminates prolonged cooking, thereby reducing 
nutrient degradation.

TSE with two circular die of 
3.18 mm, temperature of 
100°C–130°C, screw sped of 
300 rpm, and feed moisture 
of 8.5%–18% wb

Extrusion of these blends at temperature of 
100°C–115°C with a moisture of 12%–15% 
followed by size reduction to a powder form can 
match the color of current corn-soy blends. 
Slight alteration in the processing conditions 
would lead to develop consistencies that would 
enable products ranging from porridges or gruels 
to beverages.

Konstance 
et al. (1998)

(Continued )
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selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Yellow peas, texturized 
soy flour, and soy 
protein concentrate

Air classified peas are rich in protein, lysine, 
digestible carbohydrate, and DF. However, it is 
not widely utilized as a food ingredient, due to 
flatulence factors and indigestible substances 
and problems related to flavor and functionality. 
Extrusion-based texturization would address the 
above issues; thereby, it enables its use as an 
ingredient in food products.

Corotating TSE with l/d of 26:1 
and circular die of 5 mm, 
temperature of 130°C–170°C, 
screw speed of 135–245 rpm, 
feed moisture of 24%–30.5%, 
and federate of 27 kg/h

Authors reported that extrusion improved 
functional (water hydration capacity) as well as 
nutritional (protein digestibility, trypsin inhibitor 
activity) properties of texturized pea protein.

Wang et al. 
(1999)

Pork trimmings and soy 
protein isolate

TSE has the potential to separate fat from meat 
products that would alter functional properties, 
decrease meaty flavor, and increase undesirable 
flavors. In general, soy proteins are used as 
meat binders for improving physical and 
chemical properties of processed meat 
products.

Intermeshing, corotating TSE 
with l/d ratio of 15:1, 
temperature of 25°C–65°C, and 
soy protein isolate 0%–3%

An increase in barrel temperature separates more 
fat, reduces lipid oxidation, and darkens the 
resultant product with more springiness and 
cohesiveness. Inclusion of soy protein isolate 
reduces lipid oxidation.

Ahn et al. 
(1999)

Channel catfish, partially 
defatted peanut flour, 
tapioca starch

Snack products mainly contains carbohydrate 
and fat, along with high quality protein from 
legumes as well as fish, pork, beef, and chicken 
for improving nutritional quality. However, the 
products must retain satisfactory sensory 
acceptability.

Corotating TSE with l/d of 25:1 
and slit die of 1 × 20 mm, 
temperature of 90°C–100°C, 
screw speed of 100–400 rpm, 
feed moisture of 40% wb, and 
feed rate of 1.6 kg/h

An increase in temperature and screw speed 
increases expansion and decreases bulk density 
and shear strength. Authors reported optimum 
conditions for fish half-products, 94°C–100°C 
and 220–400 rpm and for peanut half-products, 
95°C–100°C and 230–400 rpm.

Suknark et al. 
(1998)

Defatted amaranthus 
flour

Amaranth is a potential source of dietary 
nutrients with protein quality superior than 
cereal and has high levels of lysine and sulfur 
amino acids. Development of new products 
from amaranth through extrusion would 
enhance the nutritional quality and expand its 
utilization.

SSE with l/d of 20:1, screw 
compression ratio of 3.55:1 and 
a circular die of 3 mm, 
temperature of 130°C–170°C, 
screw speed of 200 rpm, feed 
moisture of 10%–20% wb, and 
feed rate of 4.2 kg/h

Authors’ optimized process conditions such as 
15% of moisture and 150°C for maximum 
expansion coincided with shearing force of the 
product and sensory texture acceptance of the 
product.

Chávez-
Jáuregui et al. 
(2000)
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taBle 4.2 (continued )
selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

White cornmeal, corn 
syrup, blueberry 
concentrate, and 
brewer’s spent grain 
(69°B)

Many products found in the market are 
artificially colored, and a few cereals are now 
colored with fruit juices and other natural 
sources. Water-soluble pigments, anthocyanins, 
are responsible for the red, blue, and purple 
colors in many food crops, and they are 
antioxidants. Product development scientists 
are taking advantage of anthocyanin by 
including it into new food product 
development. However, their retention during 
extrusion has not been studied.

Corotating TSE with l/d of 32:1 
and circular die of 4 mm, 
temperature profile of 
38°C/49°C/116°C/138°C/113°C, 
screw speed of 300 rpm, feed 
rate of 13.6 kg/h, and liquid feed 
rate of 4.4 kg/h

Though extrusion reduces anthocyanin content, 
it retains purple color. There is a research 
opportunity to minimize the pigment loss 
through optimizing extrusion parameters.

Camire et al. 
(2002)

Cornmeal, sucrose 
(15%), 17% blueberry 
concentrate (71°B), 
ascorbic acid 
(0%–1% w/w)

Anthocyanin can provide color and health 
benefits; however, extrusion reduces it. 
Ascorbic acid can function as an acidulant and 
vitamin in foods; thus it could improve pigment 
retention, thereby marketability would also 
improve.

Corotating TSE with l/d of 32:1, 
circular die of 4 mm, screw 
speed of 225 rpm, and blueberry 
concentrate feed rate of 3.6 kg/h

This study revealed that ascorbic acid did not 
protect anthocyanins nor inhibit browning 
reactions.

Chaovanalikit 
et al. (2003)

Sweet potato, whole 
wheat bran

Sweet potato is one of the crops considered by 
NASA for long-term space mission. Moreover, 
its inclusion would result in varieties to 
breakfast cereals, that too gluten-free.

SSE with l/d of 20:1 and screw 
compression ratio of 3:1 and 
rod-shaped die of 0.3 mm, 
temperature profile of 
100°C/135°C/140°C, and screw 
speed of 165 rpm.

Extrudates with 100% sweet potato, 75% sweet 
potato, and 25% whole wheat bran were found 
acceptable by sixth graders. Authors concluded 
that results are promising to explore for 
long-term space mission; however, chewiness 
and hardness of the product should be reduced, 
and shelf life should be evaluated and there are 
research opportunities.

Dansby and 
Bovell-
Benjamin 
(2003)

(Continued )
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selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Chickpea flour, corn 
flour, oat flour, corn 
starch, carrot powder, 
and ground raw 
hazelnut

Investigate the effect of extrusion conditions on 
phenolic compounds and total antioxidant 
capacity for developing new snack products.

Corotating TSE with l/d ratio of 
27:1 and circular die of 4 mm, 
screw speed of 230–340 rpm, feed 
moisture content of 11%–15% 
wb, and feed rate of 22–26 kg/h

The total antioxidant capacity decreases with an 
increase in screw speed and decrease in moisture 
content, whereas extrusion conditions did not 
influence phenolic compounds.

Ozer et al. 
(2006)

Rice flour and 
orange-yellow or red 
cactus pear pulp 
concentrate with 40°B 
at different ratios 
100:0–80:20

Cereal flours are poor in sugars, fibers, vitamins, 
and minerals. Cactus pear pulp is a major 
source of nutraceuticals and functional 
components such as betalains (antioxidant), 
phenolic compounds, pectin (source of DF), 
vitamin C, calcium, and magnesium. It is rich 
in amino acid, proline, and taurine (common 
ingredients in energy drinks) that can meet 
consumers expectation.

Lab-scale SSE equipped with a 
screw compression ratio of 4:1 
and circular die of 3 mm, 
temperature profile of 
100°C/140°C/160°C, screw 
speed of 250 rpm, and feed 
moisture of 16%

Addition of cactus pear pulp increases bulk 
density, ash content, and color attributes 
(a* and b*), whereas expansion ratio (ER), water 
absorption index (WAI), and water soluble index 
(WSI) decreases, breaking strength (BS) 
decreases up to 10% of the added ratio, then 
increases. Addition of concentrated cactus pear 
pulps to rice flour remarkably enhances the 
sensory characteristics of final extruded products.

El-Samahy 
et al. (2007)

Corn flour, rice flour, and 
egg albumin/cheese 
powder in a proportion 
of 35–50:35–50:5–30, 
respectively

Egg protein is a standard against other proteins 
due to complete digestion and the highest 
nutritional quality protein since it provides all 
the essential amino acids in amounts that closely 
match human requirements. Egg white/albumin 
have very little flavor that do not negatively 
impact the organoleptic properties of foods; 
hence, it eliminates/reduces the requirements for 
masking flavors. In general, cheese powder is a 
good source of protein. It is only used as a flavor 
coating for extruded snacks but has not been 
used as an ingredient for extrusion. Cereal-based 
extruded snacks tend to be low in protein and 
have low biological value; therefore, 
incorporation of protein sources would be a 
basis for a range of highly nutritious snacks.

Corotating, self-wiping TSE with 
l/d ratio of 27:1 and circular die 
of 3 mm, temperature of 
75°C–100°C, screw speed of 
300–350 rpm, feed moisture of 
17%–20% wb, and feed rate 
of 15.2 kg/h

The protein content of the RTE extruded snack 
with egg albumin powder and cheese powder 
increased protein content by 20%–50% good 
physical and sensory properties. A combination 
of packaging materials with better barrier 
properties or modified atmospheric packaging 
can enhance shelf life by retaining the texture of 
extruded snacks.

Priyanka et al. 
(2012)
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taBle 4.2 (continued )
selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Corn/wheat flour Corn and wheat are the most widely used flour 
for extrusion-based snacks. Authors studied 
how these flours influence rheological 
properties during extrusion and expansion of 
the product.

Corotating TSE with l/d of 9:1 
and circular die of 5 mm, barrel 
temperature of 160°C, constant 
SME of 500 kJ/kg by adjusting 
screw speed (120–190 rpm), and 
feed rate (25–43 kg/h)

The viscous characteristics, starch, and protein 
contents of corn and wheat flours affect 
differently the radial and axial expansion 
velocities when the global expansion velocity is 
same; corn flour had the maximum expansion.

Arhaliass et al. 
(2009)

Barnyard millet and 
pigeon pea (12%–28%) 
with moisture content 
of 12–24% wb

Millets are rich in fibers, and legumes are rich in 
proteins and vitamins; the resultant product 
would have high nutritive value.

SSE with l/d of 20:1 and screw 
compression ratio of 3:1, 
temperature profile of 
100°C–140°C/160°C–200°C, and 
screw speeds of 100–140 rpm

Authors optimized processing conditions such as 
moisture content 24% wb; blend ratio 18.7% 
legume; die head temperature 171.2°C; barrel 
temperature 140°C; and screw speed 103.8 rpm 
for product with maximum crispness and with 
minimum hardness and cutting strength.

Chakraborty 
et al. (2009)

Corn, millet, and 
soybean

Cereals are usually fortified with lysine or 
legume proteins. Soy protein reduces the risk 
of coronary heart disease due to low saturated 
fat and cholesterol. Corn, millet, and soybean 
blend can give a product with high energy 
value and proteins with high biological value.

Lab-scale corotating fully-
intermeshing TSE with 5 mm 
die, temperature profile of 
40°C–80°C/70°C–110°C/ 
100°C–140°C/130°C–170°C; 
screw speed of 110–150 rpm, 
moisture of 15%–30% wb, and 
feed rate 1.2–3.3 kg/h

Temperature 80°C, 110°C, 140°C, and 170°C, 
screw speed of 110 rpm, feeding speed of 
37 g/min and moisture content of 25%–30% are 
the best for the extrusion of their formulation 
based on extrudate properties.

Semasaka et al. 
(2010)

Pearl millet and cowpea Amino acid profiles of legumes complement 
those of cereal proteins. It provides a good 
opportunity to restructure starch and protein-
based materials to manufacture a variety of 
textured convenience foods.

SSE l/d of 20:1 and with circular 
die of 3 mm, screw speed of 
150–250 rpm, and feed moisture 
of 20%–30% wb

The content of amino acids such as tyrosine, 
phenylalanine, isoleucine, valine, and leucine 
increases with increase in the level of cowpea 
flour.

Filli et al. 
(2011)
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selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Wheat flour and ginseng Consumers are interested in nutraceutical foods. 
Ginseng is an herbal medicine known to exhibit 
various pharmaceutical effects, including 
antioxidation, antistress, immunostimulation, 
and anticancer effects. The addition of ginseng 
to wheat, corn, and rice flour can yield 
nutraceutical extruded products (snacks or 
instant powder) that can meet consumer 
expectations.

TSE with l/d ratio of 25:1, 
temperature of 110°C–140°C, 
screw speed of 200–300 rpm, and 
feed moisture of 25%–35% wb

The ER increased with decreasing feed moisture, 
decreasing screw speed, and increasing barrel 
temperature.

Chang and Ng 
(2011)

Wheat flour, cornstarch, 
potato starch, skim 
milk powder with 
spray-dried apple, 
banana, strawberry, and 
tangerine powder

It is used for incorporation of different fruit 
powders into extruded snacks to improve the 
nutritional profile with acceptable sensory 
qualities through understanding the interaction 
between different fruit powders and extrusion 
process.

Corotating TSE with circular die 
of 4 mm and twin-screw 
volumetric feeder, temperatures 
of 80°C/120°C, screw speed of 
250 rpm, moisture content of 
13% wb, and feed rate of 
20 kg/h

The incorporation of fruit powder has a negative 
influence on expansion and antioxidants and a 
positive influence on density and soluble and 
insoluble fiber of the extrudates. The extrudates 
with fruit powder improves nutritional profile 
compared with other extruded snack products 
being low in fat and sugar and a good source of 
fiber.

Potter et al. 
(2013)

Rice, sorghum 
(10%–20%), soy 
(5%–15%), and finger 
millet (40%–50%).

Millets are rich sources of DF, phytochemicals, 
and micronutrients. Millets are superior to 
major cereals due to their protein, energy, 
vitamins, and minerals and nutritionally 
comparable to them. Sorghum and millets 
contain significant amounts of a wide range of 
phenolic compounds, particularly antioxidant 
activity.

TSE with l/d of 10:1 and circular 
die of 2.5 mm, temperature of 
184°C, screw speed of 285 rpm, 
feed moisture content of 18% 
wb, and a blend of rice to rest of 
the ingredients 1:2.33

Authors optimized the formulation based on 
desirable sensory and physical qualities with 
42.03% finger millet, 14.95% sorghum, 12.97% 
soy, and 30% rice.

Seth and 
Rajamanickam 
(2012)
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taBle 4.2 (continued )
selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Degermed white 
cornmeal (84.3%), 
sucrose (14.3%), citric 
acid (0.4%), and 
dehydrated fruit 
powder-blueberry, 
cranberry, concord 
grape, and raspberry-1%

Consumer demand for food with natural 
colorants is growing due to their perception as 
healthy and natural. Dried fruit powders not 
only can provide natural colors but also provide 
antioxidants/anthocyanin.

TSE with l/d of 32:1 and circular 
die of 4 mm, temperature profile 
of 35°C/45°C/60°C/95°C/113°C/ 
163°C, screw speed of 175 rpm, 
and feed rate of 15.3 kg/h

Authors found that anthocyanin survived in the 
extrusion process. Investigations on methods to 
increase retention of these pigments during 
processing are necessary. Determination of 
optimal levels of fruit powders for increasing 
antioxidant activity with acceptable sensory 
quality of extruded snacks is a research to 
explore.

Camire et al. 
(2007)

Wheat flour, corn grits, 
oatmeal, and fibers 
(wheat bran, fine guar 
gum, inulin, hi-maize 
1043, and swede)

Extruded cereal products are considered as high 
glycemic impact foods equal to, and in most 
cases exceeding, that of bread. The utilization 
of DFs as nutritional aids due to their potential 
in reducing the glycemic index from 
carbohydrate foods is the need of the hour.

Corotating, self-wiping TSE with 
a circular die of 3 mm, 
temperature of 40°C–180°C, 
screw speed of 315 rpm, feed 
rate of 6.75 kg/h, and water rate 
0.29 L/h

The addition of fiber reduces the amount of 
readily digestible starch components and 
increases the amount of slowly digestible starch. 
This has potential benefits in terms of attenuating 
the glucose response post-ingestion, and may 
also lead to an increased feeling of satiety.

Brennan et al. 
(2008)

Corn grit and wheat bran 
at various ratios

Dietary fiber is essential in daily diet due to 
obvious reasons. Wheat bran and meal can be 
good dietary fiber sources in the production of 
extrudates.

Counter-rotating TSE with l/d 12:1 
and die diameter 4.2 mm and 
3.2 mm, temperature of 
80°C–200°C, screw speed 72 rpm, 
and feed moisture of 14% wb

Wheat bran is a source of dietary fiber with only 
insoluble fraction; therefore, it should be applied 
together with other sources of soluble fiber with 
probiotic action.

Brennan et al. 
(2008)

Corn and cowpea Cowpea is a good, low-cost source of protein, 
carbohydrates, vitamins, and minerals; inclusion 
in diverse products can improve nutritional 
quality. Lipoxygenase enzyme present in 
legumes can have negative effects on the color, 
flavor, texture, and nutritional properties of 
foods including off-flavor development. 
Accordingly, the authors investigated the effect 
of extrusion conditions and lipoxygenase 
inactivation on the physical and nutritional 
properties of corn–cowpea blends.

SSE with 4:1 screw compression 
ratio and circular die of 3.5 mm, 
temperature of 150°C–180°C, 
screw speed of 150 rpm, 
moisture content of 15%–19%, 
and feed rate of 12 kg/h

The extrusion of corn–cowpea flour blends at 
85:15 ratio with 15% moisture content at 
temperatures of 150°C and 165°C produces 
extrudates with good physical and nutritional 
characteristics (40% higher protein).

Sosa-Moguel 
et al. (2009)
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Wheat flour, starch, 
extruded orange pulp 
(5%–25%), sugar, 
hydrogenated vegetable 
fat. leavening agent, 
powdered milk

Dietary fiber increases the nutritional value and 
simultaneously alters the rheological properties 
of the dough, thereby the quality and sensory 
properties of the final product. Therefore 
modification of the functional and structural 
properties of orange pulp as the fiber is 
essential.

SSE with l/d of 20:1 and a screw 
compression ratio of 3:1, a die 
with 20 die-nozzle orifices, each 
4 mm diameter, temperature of 
83°C–167°C, screw speed of 
126–194 rpm, moisture content of 
22%–38% wb, and feed rate of 
4.2 kg/h

Biscuits of good quality with a good level of 
acceptance by replacing wheat flour up to 15% 
of with extruded orange pulp that reduces the 
energy value.

Larrea et al. 
(2005)

Rice flour with oleic acid 
(96% and 4%); rice 
flour and pistachio nut 
flour (75% and 25%)

Starch–lipid complex formation is an important 
reaction during extrusion of flour blends 
containing fatty meal that affects structure and 
texture of the extruded products; therefore, 
understanding their interaction is very 
important in new extrusion-based products.

Corotating TSE with l/d of 28:1, 
temperature of 
35°C/65°C/72°C–128°C, screw 
speed of 140 rpm, feed moisture 
content 16% and 21%, feed rate 
of 4 kg/h (flour with oleic acid), 
and 2.9 kg/h (flour with 
pistachio nut flour)

Lipid content influence the torque and die pressure 
of the extruder. Because of pistachio’s high fat 
content, energy required for extrusion gradually 
decreases with increase in barrel temperature due to 
lubrication effect. Barrel temperature and moisture 
content play a vital role in the formation of 
starch–lipid complexes. The processing conditions 
that favor the maximum formation of starch–lipid 
complexes leads to highest fat loss and the hardest 
texture of extrudates made up of pistachio nut flour.

De Pilli et al. 
(2011)

Cornstarch, navy and 
small red bean flours 
(15%–45%)

Cereal-based starch is the main ingredient in 
extruded snacks; however, its nutritional value 
is far from expectations of health-conscious 
consumers. Fortifying cereal-based starch with 
bean flours and fractions for the production of 
extruded snacks appears to be promising. 
In general, beans are rich in fiber and protein, 
and low in fat, which reduces risk of coronary 
diseases and some types of cancer. Further, 
colored beans possess strong antioxidant 
activity that provides protective benefits on 
development of degenerative diseases.

Lab-scale TSE with l/d of 25:1 
and die diameter of 4.5 mm, 
temperature profile of 
30°C/80°C/120°C/160°C/160°C, 
screw speed of 150 rpm, feed 
moisture content of 22% wb, 
and feed rate of 1.8 kg/h

Authors reported that cornstarch with 30% small 
red bean flour yielded extrudates with high 
nutritional functionality, especially an increase 
in crude protein by 12-fold.

Anton et al. 
(2009)
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selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Rice flour, milk powder, 
soy flour, cornstarch, 
and potato starch. 
Replace rice flour with 
dry cranberry, 
beetroots, apple, carrot, 
and teff flour at a level 
of 30%.

Gluten-free products generally have low total 
DF, and they are not enriched and frequently 
are made from refined flour and/or starch. 
Extrusion has the ability to increase total DF in 
gluten-free products through incorporating a 
number of different fruits and vegetables. 
Cranberry has high essential nutrients, such as 
anthocyanins, proanthocyanins, organic acids, 
vitamins, minerals, and strong antioxidant 
properties; it compliments other fruits in terms 
of flavor. Apple and beetroot have a high level 
of total DF; carrot has high vitamin and fiber 
contents; teff flour cereal is gluten-free and 
contains more iron, calcium, and zinc than do 
other cereal grains.

Corotating TSE with l/d of 27:1 
and circular die of 4 mm, 
temperature of 80°C/ 
80°C–150°C, screw speed of 
200 and 350 rpm, water feed of 
12%, and feed rate of 
15–25 kg/h

An increase in DF of extruded product depends 
on the types of sources. Authors found a greater 
increase in DF with teff, followed by apple, 
cranberry, carrot, and beetroot. However, 
extrudates containing carrots are the most stable 
during extrusion in terms of crude protein and 
texture.

Stojceska et al. 
(2010)

Corn and lintel flour All legume containing proteins are low in 
sulfur-containing amino acids, methionine, 
cysteine and tryptophan, however, they are 
much higher in other essential amino acids 
such as lysine, compared to cereal grains. 
Legume and cereal proteins are nutritionally 
complementary with respect to lysine and 
sulfur amino acid contents.

Corotating TSE with die diameter 
of 3 mm, temperature of 
170°C–230°C, screw speed of 
500 rpm, feed moisture content 
of 13%–19% wb, feed rate of 
2.5–6.8 kg/h, and corn–lintel 
ratio of 10%–50%

Extrusion conditions and corn–lintel properties 
influenced the functional properties such as 
WAI, WSI, and oil absorption index.

Lazou and 
Krokida 
(2010)

Pigeonpea flour to 
cassava flour at 
0%–15% (db)

Pigeonpea protein is a rich source of lysine, and 
cassava contains low protein. Extrudates with 
complementary proteins can increase 
nutritional value and create better textural and 
other functional properties.

SSE with l/d ratio 15:1, screw 
compression ratio of 2:1 with die 
diameter of 5 mm, temperature 
of 120°C–125°C, screw speed of 
520 rpm, feed moisture of 12% 
db, and feed rate of 18 kg/h

Extrudates with 95% cassava flour and 5% 
pigeonpea flour are crisp, more yellow, higher 
protein, bulk density, and water absorption index 
with low expansion and water absorption index.

Rampersad 
et al. (2003)
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Corn and partially 
defatted soy flour

Soy is a major source of protein and soy foods, 
especially isoflavones, reduce blood 
cholesterol levels, risk of cardiovascular 
diseases, and certain cancer in humans. 
Fortification of starch-based snack foods with 
suitable protein food can improve their 
nutritional quality.

SSE with die diameter of 3.5 mm, 
temperature of 200°C, screw 
speed of 300 rpm, and moisture 
content of 20% wb.

Incorporating partially defatted soy flour in a 
corn-based snack has positive effects on 
chemical properties and negative effects on the 
physical and sensory characteristics; however, 
up to 20% replacement is acceptable.

Veronica et al. 
(2006)

Corn and glandless 
cotton seed flour 
(5%–25%)

Glandless cottonseed flour (free from gossypol) 
can be used as for the production of texturized 
protein products.

Lab-scale SSE with l/d of 20:1 
and screw compression ratio of 
3:1 and circular die of 3 mm, 
temperature of 
100°C/110°C/105°C–165°C, 
screw speed of 90–210 rpm, and 
feed moisture of 12%–20%

Glandless cottonseed meal (10%)-corn flour 
extruded snacks increase protein and reduces fat. 
Authors identified optimal extrusion conditions 
such as temperature of 120°C, screw speed of 
179.9 rpm, cottonseed meal of 10%, and 
moisture of 16.8%.

 Reyes-Jáquez 
et al. (2012)

Foxtail millet flour, rice 
flour, chickpea, 
amaranth seed flour, 
Bengal gram flour, and 
cowpea

Foxtail millet is rich in DF; amaranth addresses 
celiac disease; cowpea has low glycemic 
responses. These can be blended with rice flour 
for the production of extruded snacks.

Corotating, self-wiping TSE with 
l/d of 25:1 and circular die of 
2.5 mm, temperature of 
90°C/110°C/80°C, screw speed 
130–600 rpm, and feed moisture 
content of 21%–22% wb

This study revealed that composite flour (foxtail 
millet:amaranth:rice:Bengal gram:cowpea at 
60:05:05:20:10) can be used to produce quality 
extrudates with acceptable sensory properties.

Deshpande and 
Poshadri 
(2011)

Glutinous rice, vital 
wheat gluten, and 
toasted soy grit

Rice is an attractive ingredient due to its bland 
taste, attractive white color, hypoallergenicity, 
and ease of digestion. Further glutinous rice is 
suitable for producing expanded products such 
as ready-to-eat snacks and breakfast cereals 
with low bulk density, high expansion, and low 
shear stress. Since rice has low protein and 
limited lysine, it has to be complemented with 
proteinaceous additives to satisfy nutrient 
requirement.

Corotating intermeshing TSE 
with l/d of 28:1 and circular die 
of 3 mm, temperature 
150°C–180°C, screw speed of 
400 rpm, feed moisture content 
of 20%–30% wb, feed rate of 
12 kg/h, and feed protein content 
of 20% and 30%

Increasing feed moisture and reducing barrel 
temperature reduced non-protein nitrogen and 
enhanced lysine retention. Any of the variables 
studied in this study had no significant influence 
on cysteine and methionine content. A feed 
moisture content of 20% at a barrel temperature 
of 180°C resulted in high expansion, low bulk 
density, and low shear strength of extruded 
snacks.

Chaiyakul 
et al. (2009)
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selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Salmon, sucrose, 
pregelatinized starch, 
modified tapioca starch, 
salt, teriyaki flavoring, 
and oil binding agents 
such as tapioca starch, 
high amylose corn 
starch, and oat fiber

In order to reduce moisture content and improve 
flow within the extruder, animal meat or fish is 
minced and combined with binders. Salmon is 
a good source of protein and omega-three fatty 
acids. Therefore, development of salmon-based 
extruded snacks would be an appropriate 
approach.

Corotating TSE with l/d of 32:1, 
temperature profile of 
65°C/155°C/155°C/80°C, screw 
speed of 250 rpm, and feed rate 
of 13.2 kg/h

Extrusion had no influence on the retention of 
omega-3 fatty acids. Careful selection of barrel 
temperature and binder would address the 
adverse conditions resulting from high content 
of moisture and fat in extrusion.

Kong et al. 
(2008)

Arrowroot starch Arrowroot starch is used as a thickener in all 
kinds of foods, dressings, soups, sauces, 
candies, cookies, and desserts. It has high 
digestibility and medicinal properties; further it 
is gluten-free and underexploited, thus makes a 
good candidate for developing extrusion-based 
snacks.

SSE with screw compression 
ratio of 1:1 and die diameter of 
2 mm, temperature profiles of 
70°C/80°C/90°C/140°C–190°C, 
screw speed of 80 rpm, and 
feed moisture content of 
12%–16% wb

The extrusion of arrowroot starch with 12% 
moisture content at 160°C and 170°C can 
produce highly expanded, good textured 
products with appreciable color and appearance.

Jyothi et al. 
(2008)

Barely, barley-pomace 
(tomato/grape: 
0%–12.7%)

Slowly digestible and absorbable carbohydrates 
would facilitate dietary management of 
metabolic disorders such as diabetes. The 
incorporation of DF in snacks due to its role in 
health and nutrition has received increased 
attention in recent years. By-products of fruits 
and vegetables as fiber supplementation has a 
great potential; however, how fiber affects 
functional and digestive properties of snacks 
should be studied.

Corotating with l/d of 13:1, slit die 
of 1.47 × 20 × 150 mm, 
temperature profile of 30°C/60°C
/100°C/130°C/136°C–164°C, 
screw speed of 140–210 rpm, 
blend moisture content of 
22% wb, and feed rate of 
2.1 kg/h

Though extrusion increases digestibility of 
extrudates, the incorporation of pomace 
decreases the digestibility of samples. Therefore, 
further studies are required to address the 
digestibility issues.

Altan et al. 
(2009)
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Grape seed or pomace 
and decorticated white 
sorghum of 30:70

The presence of procyanidins bears importance 
as it is partially responsible for organoleptic 
characteristics of foods and antioxidant 
capacity and possible protective effects in 
human health. Procyanidins are present in fruits 
in a form not readily available for absorption. 
Thus, investigation is required how much of the 
procyanidins present in its seed and pomace is 
in monomoric and polymeric forms and 
whether extrusion brings about any change in 
the distribution of these polyphenols.

TSE with rod-shaped die diameter 
of 3 mm, temperature of 
160°C–190°C, screw speed of 
100–200 rpm, feed moisture 
content of 45%, and feed rate of 
6 kg/h

Extrusion at 170°C and 200 rpm resulted in the 
highest increase in monomer contents with 
120% increase in grape pomace and 80% 
increase in grape seed over the control. 
Extrusion reduces total anthocyanins in pomace.

Khanal et al. 
(2009a)

Blueberry pomace and 
decorticated white 
sorghum of 30:70

Majority of the procyanidins present in fruits are 
not readily available for absorption, thus it is 
better to investigate what changes extrusion 
brings about. Earlier studies revealed that 
extrusion has the potential to enhance the 
monomeric and lower oligomeric procyanidin 
contents, and hence, improve the nutritional 
value and potential health benefits.

TSE with rod-shaped die diameter 
of 3 mm, temperature of 
160°C–200°C, screw speed of 
150–200 rpm, feed moisture 
content of 45%, and feed rate of 
6 kg/h

Extrusion of blueberry pomace increases the 
monomer, dimer, and trimer contents 
considerably at both temperature and screw 
speeds.

Khanal et al. 
(2009b)

Pea–rice blend of 70:30 
with 5%–20% w/w of 
the locust bean, guar 
gum, and fenugreek gum

Starch is responsible for mechanical properties 
of expanded products. At the same time gums 
can also affect the mechanical, physico-
chemical, and micro-structural properties, and 
may also lower the glycemic index of the food.

TSE with temperature profile of 
50°C/50°C/70°C/110°C/150°C/ 
150°C/160°C/118°C, screw 
speed of 306 rpm, feed rate of 
11.5 kg/h, and water feed rate 
0.39 L/h

All these gums (15%) resulted in nutritious, 
organoleptically acceptable, good expanded 
products with low glycemic index.

Ravindran and 
Hardacre 
(2010)
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raw materials reasons for selection extrusion Conditions results references 

Hard-to-cook BRS 
pontal (carioca) and 
BRS graphite (black)

High content of protein, carbohydrates, fibers, 
some minerals, and vitamins make the beans a 
good source of nutrients; however, the 
hard-to-cook phenomenon hampers its 
utilization. Extrusion could be a viable method 
to utilize common beans through enhancing the 
functional properties and reducing the 
antinutritional factors.

SSE with a compression ratio of 
3:1 and die of 5 mm, 
temperature of 150°C, screw 
speed of 150 rpm, and moisture 
content of 20% db

Extrusion decreases the anti-nutritional factors 
such as phytic acid, lectin, α-amylase, and 
trypsin inhibitors and increases the digestibility 
of starch and protein.

Batista et al. 
(2010)

Fresh purple majesty 
potato flour, split 
yellow pea with 35/65, 
50/50, 65/35 (w/w)

Colored potatoes are rich in anthocyanins, 
provide natural color to fruits and vegetables, 
and exhibit antioxidant properties. Thus, 
producing extruded snacks using colored potato 
and yellow pea would be a desirable choice.

Corotating TSE, temperature 
of 120°C–140°C, screw speed of 
200–300 rpm, feed moisture 
of 17%–25% wb, and feed rate 
of 2.7 kg/h

This study demonstrated the possibility of 
producing natural-colored, extruded, puffed food 
products rich in antioxidants. Authors also 
mentioned that further research on the use of 
extrusion parameters and their effect on the 
kinetics of anthocyanins are necessary to study 
the stability of natural color in the final extrudates.

Nayak et al. 
(2011)

Sorghum and cowpea 
(feed ratio 100%, 70%, 
50%, 30%, and 0% 
cowpeas)

Sorghum is an important cereal food for 
developing countries. Sorghum protein lacks 
lysine but that can be supplemented with 
cowpea.

Corotating TSE with die diameter 
of 5 mm, temperature of 130°C 
or 165°C, screw speed of 200 
rpm, and moisture content of 
20% wb

Extrusion of a blend with 50% sorghum and 50% 
cowpeas at 130°C resulted in a product most 
similar to a commercial, instant maize–soya 
composite porridge in terms of composition and 
functional properties. A 100 g extrudate can 
provide 28% of the recommended dietary 
allowance for protein that represents an increase 
of 110% protein compared to sorghum only.

Pelembe et al. 
(2002)

Oat bran, defatted soy 
flour, inulin, and 
cornstarch

Though DFs have health benefits, their inclusion 
in extrusion negatively affects the product 
texture and expansion. This can be minimized 
if some additives, such as monoglycerides, 
modified starches, modified gelatin, 
oligofructose, or inulin, are used.

Lab-scale SSE with l/d of 26:1 and 
screw compression ratio of 3:1, a 
die with six 2 mm diameter holes, 
temperature profile of 
80°C/100°C/120°C/120°C, screw 
speed of 70 rpm, and moisture 
content of 25% wb

Acceptable extruded products can be produced at 
160°C with a moisture content of 25% and 
inulin content of 45 g/kg of blend, to facilitate 
the flow of the mixture during extrusion.

Lobato et al. 
(2011)
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Rice flour, wheat 
semolina, corn grits 
with or without tomato 
paste or skin powder at 
a level of 20%

Lycopene is a pigment and nutrient associated 
with health benefits such as free radical 
scavenger and anticarcinogen properties. 
Further DF from tomato skin has beneficial 
physiological effects such as laxation and 
modulation of blood glucose. Thus, adding 
tomato derivatives such as lycopene and fiber 
to extruded snacks can improve their nutritional 
value.

Lab-scale TSE with l/d of 28.3:1 
and die diameter of 3 mm, 
temperature profile of 80°C/80°C/
80°C/80°C/140°C/160°C/180°C, 
screw speed of 350 rpm, dry 
ingredients feed rate of 11.5 kg/h, 
and water feed rate of 0.5 L/h

High lycopene retention can be achieved with 
products containing tomato skin powder whereas 
addition of wheat flour significantly lowers the 
retention. High processing temperature improves 
the physicochemical characteristics of the snacks 
with no significant effect on lycopene retention.

Dehghan-Shoar 
et al. (2010)

Wheat flour, cauliflower, 
cornstarch, egg white, 
oat flour, onion powder, 
tomato powder, carrot 
powder, paprika, and 
salt. Cauliflower 
powder of 0%–20% 
replacing wheat flour

Food industries by-products have high DF 
content and contrasting DF properties that can 
be used to change physicochemical properties 
of diets. Cauliflower trimming is high in DF 
and possesses both antioxidant and 
anticarcinogenic properties.

Corotating TSE with l/d of 27:1 
and circular die of 4 mm, 
temperature profile of 
80°C/120°C, screw speeds of 
250–350 rpm, water feed rate 
9%–11%, and feed rate of 
20–25 kg/h

Inclusion of cauliflower increases dietary fiber, 
protein, phenolic and antioxidant content 
whereas it decreases expansion ratios. Product 
with 10% is acceptable and beyond 10% should 
be addressed for flavor issues.

Stojceska et al. 
(2008)

Fenugreek flour 
(2%–10%) or debittered 
fenugreek 
polysaccharides 
(5%–20%), cowpea, 
and basmati rice

Fenugreek has antioxidant, restorative, and 
nutritive properties, can lower blood glucose, 
and is shown to stimulate digestive processes; 
however, its distinct aroma and bitter taste 
limits wide application. Chickpea contains 
about 50% starches that are slow digestible and 
can play an important role as a low-glycemic 
functional ingredient in a healthy diet. Rice 
flour has a bland taste, low protein content that 
can limit the non-enzymatic browning reaction 
rate and contribute to expansion.

Corotating, self-wiping TSE with 
l/d of 25:1, circular die of 
2.5 mm diameter, temperature 
profile of 50°C/50°C/70°C/110°
C/150°C/150°C/160°C/118°C, 
screw speed of 300 rpm, feed 
rate of 25 kg/h, and water feed 
rate of 0.42 kg/h

A blend of 70:30 chickpea and rice supplemented 
with 15% fenugreek polysaccharide can lower 
glycemic index with acceptable sensory and 
physical attributes, whereas fenugreek flour has 
to be within 2% due to bitter flavor. The bitter 
flavor can be masked using preprocessed or 
encapsulated form.

Shirani et al. 
(2009)

(Continued )
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taBle 4.2 (continued )
selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Rice flour, potato starch, 
cornstarch, milk 
powder, and soya flour 
and 30% apple, 
beetroot, carrot, 
cranberry, and 
gluten-free teff flour 
cereal in place of rice 
flour

The blend is based on the following advantages: 
apple and beetroot have a high level of DF; carrot 
has high vitamin and fiber; cranberry has strong 
antioxidant properties, high essential nutrients, such 
as anthocyanins, proanthocyanins, organic acids, 
vitamins, and minerals, and the interesting flavor 
profile (tart-sweet character) can compliments other 
fruits, such as orange, lemon, and apple; and teff 
flour cereal is gluten free and has more iron, 
calcium, and zinc than do other cereal grains.

Corotating TSE with l/d of 27:1, 
temperature profile of 
80°C/80°C–150°C, screw speed 
200–350 rpm, water feed rate 
12%, and solid feed rate 
15–25 kg/h

Increase in DF depends on the fiber and in this 
study the order is teff followed by apple, 
cranberry, carrot, and beetroot. This study 
demonstrated that formation of a gluten-free 
expanded product is possible through proper 
selection of ingredients and controlling 
operating parameters.

Stojceska et al. 
(2010)

Peas, rice (70:30), 
5%–20% guar gum, 
locust bean gum, and 
fenugreek gum

Peas have low glycemic index due to the presence 
of complex carbohydrates (dietary fiber and 
water-soluble polysaccharides), further they are 
rich in protein. Mechanical properties are 
important for expanded snacks. Starch, a primary 
contributor, can be altered via inclusion of 
galactomannan gums (guar gum, locust bean gum, 
fenugreek gum); further, they alter physico-
chemical and micro-structural properties and may 
lower the glycemic index.

Corotating, self-wiping TSE with 
l/d of 25:1 and circular die of 
2.5 mm diameter, temperature 
profile of 50°C/50°C/70°C/110°
C/150°C/150°C/160°C, screw 
speed of 306 rpm, feed rate was 
11.5 kg/h, and water feed rate of 
0.39 L/h

Inclusion of gums up to 15% in a pea–rice blend 
can result in nutritious snack with low glycemic 
index that is organoleptically acceptable.

Ravindran et al. 
(2011)

Corn or rice: wild legume 
(Lathyrus annuus and 
Lathyrus clymenum) of 
85:15

Interest in utilizing whole grains in food 
formulations is increasing due to their rich 
nutritive, functional, and phytochemical 
compounds. Nutritional value of corn and 
rice-based snacks can be improved through 
addition of legumes in terms of both the amount 
and quality of the protein mix. Inclusion of wild 
legumes in formulation is interesting and 
addresses modern consumers demand such as 
variety and novelty.

SSE with screw compression ratio 
of 4:1 and cylindrical die of 
3 diameter and 20 mm length, 
temperature of 175°C, screw 
speed of 150 rpm, and feed 
moisture content of 14% wb

Inclusion of legumes has negative effects on 
expansion of extrudates. Addition of 15% 
legumes would be appropriate to increase 
protein content and quality, fiber, and mineral 
content for acceptable extruded snack 
production.

Pastor-Cavada 
et al. (2011)

(Continued )
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selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Carrot pomace and rice 
flour (10%–30%)

Carrot pomace is a by-product from the carrot 
juice industry that is rich in fiber, β-carotene, 
and ascorbic acid. Extrusion is one of the ways 
to utilize dried carrot pomace in a product due 
to earlier-mentioned facts.

Corotating TSE with l/d of 8:1 
and circular die of 4 mm 
diameter, temperature of 
110°C–130°C, screw speed of 
270–310 rpm, feed moisture of 
17%–21% wb, and feed rate 
of 4 kg/h

Sensory analysis showed a good product with 
carrot pomace  up to 8.5% and rice flour of 
16.5%, moisture content 19.23%, screw speed 
310 rpm and die temperature 110°C.

Kumar et al. 
(2010)

Corn, millet, and soybean 
flours

Cereals are staple food, legumes are a source of 
protein and nutrients, and soybean is known for 
health benefits such as reducing the risk of 
coronary heart disease. A composite blend of 
corn, millet, and soybean can give a product, 
which has a high energy value and proteins, 
high biological value.

Lab-scale, corotating, fully-
intermeshing TSE with 5 mm 
die, temperature of 
130°C–170°C, screw speed of 
110–150 rpm, moisture content 
of 25%–30% wb, and feeding 
rate of 1.2–3.3 kg/h

Physical and functional properties of extrudates 
were better at a temperature of 170°C, screw 
speed of 110 rpm, feeding rate of 2.22 kg/h and 
moisture content varing from 25% to 30%.

Semasaka et al. 
(2010)

Yam starch and brewer’s 
spent grain at different 
ratios 
85%–95%:5%–15%

Yams are high in carbohydrates, DF, vitamin C, 
vitamin B6, potassium, and manganese, with 
low saturated fat and sodium. Brewer’s spent 
grain is the main by-product of the brewing 
industry and rich in protein (20%) and fiber 
(70%).

Lab-scale SSE with l/d of 
16.43:1, temperatures of 
100°C–110°C, screw speed of 
100–140 rpm, and moisture 
content of 12%

Barrel temperature had a pronounced influence on 
the physical and functional properties of the 
extrudates. Authors found an optimum condition 
such as barrel temperature of 110°C, screw 
speed of 121.47 rpm, and BSG level of 9.58% 
based on desirability concept.

Sobukola et al. 
(2013)

Corn flour and spirulina 
powder at different 
ratios of 
85%–95%:5%–15%

Cereal-based extruded products are low in 
protein and biological value due to limited 
essential amino acid contents. Spirulina—
cyanobacteria—is a protein-rich food source.

Corotating TSE with l/d ratio of 
8:1 and die of 4 mm diameter, 
feed rate of 4 kg/h, temperature 
of 80°C–120°C, screw speed of 
250–350 rpm, and feed moisture 
content of 13%–17% db

Based on the functional and sensory attributes, 
the following conditions are identified as 
optimum: corn flour and spirulina of 92.5:7.5, 
barrel temperature of 109.2°C, screw speed of 
280 rpm, and feed moisture of 16% db.

Joshi et al. 
(2014)
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taBle 4.2 (continued )
selection and Justification of a Variety of raw materials Based in different extrusion studies

raw materials reasons for selection extrusion Conditions results references 

Plantain and cowpea 
flours at different ratios 
of 50%–100%:0%–50%

Highly perishable plantains are rich in iron and 
other nutrients used in bakery and 
confectionery products due to functional 
benefits such as treating intestinal disorders in 
infants. Cowpeas are rich in protein 
(20%–23%), starch (50%–67%), excellent 
source of niacin, thiamine, riboflavin, and other 
water-soluble vitamins, and essential minerals 
such as calcium, magnesium, potassium, and 
phosphorus. In general, addition of proteins to 
starches increases sites for cross-linking, 
thereby affecting textural quality.

TSE with single slit die of 
3 × 30 mm and temperatures of 
65°C–90°C for half-products; 
2 die holes of 5 mm diameter, 
and temperature of 90°C–140°C 
for expanded products

Addition of cowpea has enhanced the protein 
content of the resultant product.

Oduro-Yeboah 
et al. (2014)

Corn and broad bean 
flour of 70:30

Broad beans are rich in lysine that can 
adequately complement the protein of cereals.

SSE with a screw compression 
ratio of 3:1 and three circular die 
of 1.5 mm, temperature of 
80°C–100°C, screw speed of 
60 rpm, and feed moisture 
content of 28%–34% wb

Authors found that a temperature of 100°C with a 
feed moisture content of 28%wb is appropriate 
to obtain corn-broad bean spaghetti-type pasta 
with high protein and DF content and adequate 
quality.

Gimenez et al. 
(2013)
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109Extrusion

and  facilitates  mixing, thus it increases the capacity and thermal energy input and reduces screw 
wear and mechanical energy input. Preconditioning augments flavor development and also helps in 
the final product texture especially in corn- and oat-based products (Huber 2000). Preconditioning 
is not necessary for all extrusion processes; if the process can benefit from high moisture and long 
residence time, then preconditioner should be included. As a rule of thumb, preconditioning can 
be considered to any process running at greater than 18% in-barrel moisture content.

Screws for an SSE are made up of a one piece/solid rod (Figure 4.1) and the type of screw 
(conical core, standard metering, short metering, venting, and mixing) selection is based on the 
application. Standard metering screw is the most commonly used screw in a SSE. Screw geometry 
influences several operations such as mixing, kneading, heat, and pressure development in addition 
to the capacity of a SSE. Screw compression ratio (channel depth at feed:discharge) plays a vital 
role in shear development and temperature profile. A compression ratio of 1:1–5:1 is used in food 
extrusion depending upon the product. Miller and Mulvaney (2000) suggested a compression ratio 
of less than 3:1 in order to exclude air from cereal products and improve heat transfer efficiency. In 
a twin screw, hollow screw elements/segments such as forward, kneading, reverse, and conveying 
can be interchangeably arranged on the screw shaft (Figure  4.1) depending upon the application.

A barrel is a housing where screw(s) is placed, and it can be either smooth or grooved. Friction 
is the primary mode of conveyance in a SSE. In order to facilitate the conveyance, most of the 
SSE barrels are grooved. Because most of the food materials are sticky in nature during cooking, 
twin-screw extruder (TSE) barrels are also grooved for positive movement though the conveyance 
is primarily due to rotational screws. It is a common practice to relate the SSE capacity with its 
barrel length to diameter (l/d) ratio (Giles et al. 2005). Food extruders typically have l/d of 1:1–20:1 
(Harper 1981). According to Miller and Mulvaney (2000), screws with l/d between 6:1 and 9:1 with 
a diameter of 120–200 mm are suitable for macaroni extrusion. They also mentioned that l/d of 30 is 
required in order to accomplish both cooking and forming of cereals in a single extruder. Typically, 
SSEs have a longer barrel length than that of TSE (Martelli 1983). In general, l/d ratio has no real 
meaning for TSE because the feeding is controlled by other devices (Martelli 1983); however, l/d 
has been reported for most of the twin-screw extrusion studies as reported later (Table 4.2).

taBle 4.3
Comparison of merits and demerits of different starch sources

starch 
sources

starch 
granule size Flavor Color expansion 

energy requirement 
for Cooking notes 

Rice Smallest Bland White Good Highest Easy to flavor, most 
digestible when cooked

Wheat Fairly large Mild White to 
off-white

Good Medium to low

Corn Medium Definite Yellow Good Medium to high

Barley Medium to 
large

Definite Light brown 
to gold

Fair Low

Oats Small Strong Light brown Poor Though starch requires 
low energy because 
of high fat it increases

Potato Very large Definite Gold to light 
brown

Good Low Granules break easily, 
excellent binder, 
develops very high 
viscosity

Tapioca Medium Bland White Good Low to moderate

Source: Riaz, M.N., eds., Extruders in Food Applications, Technomic Publishing, Lancaster, PA, 2000. With permission.
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The die may be a single hole or multiple holes depending on the type of extruders and capacity. In 
general, most of the small-scale extruder/SSE may have only one opening, while large-scale TSEs 
have multiple openings, for example, breakfast cereal processing. The die plays an important role in 
deciding a product’s physical properties such as density, expansion, surface texture, and final shape 
based on the die design, extrusion configuration, processing conditions, and blend (Senanayake and 
Clarke 1999, Riaz 2000) (Figure 4.2).

Most commonly used knife types in food extrusion are ridged-thin knife, flex-knife blades, and 
turbo knife. A ridged-thin knife is good for an expanded product (second generation) with any 

(a)

*Kneading/venting Compression

Venting Compounding-mixing
*Only available for counter rotating CTSE

(b)

(c)

Figure 4.1 Screws for (a) single screw extruder, (b) screw elements, and (c) twin screw extruder. (Courtesy 
of C.W. Brabender, Germany.)
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shape of 2–10 mm. Flex-knife blades and turbo knives are suitable for third-generation product/
pellets (needs additional preparation before consumption). Flex-knife blades are suitable for sticky 
and  difficult-to-cut products and can be cut 0.2–3 mm thick, whereas turbo knife is suitable for 
ultra-small pellets typically less than 1 mm and is achieved by having more blades operating at 
low speed.

According to Rokey (2000), an electric motor, a reduction gear, a torque transfer system, and a 
bearing support mechanism are components of a drive that provides power to rotate the extruder 
screw(s). The capacity and type of application dictate the size of the motor and may be as large as 
400 hp (Harper 1981). The extruder capacity varies from 25 to 25,000 kg/h, correspondingly, the 
cost also varies from $75,000 to $750,000 (Muthukumrappan and Karunanithy 2012).

4.4 types oF extruders

An extruder can be classified based on the number of screws as shown in Figure 4.3, and further TSE 
is classified based on rotational direction, degree of meshing, and cleaning. Based on the method of 
operation/moisture content, an extruder can be termed as a wet or dry extruder. In general, most of 
the food extruders operate with low to intermediate moisture, usually below 40%. High-moisture 
extrusion is known as wet extrusion. A wet extruder typically has a deep-flighted screw that oper-
ates at low speed in a smooth barrel wherein no or little friction develops. Hot dogs, pasta, pastry 
dough, and certain type of confectionary are produced through wet extrusion. If the food is heated 
above 100°C, the process is known as extrusion cooking (or hot extrusion). Here, frictional heat and 
any additional heating that is used cause the temperature to rise rapidly. Cold extrusion is used to 

Figure 4.2 Die inserts (with single and multiple openings) and die assembly. (Courtesy of C.W. Brabender, 
Germany.)
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mix and shape foods such as pasta and meat products wherein the temperature of the food remains 
at ambient. Similarly, low-pressure extrusion is used to produce, for example, liquorice, fish pastes, 
surimi, and pet foods wherein temperatures usually below 100°C (van Zuilichem et al. 1990). In hot 
extrusion, heat is supplied through external means either by steam or electrical heating in addition 
to internal heating generated due to the friction between the rotating screw and (grooved) barrel for 
raising the temperature rapidly above 100°C. Snack foods (corn chips, pretzels, and Cheetos), crisp 
breads, and breakfast cereals are typical products produced through hot extrusion.

In dry extrusion, all the heating is accomplished by mechanical friction without jacket heating by 
steam or electric. They can handle ingredients with moisture content of 10%–40% depending upon 
the blend and have provisions to add water during extrusion if needed. Dry extruders are SSEs with 
screw segments and steam locks (choke plates) on the shaft for increasing shear and creating heat. 
The basic difference is that more shear occurs in dry extruders to create heat than in wet extruders.

According to Riaz (2000), SSEs are mechanically very simple, and the cost is half the price of 
similar-sized TSEs; thus, SSEs are used wherever possible in the industry and in academic research 
(Figure 4.4). One problem with SSE is its poor mixing ability, therefore, premixing of ingredients is 
necessary before extrusion. The TSE is more flexible in operation than the SSE but it comes with addi-
tional cost (50%–150% than a SSE). TSE (Figure 4.5) can handle a wide range of particle size, vis-
cous, oily, sticky, or very wet material that would slip in the SSE. The transport and flow mechanisms 
differ between co- and counter-rotating TSE that also affect the mixing. The formation of closed 
“C-shaped” chambers between the screws in counter-rotating intermeshing TSE acts as positive dis-
placement pumps that minimize the mixing and the backflow due to pressure buildup. The material 
is transported steadily from one screw to the other in corotating extruders where the flow mechanism 
is a combination of dragflow and positive displacement. According to van Zuilichem et al. (1990), the 
corotating TSE works at a higher screw speed than a counter-rotating TSE.

Although many sophisticated screw configurations can be made with different screw elements, one 
can basically identify three different screw sections such as feed section, compression section, and meter-
ing section. Intermeshing means one screw penetrates the channel of the second screw that facilitates 
the pumping action, mixing, and self-cleaning, whereas non-intermeshing is essentially two screws that 
are placed parallel to each other without engaging, and they work like SSE depending on the friction for 
conveyance. SSE is used in the food industry since the 1960s, whereas TSE are in use since the 1980s.

NonintermeshedIntermeshed NonintermeshedIntermeshed

CorotatingCounter rotating

Single screw extruder Twin screw extruder

Extruder

Self-wiping Partially self-wiping
Nonviscous materials requiring
low speeds and long residence
times: gum, jelly, and licorice

confections
Most common in food industry

because of its pumping efficiency,
good control over residence time

distribution, self-cleaning
mechanism, and uniformity of

processing

Provide a high degree of
heat transfer but not forced

conveyance: snack foods

Figure 4.3 Classification of extruders.
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Based on shear stress, extruders can also be classified into low, medium, and high shear. Low-
shear extruders are with smooth barrel, high l/d ratio, and deep flights, typically operate at low 
speed imparting a low level of mechanical energy to densify and shape the high moisture material, 
for example, pasta, cookies, and certain candies. Medium-shear extruders with grooved barrel and 
high-compression screw have the ability to handle low moisture materials and require high mechan-
ical energy such as extruding texturized vegetable protein and breadings. High-shear extruders are 
with grooved barrel and screw with an increase in compression, low l/d ratio, and shallow flights, 

Figure 4.4 Lab-scale SSE.

(a) (b)

Figure 4.5 Industrial-scale TSE-Poly-twin BCTG-62/20D with a capacity range of 150–800  kg/h 
for direct expanded cereals. It has 200 kW motor with available screw speed of 1000 rpm. (a) TSE and 
(b)  preconditioner. (Courtesy of Buhler, Switzerland.)
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operate at high speed and mechanical energy input for producing second-generation snacks (highly 
expanded) with low moisture and bulk density (Riaz 2000).

Interrupted-flight extruders are also called expanders and are similar to screw press wherein 
revolving interrupted flight pushes the materials. An expander consists of rotating worm shaft with 
interrupted flights, stationary pins that are intermeshing with interrupted flights that provide high 
shear and turbulent mixing action. In general, heat generated by mechanical shear of ingredients 
supplemented with direct steam injection facilitates the process. Anderson International Company 
(Cleveland, OH) developed and introduced it in the late 1950s in the United States for processing 
pet foods and other cereal products, and later expanders were found in Brazil, Mexico, Ecuador, 
Switzerland, Germany, and India. Expanders now play a major role in preparing oil seeds for solvent 
extraction, for producing pet foods, and floating aquatic feeds.

4.5 types oF extrusion

Conventional extrusion is used for producing a variety of food products that can be seen in the 
supermarket alleys. Coextrusion and supercritical fluid extrusion are improvements over conven-
tional extrusion with intended purposes. In coextrusion, as the name implies, at least two distinct 
color, texture, or flavors are extruded separately and formed together; they can be produced in a 
wide variety of shapes such as pillows, tubes, bars, triangles, trapeze, and stripped products. The 
outer layer is usually made of wheat but rice, corn, barley, rye, and oats can also be used, whereas 
the inner layer is filled with cream, jelly, fruit paste, and date filling. Supercritical fluid extrusion is a 
low-temperature and low-shear extrusion technology wherein CO2 is introduced into the extruder at 
supercritical state for enhancing the product expansion (Alavi and Rizvi 2010), further discussion is 
beyond the scope of this chapter.

4.6 eFFeCt oF extrusion on produCt expansion/Quality

Expansion is the most desirable product quality reflecting upon several factors such as feed variables 
(composition, feed moisture content, and particle size), extruder variables (type of extruder, screw 
configuration, screw compression ratio, barrel temperature profile, screw speed, die geometry, and 
feed rate), and their interactions as shown in Figure 4.6. Recent research results are summarized in 
Table 4.3 showing factors, and their interactions affect the expansion of the final product.

The maximum degree of expansion not only depends on the starch content but also the amylose 
and amylopectin content. In general, the formulation with a starch level of 60% or less would result 
in slightly expanded hard and crunchy product after frying or popping (e.g., corn chip snack). When 
the starch level exceeds 60% of the formulation, the product would expand well with light and crispy 
texture. Starch content of pure starches, whole grains, seeds, and germs are 100%, 65%–78%, 40%–
50%, and 0%–10%, could expand a maximum of 5-fold, 4-fold, and from 1.5- to 2-fold, respectively. 
According to Riaz (2000), the minimum starch content for expansion is 60%–70%; he also reported 
that formulation containing 40%–50% starch would result in a normal expansion of two to three 
folds (Riaz 2005). Some cereals have soft and floury endosperm wherein starch granules and pro-
tein layers are loosely bound, while others have hard endosperm (hard wheat, hard durum, vitreous 
flint maize, and some varieties of barley) wherein the starch and protein layers are strongly bound 
to form hard particle flour. In milling, soft flour would easily break down into a mixture of starch 
and protein, whereas hard flour requires more energy; similarly soft and hard flour require low and 
high mechanical energy, respectively, in the extruder. According to Guy (2001), finely ground hard 
endosperm with low moisture would yield high expansion; some of the hard endosperm material 
may be replaced if low to medium expansion is required. Waxy and pregelatinized waxy starches 
would be better for expanded product, whereas sweet potato starch can be included for extruded 
pellets (Pszczola 2010). Starch is made of linear amylose and branched amylopectin, and they con-
tribute to mechanical strength and expansion. The ratio of amylose to amylopectin influences both 

© 2016 by Taylor & Francis Group, LLC

  



115Extrusion

radial (amylopectin) and longitudinal (amylose) expansion. High amylose needs more energy for 
gelling/gelatinization and retrogradation, which results in hard and dense texture (Agama et  al. 
2004). High amylopectin starch contributes to a high degree of gelatinization and provides a light 
and airy expanded texture (Kokini et  al. 1992, Guy 2001). Sometimes starch is modified using 
acidic or alkaline conditions that decrease molecular weight and reduce expansion (Kervinen et al. 
1984). The addition of sodium bicarbonate and urea to starches has a negative impact on expansion 
(Chinnaswamy and Hanna 1988, Lai et al. 1989, Pan et al. 1998).

In general, starch plays a major role in the expansion as mentioned earlier, while protein, sugar, 
lipid/fat, and fiber act as diluents (Jain 2007). According to Berrios (2006), legume as a protein source 
can be used to develop products of high nutrition and low calorie with good expansion. The addition 
of protein to starches competes for water thereby reduces the extensibility of starch polymer (Derby 
et al. 1975) and increases sites for cross-linking that affects the texture (Aboagye and Stanley 1987); 
further the effect of protein depends on the type of protein and their concentration (Faubion and 
Hoseney 1982, Aboagye and Stanley 1987). Soy protein and whey protein are most widely reported 
in the literature, that too with conflicting results. Faubion and Hoseney (1982) obtained a more 
expanded product from wheat starch with 10–80 g/kg of soy protein isolate than that of pure starch; 
however, further increase of soy protein isolate to 100 g/kg decreased expansion. When soy flour is 
added to wheat flour, the expansion depends upon the moisture content (Zasypkin and Lee 1998). 
Fernandes et al. (2002) showed an increase of soy flour from 200 to 300 g/kg of mixture with corn 
grit decreasing the expansion in half. Recently, Li et al. (2005) found that the addition of soy flour 
(0–400 g/kg) to cornmeal increases expansion. Whey protein concentrate or isolates can be added 
up to 15% to starch for producing expanded snacks with enhanced nutritional values. Texturization 
is a process that reduces the water binding capacity of proteins and enables production of texturally 
firmer and crispier products and is easy to break; increases the addition of protein between 25% and 
35% (Onwulata et  al. 2001a,b). Recently, Onwulata (2010) developed prototype products such as 
pretzels, corn chips, and tortilla chips using WPC 80 and WPI at 30 g/100 g of cornmeal.

Particle size

Die geometry

Feed moisture

Feed composition

Feed rate

Extruder type

Screw speed Screw configuration

Barrel temperature

Barrel
configuration

Viscosity Pressure

Residence
time

Mass
moisture

Product
quality

Mass
temp

SME/
torque

Figure 4.6 Interrelationship among extruder and ingredient variables. (From Muthukumarappan, K. and 
Karunanithy, C., Extrusion process design, in: Ahmed, J. and Rahman, S., eds., Handbook of Food Process 
Design, Wiley-Blackwell, pp. 710–742, 2012, ISBN: 978-1-4443-3011-3. With permission.)
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Type and concentration of sugar influences expansion and shrinkage. Addition of monosac-
charide sugars with maize grit lowers expansion and increases shrink than that of disaccharides 
(Fan et al. 1996). Inclusion of sugar reduces starch in the formulation, reduces specific mechanical 
energy (SME), die pressure, and melt temperature, and increases viscosity and shrinkage thereby 
lowering the degree of starch gelatinization (Sopade and Le Grys 1991, Fan et al. 1996, Carvalho 
and Mitchell 2000). According to El-Samahy et al. (2007), increasing sugar content in formulation 
increases viscosity, reduces the availability of water for starch gelatinization since sugar competes 
for water, and thus decreases the available steam for expansion.

The effect of lipid on expansion depends on the concentration. In general, lipid acts as lubricant 
thereby reduces friction between dough and screw/barrel (Colonna and Mercier 1983, Lin et  al. 
1997, Guy 2001), decreases mechanical energy input/shear stress (Ilo et al. 2000), prevents break 
down of starch (Lin et al. 1997), affects dough rheology in the barrel (Schweizer et al. 1986), and 
retards the degree of gelatinization (Schweizer et al. 1986, Ilo et al. 2000); all of these affect expan-
sion. According to Colonna et al. (1998), the conditioning moisture content can be reduced while 
increasing the lipid content in order to maintain the expansion of second-generation products. Lipid 
content up to 3% does not affect the expansion; further increase of lipid above 5% considerably 
reduces expansion (Harper 1994).

The health benefits of dietary fiber (DF) are well documented; however, its inclusion into the for-
mulation of extruded products have several adverse effects such as reduced expansion and crispiness 
(Lobato et al. 2011), increased hardness, decreased consumer acceptance (Hsieh et al. 1989, Lue 
et al. 1990, Jin et al. 1995), compact/dense products that are tough, not crisp, and have an undesir-
able texture (Lue et al. 1991). The effect of fiber depends on the concentration. Several mechanisms 
can explain the reduction in expansion due to the addition of fiber: most of the fiber would remain 
firm and stable without change in size that tends to rupture air cell walls (Riaz 2000, Steel et al. 
2012); fiber interferes with bubble formation reducing extensibility of cell wall and causes prema-
ture rupture at critical thickness of steam wall facilitating easy escape of steam (Guy 1985); reduces 
starch content in the formulation (Colonna et al. 1998); competes for water with protein and starch, 
further the water binding capacity of fiber prevents the water loss at die exit (Camire and King 
1991); and the presence of fiber causes incomplete gelatinization of starch (Camire and King 1991). 
The effect of inulin addition depends upon the concentration and starch type. According to Niness 
(1999), inulin addition up to 300 g/kg of breakfast cereal contributes to expansion as well bowl life. 
Later, Ascheri et al. (2006) found that addition of inulin up to 100 g/kg of rice flour had a positive 
contribution on expansion; however, further inulin increase had a negative effect on expansion.

The effect of feed moisture on expansion depends upon the feed composition such as starch, 
protein, sugar/salt, fat, and fiber. Feed moisture helps not only in starch gelatinization but also 
viscosity of the melt/dough; however, low moisture may result in undesirable nutritional quality 
(Huber 2000). In general, low feed moisture increases the viscosity of the melt (Chang and Ng 2011) 
that confines the flow and increases residence time, thus enhancing the degree of gelatinization 
(Chinnaswamy and Hanna 1990); further pressure differential would be greater resulting in more 
expansion (Singh et al. 2007). Addition of moisture acts as lubricant/plasticizer (Steel et al. 2012) 
and reduces the friction, decreases shear rate, torque/SME, viscosity (Guy and Horne 1988, Hsieh 
et al. 1990, Steel et al. 2012), increases elasticity due to plasticization of the melt (Ding et al. 2006, 
Mahasukhonthachat et al. 2010), reduces starch gelatinization (Kokini et al. 1992), inhibits (Steel 
et al. 2012), and retards the bubble growth (Ding et al. 2005), thus expansion decreases. Increase 
in feed moisture would address moisture distribution among protein, sugar, and fiber content in the 
formulation in addition to starch that would facilitate expansion, otherwise low moisture is pre-
ferred for expansion. Particle size also influences moisture distribution, heat transfer, viscosity, and 
the final product quality.

Temperature is another critical factor that affects product expansion. In general, temperature 
should be higher than 100°C for the formation of superheated steam and moisture flash-off or 
increase in water vapor pressure at the die exit to obtain an expanded/puffed product (Panswat 2007, 
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Steel et al. 2012). An increase in barrel temperature lowers the viscosity/rheology of the melt that 
favors the bubble growth (Chaiyakul et al. 2009). Expansion increases with an increase in tempera-
ture. When the feed moisture is close to 20% (wb,) it lowers viscosity and permits rapid expansion 
due to greater water vapor pressure (Steel et al. 2012). Beyond a critical temperature (depends on 
type of starch and moisture content), expansion decreases with an increase in temperature facili-
tating dextrinization, excessive softening, weakening of starch structure/structural degradation of 
starch melt to a level where it is not able to withstand the high vapor pressure, resulting in collapse 
(Colonna et al. 1998, Moraru and Kokini 2003). Temperature is a critical factor for protein cross-
linking reactions in the melt; lower than 90°C would impede layer formation as well as expansion 
(Cheftel et al. 1992); increasing temperature from 140°C to 180°C correspondingly decreases disul-
fide linkages of soy protein isolates (Areas 1992). In gist, the effect of temperature on expansion 
depends on composition, moisture, protein, fiber, and so on.

Screw speed not only relates to the rate of shear and shear history of the materials (Smith 1992, 
Ozer et al. 2004), residence time (van Zuilichem et al. 1988, Colonna et al. 1998), and rheology/
viscosity (Blanche and Sun 2004), but also torque and SME that affect expansion (Guy and Horne 
1988, Anderson and Ng 2003). Screw configuration (mixing elements-kneading elements, reverse 
screw elements) influences torque, SME (Yam et al. 1994), die temperature (Choudhary and Guatam 
1998), residence time (Altomare and Ghossi 1986), degree of fill (Yam et al. 1994), rheology, phys-
iochemical changes/product transformation, or starch gelatinization (Gogoi 1994, Gogoi et al. 1996, 
Choudhary and Guatam 1998) and ultimately expansion (Sokhey et al. 1994, Ozer et al. 2004).

Die geometry and diameter has a great effect on expansion. A decrease in die diameter increases 
the die temperature, and SME results in high degree of gelatinization and expansion (Molina et al. 
1978, Janes and Guy 1995).

4.7 eFFeCt oF extrusion on nutrition

In general, protein undergoes structural unfolding and/or aggregation during extrusion due to moist 
heat or shear, which leads to insolubilization and inactivation. A single-screw extrusion of dehulled 
full-fat soybean, defatted soy flour, or corn–soy blend decreases nitrogen solubility and inactivates 
trypsin inhibitors, thereby improving protein efficiency ratio on rats, pet animal, and infants (Cheftel 
1986). Protein quality and nutritional status is usually assessed through protein digestibility (PVID). 
According to Ainsworth et al. (2007), an increase in screw speed from 100 to 200 rpm increases 
PIVD values from 76.2% to 89.6% due to increase in shear that opens up protein structure, expos-
ing new sites for enzyme action; however, the addition of brewer’s spent grain does not increase the 
PIVD values probably as antinutritional factors/trypsin inhibitors might block or reduce digestion 
during analysis. Further increase in screw speed does not have any effect of PIVD since protein 
structure is already opened up. Twin-screw extrusion of wheat flour and cauliflower (up to 10%) 
blend decreases PIVD values as a result of a combination of shearing, heat, and pressure during 
extrusion; the formation of enzyme-resistant, disulfide-bonded oligomers (Stojceska et al. 2008).

As indicated in Figure  4.6, lysine loss depends on raw material, feed moisture, pH, screw com-
pression ratio, screw speed (energy input), temperature, die design, feed rate, torque, and pressure 
(Noguchi et al. 1982, Bjorck and Asp 1983, Bjirck et al. 1983, Bjorck et al. 1984b, Cheftel 1986, Asp 
and Bjorck 1989, Camire et al. 1990, Prudencio-Ferreira and Areas 1993, Iwe et al. 2001, Ilo and 
Berghofer 2003, Chaiyakul et al. 2009, Filli et al. 2011). In general, cereal is a major component in 
the feed formulation that limits lysine among the essential amino acids, thus its retention during 
extrusion becomes important. According to Filli et al. (2011), lysine content increases with cowpea 
in the formulation and decreases with feed moisture and screw speed. They also observed tyrosine, 
phenylalanine, isoleucine, valine, and leucine increases with the amount of cowpea in the formula-
tion. Earlier, Iwe et al. (2004) found that the addition of sweet potato with soy flour increases lysine 
retention (due to lowering lysine content in the formulation), which increases with screw speed (80–
140 rpm) and a reduction of die diameter (10–6 mm) due to reduction in residence time that limits 
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the heat treatment duration. However, Bjorck et al. (1984b) reported that an increase in screw speed 
decreases lysine content and biological value, while feed rate has opposite effects. It is well known 
that an increase in feed rate reduces mean residence time, thereby reducing heat transfer to the melt. 
It is well established that screw speed increases not only the rate of shear/shear force but also the 
temperature of the melt. Their observation indicates that though increase in screw speed reduces the 
mean residence time, rate of shear and increase in temperature negatively affect lysine content. Iwe 
et al. (2001) observed that increase in energy input to extruder (screw speed) significantly reduces 
the availability of arginine (21%), histidine (15%), aspartic acid (14%), and serine (13%) when maize 
grit is extruded at 135°C–160°C.

A single-screw extrusion (130°C and 80 rpm, 15% wb, screw compression ratio of 3:1 with die 
diameter of 3 and 5 mm) of maize significantly reduced contents of the essential amino acids iso-
leucine, leucine, lysine, threonine, and valine when compared to their original flours; however, the 
contents of histidine, methionine, phenylalanine, and tryptophan were not reduced (Paes and Maga 
2004). Among the essential amino acids, die diameter had a significant effect on leucine. A larger 
die (5 mm) played a protective role not only for leucine but also for other amino acids due to low 
shear rate and low residence time (Paes and Maga 2004). Literature survey reveals that moisture 
content effects on lysine retention are conflicting. For high retention of lysine, Cheftel (1986) sug-
gests moisture content above 15%, others suggest a moisture content of 15%–25% for improving 
lysine retention (Noguchi et al. 1982, Bjorck and Asp 1983, Asp and Bjorck 1989). These authors 
attributed the addition of moisture lowers the shearing, dissipation of mechanical energy, viscosity, 
and product temperature, thus causing high retention of amino acids. A twin-screw extrusion at 
150°C–180°C and screw speed of 57–81 rpm with 13%–17% (wb) of maize grits (Ilo and Berghofer 
2003) showed a range of loss of lysine (11%–49%), arginine (7%–16%), cysteine (8%–25%), methi-
onine and tryptophan (0%–14%); whereas 82%, 86%, 71%, and 88% arginine, cystine, methionine, 
and tryptophan, respectively, was reported for extrusion of wheat-based biscuit (Björck et al. 1983). 
Though increase in screw speed increases shear stress, and product temperature correspondingly 
reduces the mean residence time; there was no effect on amino acids (Noguchi et al. 1982, Ilo and 
Berghofer 2003, Iwe et al. 2004). In addition, Asp and Bjorck (1981) found a correlation between 
lysine loss and screw speed, and they attributed it to the indirect effect of starch hydrolysis at 
high shear. Prudencio-Ferreira and Areas (1993) and Chaiyakul et al. (2009) reported extrusion 
conditions such as feed moisture (30%–40% and 20%–30%) and temperature (140°C–180°C and 
150°C–180°C) had no influence on the loss of cysteine and methionine from soy grit and a blend 
of glutinous rice and vital gluten wheat and soy grit, respectively. Due to the complex nature of 
extruder conditions, nutritional changes including amino acids loss and product quality might not 
be related to a single factor. Ilo and Berghofer (2003) have developed first order kinetics models for 
predicting the loss of most unstable amino acids such as lysine, cysteine, and arginine. They found 
that reaction rate constant is highly dependent on product temperature; lysine is more sensitive to 
temperature compared to other amino acids.

Maillard reaction is common in foods that occurs between free amino groups of protein 
and carbonyl groups of reducing sugars leading to browning, flavor production; reducing the 
availability of amino acids and protein digestibility. Free amino acids are much more sensitive 
to damage during extrusion cooking than those in proteins. Lysine is the most reactive amino 
acid since it has two free amino groups (O’Brien and Morrissey 1989). Several researchers have 
attempted to relate the Maillard reaction and browning/discoloration to loss of lysine (Noguchi 
et al. 1982, Bjorck and Asp 1983, Cheftel 1986, Asp and Bjorck 1989, O’Brien and Morrissey 
1989). Browning of soy–sweet potato extrudate increases with increase of sweet potato in the 
formulation, screw speed and decrease in die diameter (Iwe et al. 2004). Increase in screw speed 
increases the browning of soy–sweet potato extrudates because only degraded polysaccharides 
can take part in the browning process (Areas 1992, Mitchell and Areas 1992). Loss of amino 
acids can be minimized through utilization of less reactive sugars, and it is a potential area for 
future research (Singh et al. 2007).
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In general, severe extrusion conditions such as temperature above 180°C, screw speed more than 
100 rpm, feed with reducing sugars (>3%), and feed moisture less than 15% result in extensive lysine 
loss and nutritional damage. Therefore, Cheftel (1986) suggested avoiding extrusion above 180°C 
with a feed moisture below 15% (even though subsequent oven-drying is necessary) and avoiding 
the presence of reducing sugars during extrusion for keeping lysine losses within the 10%–15% 
limit accepted in bread baking or in drum cooking and drying of instant flours.

According to American Association of Cereal Chemists (2001), “Dietary fiber is the edible parts 
of plants or analogous carbohydrates that are resistant to digestion and absorption in the human 
small intestine with complete or partial fermentation in the large intestine.” According to the Codex 
Alimentarius, DF is defined as carbohydrate polymers with 10 or more monomeric units, which are 
not hydrolyzed by the endogenous enzymes in the small intestine of humans (ALINORM 09/32/26 
2009). Based on the solubility in water, DF can be divided into soluble dietary fiber (SDF) and 
insoluble dietary fiber (IDF). According to Elleuch et al. (2011) and Gajula et al. (2008), IDF such as 
cellulose, lignin, and hemicelluloses are characterized by their porosity, low density, and ability to 
increase fecal bulk, whereas SDF includes oligosaccharides, pectins, β-glucans, and galactomannan 
gums, which is characterized by its capacity to increase viscosity, reduce glycemic response, plasma 
cholesterol (Tosh and Yada 2010), promoting satiety (Brennan et al. 2008), has a higher capacity 
to form gels and acts as an emulsifier, further it is easy to incorporate into foods. DFs decrease 
intestinal transit time, decrease postprandial blood glucose and insulin level, reduce total and low-
density lipoprotein cholesterol level in blood, buffer excessive acid in the stomach, and increase 
stool bulk (Méndez-García et al. 2011). According to Martinez-Flores et al. (2008), consumption DF 
prevents health problems such as diverticular disease, cardiovascular disease, and colorectal cancer. 
DFs have been linked to control of weight and obesity (Gordon 1989, Pokitt and Morgan 2005), 
constipation, diabetes (Hampl et al. 1998, Tapola et al. 2005), and blood pressure (He et al. 2004). 
β-glucan found in oat has several benefits such as reducing serum cholesterol levels/LDL associated 
with coronary heart disease (FDA 1997, Brown et al. 1999), serum glucose and insulin after a meal 
(Wood et al. 1994, Tappy et al. 1996), promotes satiety (Beck et al. 2009), and modulates immune 
function (Volman et al. 2008). Various jurisdictions of the United States were the first to approve 
oat’s health claim (FDA 1997); recently the European Food Safety Authority endorsed a claim that 
the consumption of oat β-glucan can help to maintain normal blood cholesterol (EFSA panel 2009). 
Scientists identified DF as “the seventh basic nutrient,” and its importance has attracted a wide 
range of research and led to the development of a large and potential market for fiber-rich products 
and ingredients. Because of several benefits, DF becomes the third most sought-after health infor-
mation in supermarkets in countries like India, Australia, Western Europe, and North America 
(Mehta 2005).

Whole wheat flour and wheat bran are the most commonly used source of DF for the cereal-
based food industry; in order to enhance the fiber content of products, corn bran (Artz et al. 1990); 
oat bran (Seiz 2006, Zhang et al. 2011); rice bran (Lima et al. 2002); soy hull; citrus fruits (Seiz 
2006); fruit powders such as apple and cranberry (Stojceska et al. 2010); vegetables such as carrot, 
beetroot, and cauliflower (Stojceska et al. 2008, 2010); gums such as fenugreek gum, guar gum, and 
locust bean gum (Chang et al. 2011, Ravindran et al. 2011); and food industry residues such as okara 
(Li et al. 2012) are used, and nowadays there is a trend to find new sources of DF. In order to reap 
the benefits, an ideal DF is expected to have up to 20–30 g SDF/100 g (Li et al. 2012). In 2001, the 
Food and Nutrition Board of the Institute of Medicine established a recommendation for TDF daily 
intake of 38 and 25 g for adult men and women, respectively (IOM 2002); Slavin (2003) reported it 
is 30 and 21 g of fiber per day for men and women over 50 years.

Conflicting findings have been reported about the effect of extrusion on DF. Camire and Flint 
(1991) and Camire et al. (1997) found extrusion of potato peels increases TDF and SDF, whereas 
Artz et  al. (1990) observed extrusion of a blend of cornstarch and corn fiber had no significant 
changes in SDF and IDF; Fornal et al. (1987) reported a reduction in fiber content when mixtures 
of cereal starches were extruded. The increase in SDF is usually at the expense of IDF due to 
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fragmentation or other type of thermo-mechanical decomposition of cellulose and lignin that are 
major components of insoluble fiber. Twin-screw extrusion of wheat flour and bran redistributes part 
of the IDF fraction to SDF, thereby SDF increases; however, the decrease in IDF is higher than the 
accompanying increase in SDF as a portion of the IDF fragments to lower molecular weight frag-
ments and possibly converts to sugars (Gajula et al. 2008).

Extrusion precooking of the flours did not improve the consumer acceptability of cookies and 
tortillas; however, it did improve their DF profile by increasing the SDF significantly. For exam-
ple, although extrusion has been shown to increase the TDF content of wheat flour (Theander and 
Westerlund 1987), it negatively affects the nutritional value of proteins due to Maillard reaction and 
also leads to loss of heat-labile vitamins (Singh et al. 2007). Apart from improvements in function-
ality and DF profile due to thermal/mechanical treatment of fiber-based ingredients, the sensory 
characteristics of the final product could also be positively affected. Bernnan et al. (2008) found 
that addition of DF such as wheat bran, fine guar gum, inulin, high maize 1043, and swede fiber 
(5%–15%) into white wheat flour, maize grit, and oatmeal formulation reduces the amount of read-
ily digestible starch components of breakfast products, increases the amount of slowly digestible 
carbohydrates, and may lead to an increased feeling of satiety.

Single-screw extrusion of orange pulp (83°C–167°C, 126–190 rpm, 22%–38% wb, l/d of 20:1, 
and screw compression ratio of 3:1) lowered IDF by 39% and increased SDF by 80% due to redis-
tribution of IDF as SDF (Larrea et al. 2005b). They identified the barrel temperature as the most 
influencing variable followed by the interaction of temperature and screw speed that affects IDF 
and SDF. Larrea et al. (2005b) showed that the TDF in orange pulps decreases with higher barrel 
temperatures and lower moisture when screw speed is fixed at 160 rpm. Single screw extrusion of 
lemon residues (50°C–110°C, 3–37 rpm, 33%–67% wb) increased SDF efficiently and decreased 
IDF, particularly at a temperature of 110°C, screw speeds of 10 and 20 rpm, with a moisture content 
of 40% and 50% (Méndez-García et al. 2011).

Twin-screw extrusion (80°C–120°C, 250–350 rpm, solid feed rate of 20–25  kg/h, and water 
feed rate 9%–11%) of a formulation containing cauliflower (5%–20%) decreases the level of DF 
due to change in IDF to SDF; heat and moisture/moist heat solubilizes and degrades pectic sub-
stances thereby DF decreases (Stojceska et al. 2008). The same group have demonstrated that extru-
sion increases the level of DF in non-gluten-free, ready-to-eat expanded snacks made from cereal 
and vegetable coproducts (Stojceska et al. 2008, 2009). Twin-screw extrusion (80°C and 120°C, 
200 rpm, feed rate of 25 kg/h, and water feed rate 12%–17%) of a blend containing wheat flour or 
cornstarch substituting 10% brewer’s spent grain from barley or red cabbage shows different trend 
for DF (Stojceska et al. 2009). Extrusion increases TDF for most of the blends except wheat flour 
with red cabbage where it decreases due to loss of soluble fiber components into processing water. 
Authors found that amylose content influences resistant starch formation, thereby TDF. They also 
observed an increase in moisture up to 15% increases TDF, further increase to 17% decreases TDF. 
Again the effect of moisture content on TDF depends on the source of starch; TDF increases with 
moisture for wheat flour and brewer’s spent grain, whereas it decreases with moisture for cornstarch 
and brewer’s spent grain.

Twin-screw extrusion (80°C/80°C–150°C, 80 rpm, solid feed rate of 15–25 kg/h, and water feed 
rate of 12%) of a formulation consisting of rice, milk powder, cornstarch, potato starch, soy flour 
including fruits (apple and cranberry), vegetables (carrot and beetroot), and teff flour increased TDF 
depending upon the source of DF (Stojceska et al. 2010). The increase in TDF in teff formulation 
due to high starch of teff and formation of resistant starch increases IDF. The increase in TDF of 
fruit and vegetable formulations attributed to the complexes formation between polysaccharides 
and other components such as proteins and phenolic compounds, which are measured as fiber. 
The effect of extrusion parameters such as barrel temperature, screw speed, and feed rate on TDF 
depends upon the type of dietary sources (Stojceska et al. 2008, 2010).

Twin-screw extrusion (80°C/120°C, 250 rpm, 13% wb, 20  kg/h) of a formulation containing 
wheat flour, corn, potato starch, milk powder, and fruit powder increases IDF and SDF, thus total 
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DF (Potter et al. 2013). Increase in IDF is attributed to the formation of “resistant starch” whereas 
increase in SDF is attributed to soluble fiber changing into insoluble fiber. According to Esposito 
et al. (2005), the break down of glycosidic bonds in polysaccharides due to mechanical stress during 
extrusion releases oligosaccharides thereby IDF increases. Twin-screw extrusion of different ratios 
of corn grit and wheat bran formulation with varying moisture and temperature lowered the TDF 
and IDF and enhanced SDF (Sobota et al. 2010).

The addition of gums such as guar gum, locust bean gum, and fenugreek gum (5%–15%) to a rice 
and pea formulation increases DF; however, twin-screw extrusion decreases IDF and increases SDF 
(Ravindran et al. 2011) due to the break down of insoluble fibers into soluble fibers, formation of 
resistant starch, and enzyme-resistant glucans through transglycosidation (Vasanthan et al. 2002).

Twin-screw extrusion of oat bran (100°C–160°C, 150 rpm, 10%–30% wb, 18 kg/h) increases 
SDF; feed moisture has negative influence on SDF, whereas temperature has a positive effect (Zhang 
et al. 2011). Earlier Vasanthan et al. (2002) attributed the changes of DF profile during extrusion 
of barley flour to a shift from IDF to SDF, the formation of resistant starch and “enzyme-resistant 
indigestible glucans” formed by transglycosidation.

Okara is a solid residue from processing soy into protein isolate, soymilk, and tofu and is rich 
in DF (50–60 g/100 g db) that too mainly IDF, which makes it difficult for it to be used as fiber-
fortified food products (Li et al. 2012). Twin-screw extrusion of okara with CO2 producing agents 
(0–45 g/100 g) such as citric acid and sodium bicarbonate powder (50°C/70°C/110°C/150°C–170°C, 
180–200 rpm, 30%–40% db, 12 kg/h) increases SDF. The extent of SDF increase depends on tem-
perature and pressure in the extruder barrel; high temperature and pressure facilitates the break down 
of polysaccharides’ glucosidic bonds. Recently, Robin et  al. (2012) published an excellent review 
on “dietary fiber in extruded cereals: limitations and opportunities” in Trends in Food Science & 
Technology, and it is worth to have a look at it.

Vitamins and minerals are essential nutrients to perform numerous roles in the body includ-
ing healing wounds, bolstering immune system, repairing cellular damage, and so on. Vitamins 
differ in their chemical structure, thereby their stability too. Extrusion conditions such as type of 
extruder, type of food, temperature, screw design, screw speed, moisture content, feed rate, die 
design, throughput, and storage conditions namely oxygen, light, temperature, pH, moisture, tem-
perature, and storage time influence vitamin losses of extruded products (Killeit 1994). In general, 
vitamin losses are minimal in cold extrusion; short residence time and rapid cooling of extrudate 
in hot extrusion would minimize vitamin losses (Fellows 2000). According to Ilo and Berghofer 
(1998), temperature and screw speed have a positive influence on thiamin losses due to high thermal 
sensitivity and high mechanical action of shear stress. They attributed the negative influence of 
feed rate and feed moisture on thiamin destruction to reduction in residence time, and reduction in 
viscosity leads to less mechanical energy dissipation that affects the temperature profile. Low feed 
moisture hastens the loss of vitamins; therefore, vitamins and heat-sensitive nutrients are usually 
added post extrusion especially when moisture is low (Huber 2001).

Thiamin is a small and heat-sensitive molecule that could be destroyed easily during extru-
sion since it is a high-temperature and short-time process. Several researchers have demonstrated 
that thiamin loss depends on both thermal and mechanical effects. A school of thought in the late 
1980s was that shear-induced local temperature raises increases loss at higher screw speeds (Cheftel 
1986, Guzman-Tello and Cheftel 1987, Camire et al. 1990). When this increase in temperature was 
removed by cooling, the barrel shows that mechanical effects must play a role in destroying thiamin 
(Harper 1988, Ilo and Berghofer 1998). Earlier Ilo and Berghofer (1998) evaluated three differ-
ent models for the reaction-rate constant as a function of product temperature just before the die, 
moisture content, and screw speed or shear stress when maize grits extruded in a counter-rotating 
TSE (140°C–200°C, 65–81 rpm, 11.8%–14.2% wb, 31–57 kg/h). They found that models that had 
the effect of screw speed or shear stress fit the data better (r2 = 0.965, 0.979, respectively) than the 
model that considered only time and temperature effects (r2 = 0.809), indicating that shear effects 
on thiamin retention are significant. Later, Cha et al. (2003) extruded wheat flour and thiamin blend 
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with 25% moisture content in a corotating and intermeshing TSE at 50°C/85°C/115°C/135°C/145°C 
and 100–300 rpm and found that the mechanical effects had a predominant effect on thiamin loss 
(90%–94%) than thermal effects. It is important to take into account the average shear rate and 
residence time for predicting thiamin loss; accordingly, the authors proposed a model where the 
linear relationship between thiamin retention and shear history shows that shear history can be a 
more accurate indicator of thiamin retention than screw speed or SME since neither screw speed nor 
SME account for the duration of shearing (Cha et al. 2003). Recently, Emin et al. (2012) extruded 
native maize starch (135°C–170°C, 300–800 rpm, and 10% wb) in a TSE wherein β-carotene added 
after plasticization of starch increases β-carotene by 10% due to a shorter exposure time to thermal 
and mechanical stress; they found that the β-carotene loss is mainly due to mechanical stress rather 
than thermal stress.

Vitamin E, tocopheral is an essential nutrient that functions as an antioxidant; extrusion signifi-
cantly reduced it in fish and peanut containing half-products (Suknark et al. 2001). The addition of 
α-tocopheral to rolled oatmeal before extrusion inhibits the formation of lipid oxidation products 
such as pentanal and hexanal during 12 months of storage at room temperature (Guth and Grosch 
1994). Vitamin C, ascorbic acid, is an organic acid that can function as acidulant and could improve 
the pigment retention; thus, fortification with ascorbic acid may improve marketability. Corotating 
twin-screw extrusion of cornmeal, ascorbic acid, sugar, and blueberry concentrate either does not 
protect anthocyanin or inhibits browning reactions (Chaovanalikit et al. 2003).

In general, minerals are heat stable; meaning they can withstand the extrusion temperature. 
Minerals absorption can be improved in extrusion through reducing other factors inhibiting absorp-
tion such as phytates and condensed tannins. A school of thought is that iron content of the extru-
date increases through wearing of screw and barrel. Earlier, Camire et al. (1993) reported extrusion 
of potato peel increased iron content to the tune of 130%–180%. Though iron can act as a catalyst 
in favoring lipid oxidation; excess iron (over the hydroperoxide content) can react with free radi-
cals and convert them to ionic form, inhibiting free radical propagation, thus reducing iron’s cata-
lytic effect. Accordingly, Camire and Dougherty (1998) extruded cornmeal with synthetic phenolic 
compounds in a single-screw extrusion at 90°C/105°C/125°C/140°C/150°C, 70 rpm, 23% db, and 
30 kg/h; they reported extrusion did not increase iron, and iron sequestration did not contribute to 
the antioxidant effects of phenolic; however, they haven’t reported the color values of the extru-
dates. Fortification of minerals prior to extrusion results in a dark color due to the formation of iron 
complex with phenolic compounds and reduces expansion and increases lightness when calcium 
hydroxide is added (Singh et al. 2007).

Phytic acid/phytates, trypsin inhibitor, tannin, lectin, and hemagglutinins are several antinutri-
tional factors found in several food ingredients that can be partially or completely inactivated using 
extrusion since most of them are thermolabile, thus nutritional value of the extrudates is enhanced. 
A single-screw extrusion of pinto bean flour at 140°C–180°C, 150–250 rpm, and 18%–22% (wb) 
moisture completely destroyed trypsin inhibitors (Balandrán-Quintana et  al. 1998). Similarly, 
Alonso et al. (2000) demonstrated the complete destruction of trypsin inhibitors during extrusion 
of faba and kidney beans. Later, Anton et al. (2009) conducted twin-screw extrusion of cornstarch 
with varying levels (15%–45%) of navy/small red bean flour (30°C/80°C/120°C/160°C/160°C, 
150 rpm, 22% wb, and 1.8 kg/h) and observed a significant reduction in phytic acid and trypsin 
inhibitors. The effect of extrusion on phytic acid depends on the type of beans, that is, 48%–68% 
loss for navy bean and 35%–55% for small red beans; the authors attributed hydrolysis of inositol 
hexaphosphate into lower molecular weight forms or formation of insoluble complexes involving 
phytate, whereas the type of beans had no influence on the destruction of trypsin inhibitors since it 
is completely destroyed. Recently, Olapade and Aworh (2012) conducted a single-screw extrusion 
of a blend consists of acha and cowpea (60–70:30–40 with moisture of 18%–25% wb) at a barrel 
temperature of 140°C–160°C, and he found an increase in temperature reduces trypsin inhibitor, 
while increase in feed moisture lowers the trypsin inhibitor to the range of 76.0%–92.1%. Earlier, 
extrusion of sweet potato and soybean mixture revealed that feed composition and screw speed 
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had a significant impact on trypsin inhibitor destruction (Iwe 2000). According to Harper (1993) 
as reported by Balandrán-Quintana et al. (1998), a reduction of 70% or more in trypsin inhibition 
activity in beans is adequate for nutritive quality.

Tannin is a main antinutritional factor present in sesame meal through formation of complexes 
with the available protein thereby affecting the digestibility. A single-screw extrusion of sesame 
meal (63°C–97°C, 63–97 rpm, and 31%–48% wb) reduced tannin by 47%–61% depending upon the 
operating conditions (Mukhopadhyay and Bandyopadhyay 2003). Lectin is another antinutritional 
factor in beans; its presence with trypsin inhibitors in the diet would increase fecal nitrogen excre-
tion in order to increase nutritional values, thus they have to be reduced. According to Delgado et al. 
(2012), extrusion of corn (70%) and bean (30%), flour at 150°C, 25 rpm and 20% moisture com-
pletely destroyed trypsin inhibitor (from 10,857 to 0 TIU/g) and lectin activity (from 640 HU/mg 
protein). These studies indicate that high temperature, low moisture, and intense mechanical stress 
would completely destroy antinutritional factors.

Preconditioning of peas, chickpeas, and faba beans at 70°C–100°C with moisture more than 20% 
followed by twin-screw extrusion at 70°C/95°C–110°C, 380 rpm, 6.6–7.0 kg/h, and water feed rate 
of 12.5–15 kg/h greatly reduces phytate, tannin, and trypsin inhibitors (Adamidou et al. 2011). The 
authors suggested preconditioning would be a valuable tool to partially eliminate antinutritional 
factor especially trypsin inhibitors from legumes.

Antioxidants technically apply to molecules reacting with oxygen/compounds that can coun-
teract the damaging effects of oxygen in tissues; it is often applied to molecules that protect 
from any free radical (Velioglu et  al. 1998). The consumption of free radicals and oxidation 
products is considered as a risk factor for cancer and cardiovascular disease (Namiki 1990). 
Antioxidants can be added before or during extrusion, the combination of high temperature 
and pressure drop at the extruder die can cause them to volatilize, resulting in loss of effective-
ness (Artz et al. 1992). According to Velioglu et al. (1998), possible mechanisms involve direct 
reaction with and quenching free radicals, chelating transition metals, reducing peroxides, and 
stimulating the antioxidative defense enzyme activities through which antioxidant contributes to 
the beneficial effects of grain, colored beans, fruits, and vegetables. Phenolic compounds such as 
proanthocyanidins/procyanidin and flavonols/kemferol are responsible for antioxidant activity 
(Skerget et al. 2005). Procyanidins can be found in fruits and vegetables, abundantly in cocoa, 
grape, and berries. According to Joshi et al. (2001), procyanidins not only possess antioxidant 
activity but also anti-inflammatory, antibacterial, and anti-arthritic activities that play a major 
role in preventing heart disease, skin aging, and various cancers; improves insulin sensitivity, 
ameliorates free radical damage associated with chronic age-related disorders, and inhibits fat-
mobilizing enzymes (Al-Awwadi et al. 2005). A substantial amount of procyanidins present in 
fruits is not readily available for absorption; therefore, the effect of extrusion on the distribution 
of monomer, dimer, or trimer is essential.

The conflicting results on the impact of extrusion on antioxidant activities indicate that it 
depends upon the antioxidant sources and extruder conditions. Earlier, Özer et al. (2006) noted that 
twin-screw extrusion of nutritionally balanced mix (corn flour, cornstarch, enzymatically stabilized 
whole oat flour, raw chickpea flour, carrot powder, and ground raw hazelnut) at higher screw speeds, 
lower moisture content of the feed, and lower feed rates reduces only total antioxidant activity, not 
total phenolic compounds, and they attributed to the destruction of antioxidant compounds other 
than the phenolic compounds. Later, Camire et al. (2007) examined the role of blueberry, cran-
berry, raspberry, and grape fruit powders as antioxidants in breakfast cereals and found 62%–64% 
antioxidant inhibition; the differences is attributed to differences in composition of fruit powders 
with some fruits being more stable to heat and shear than others. Anton et al. (2009) employed two 
methods namely oxygen radical absorbance capacity (ORAC) and 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) for measuring antioxidant activity while cornstarch with navy/small red bean (15%–45%) 
extruded using twin-screw extrusion. They found that navy and small red bean extrudates had 
reduction in total phenols, antioxidant activity through DPPH, and ORAC by 10%, 17%, and 10%, 
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and by 70%, 62%, and 17% after extrusion, respectively. This indicates that the reduction in antioxi-
dant activity depends on the source of antioxidant.

Recently, Potter et al. (2013) conducted twin-screw extrusion with a formulation consisting of 
wheat flour, cornstarch, potato starch, milk powder, and fruit powder (banana, apple, strawberry, 
and tangerine) and found an increase in antioxidant levels due to Maillard reaction occurring during 
extrusion or inactive antioxidants being transformed into active antioxidants as a result of nonen-
zymatic browning (Pokorny and Schmidt 2006). The antioxidant inhibition level depends on the 
types of fruit and varies between 15%–50%. Sharma et al. (2012) investigated the effect of extrusion 
moisture (15% and 20%) and temperature (150°C and 180°C) on antioxidant activity of extrudates 
from eight different barley cultivars using TSE with a screw speed of 400 rpm and a feed rate of 
20 kg/h. Irrespective of extrusion conditions, total phenolic content decreased since phenolic com-
pounds are heat labile (Sharma and Gujral 2011), heating over 80°C might destroy or alter their 
nature (Zielinski et al. 2001); therefore, the authors attributed their decomposition to the high tem-
perature or alteration of molecular structure that reduces the chemical reactivity of them. Extrusion 
remarkably decreases the total flavonoid content of barley extrudates due to thermal destruction of 
flavonoids since they are heat sensitive (Sharma and Gujral 2011).

Antioxidant can be incorporated into the blend through either natural ingredients such as 
grains, legumes, fruits, and vegetables or the addition of synthetic phenolic antioxidants such as 
butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propyl gallate (PG), and tert- 
butylhydroquinone (THBQ) but are limited to 200 ppm (FDA) based on lipid composition. Accordingly, 
Camire and Dougherty (1998) evaluated the potential of BHT, cinnamic acid, and vanillin as antioxi-
dants and found cinnamic acid and vanillin better protects the extrudates against lipid oxidation than 
BHT. A possible research area is the evaluation of other common phenolic compounds with similar 
antioxidant properties, which should be evaluated for their potential in extruded foods.

Anthocyanins are antioxidants and water-soluble pigments that provide attractive colors such as 
red, blue, and purple in many food crops. Recent researches have been focused on utilizing fruits 
with natural colors and antioxidant capacity because of their health benefits such as inhibition of lipid 
oxidation, hydroperoxide, and hexanal formations. Camire et al. (2002) extruded cornmeal with corn 
syrup, blueberry concentrate, and grape-juice concentrate using TSE (38°C/49°C/116°C/138°C/113°C, 
300 rpm, cornmeal with sugar 13.6 kg/h, and liquid (corn syrup, blueberry concentrate 69°B, or grape-
juice concentrate 69°B) for evaluating the stability and acceptability of blueberry and grape anthocya-
nins in extruded cereals. They found that extrusion decreased anthocyanin content and color by 90% 
and 78%, 74% and 70%, respectively, in extrudate with blueberry and grape juice concentrate. When 
Khanal et al. (2009b) extruded a mixture of blueberry pomace and white sorghum with 45% mois-
ture content using TSE at 160°C–200°C, 150–200 rpm reduced total anthocyanin content between 
33%–42%. In another study, Khanal et al. (2009a) extruded a mixture of grape pomace and white 
sorghum with 45% moisture content at 160°C–190°C, and 100–200 rpm reduced total anthocyanin 
content by 18%–53%, which is lower than blueberry concentrate (Camire et al. 2002). Twin-screw 
extrusion of colored potatoes which are rich in anthocyanin (80°C/90°C/100°C/110°C/120°C–140°C, 
200–300 rpm, 17%–25% moisture, and 2.7 kg/h) reduced total anthocyanin content and increased 
browning index (Nayak et al. 2011). These  aforementioned studies indicated that anthocyanins are 
unstable during extrusion since they are heat labile; earlier studies showed anthyocyanins degrada-
tion and brown pigment formation results in color loss, whereas Camire et al. (2002) reported that 
not only was there no color change when the products were stored in tri-laminate bags at room tem-
perature for 3 months but also in anthocyanin contents.

Camire et al. (2007) pointed out the necessity of method development for increasing retention or 
improving stability of anthocyanins/pigments/natural colorants during extrusion for commercially 
practical. The same group hypothesized that fortification of the blend with ascorbic acid can make it 
act as an acidulant and the addition of vitamins would improve pigment retention. Accordingly, they 
extruded cornmeal with ascorbic acid (0%–1%, wt/wt) and sucrose (15%) or blueberry concentrate 
(17%) for producing ready-to-eat (RTE) breakfast cereals. Contrary to expectation, ascorbic  acid 

© 2016 by Taylor & Francis Group, LLC

  



125Extrusion

fortification accelerated anthocyanin degradation during extrusion through direct condensa-
tion mechanism,  enhanced polymeric pigment formation, increased browning in the oxygen and 
nitrogen environment, and interaction of ascorbic acid with oxidation products with anthocyanins 
(Chaovanalikit et al. 2003). The effects of heat and shear at low moisture conditions on ascorbic 
acid–anthocyanin is not fully known; therefore, it is better to evaluate extruder operating conditions 
for the development of ascorbic acid-fortified, natural colored (anthocyanin) products. Chaovanalikit 
et al. (2003) suggested that other forms of processed blueberry may be a potential/suitable source of 
anthocyanin in extruded products. Thus, Camire et al. (2007) later examined the effects of dehydrated 
fruit powders (1% blueberry, cranberry, concord grape, and raspberry) as colorants and antioxidants 
in extruded (35°C/45°C/60°C/95°C/113°C/163°C, 175 rpm, 15.3 kg/h dry feed, 0.75 kg/h water) white 
cornmeal breakfast cereals. They observed that anthocyanins from fruit powders survived extrusion 
and retained some antioxidant activity and concluded that the levels used in their study were too low 
(1% w/w). Finally, they concluded stating that additional research is necessary to determine optimal 
levels of fruit powders for extruded cereals that increase antioxidant activity while providing accept-
able sensory quality. Therefore, fruit powder levels should be increased and the product should be 
evaluated in all aspects; increase in production cost due to higher levels of fruit powder can be easily 
offset by the more attractive and functional cereals that result. There is research potential looking 
into extrusion parameters and their effect on the kinetics of anthocyanin, their stability, mechanisms 
of antioxidant destruction, and retention from different sources and forms.

4.7.1 Case stuDies: breaKfast Cereals, snaCKs, baby fooDs

According to Global Industry Analysts, the world breakfast cereal industry, which was worth 
$28  billion in 2010 with an annual growth at 4% between 2010 and 2015, would exceed $34 billion 
because of changing lifestyles, consumer awareness regarding the importance of healthy eating habits, 
and evolving food consumption patterns. The United States, United Kingdom, France, Spain, Italy, 
and Russia are the leaders in global breakfast cereal market, and they produce as well as consume the 
largest volume of cereals; around 35% of the global population buys cereal products, mostly in the 
United States and the European Union. Cereal has a penetration rate of about 90% in US homes (97% 
in homes with kids), per capita consumption of breakfast cereals was 4.5 kg in 2010 and is projected 
to decline in 2016 to 4.2 kg due to a maturing market, the unhealthy image of children’s cereals, and 
competition from foodservice for the hot cereal market (Euromonitor International 2012); however, 
US retail sales of breakfast cereals are expected to increase from US $9.9 billion in 2010 to US $10.4 
billion by 2016 due to an increase in sales volume. According to Thomas et al. (2013), Kellogg (33%) 
and General Mills (29%) are the major players representing 62% of RTE cereals market in the United 
States, and the rest is shared among other major national brands and private labels. RTE cereals com-
prise flaked, puffed, shredded, and granulated products generally made from wheat, corn, or rice, 
although oats and barley are also used, and they may be enriched with sugar, honey, or malt extract.

The steps in extruded flake production are preprocessing, mixing, extruding, drying, flaking, 
toasting, and packing. First the required flour blends with other ingredients such as sugar, salt, and 
color are mixed in a ribbon blender. A bucket elevator/screw conveyor feeds the mixture to the 
extruder where actual cooking or gelatinization takes place; it depends on the extruder temperature 
(140°C–180°C), residence time (0.5–1.5 min), moisture (16%–20%), and shear stress through screw 
speed (200–450 rpm). The cutter placed at the end of the extruder cuts the strand that comes out of 
the die(s) into small balls that are transported to flaking rollers. Counter-rotating smooth rolls con-
vert the ball into flakes that are conveyed to a belt drier (140°C, 3–8 min, single or multi-pass). The 
dried flakes are transferred to cylindrical rotating-drum and exposed to spray coating of flavored 
sugar syrup. It is wise to add heat-sensitive flavors and vitamins after extrusion. The addition of 
sugar after extrusion would present excessive browning. Finally, the sugar-coated flakes are again 
dried and cooled in a conveyor belt drier (150°C–200°C for facilitating browning) before packaging. 
Complete cereal flaking systems are shown in Figures 4.7 and 4.8. Initial moisture content of the 
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Mixer Belt dryer
Flavoring unit

Extruder

Figure 4.7 Breakfast cereal production system. (Courtesy of Lalesse, France.)

(a)

(b)

Figure 4.8 Cereal flaking system. (a) Schematic diagram and (b) complete actual system. (Courtesy of 
Clextral, France.)
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blend or in-barrel moisture range is 16%–20%, after extrusion moisture may be between 7%–12%, 
and it should be reduced to 2%–3% for getting the right crispiness when they leave the drier.

For expanded products, flaking rolls are not required; SSE or TSE with an l/d range of 10–20 can 
be used with proper screw configuration and operating conditions in order to increase the mechani-
cal cooking (Riaz 2000, Guy 2001). According to Riaz (2000), preconditioning is required for 
producing satisfactory expanded as well flake products if formulation contains bran. Pellets are 
usually produced using TSE with l/d between 20 and 30 with an appropriate screw configuration 
and operating conditions for low mechanical cooking (high thermal cooking). Expansion/puffing is 
avoided by releasing the pressure and cooling it before the melt exit die. Die shape and cutting speed 
defines the size and shape of the pellets. The feed may have moisture of 22%–26%, and it should be 
reduced to 2%–3% for final pellets.

4.7.1.1 snacks
Snacks are an important part of healthy eating plans for many consumers, with 32% consuming 
snacks as mini-meals throughout the day. Chips, extruded snacks, and tortilla/corn chips accounted 
for almost 56% of retail sales in 2010. In order to stay in the market, manufacturers have to continue 
to launch healthier alternatives, such as baked and multigrain, with reduced/lower sodium varieties 
(Market Indicator Report 2011). The required ingredients are mixed in a ribbon blender, and then 
fed to an extruder through a bucket elevator. The ribbon comes out of the extruder (wavy surface/
uneven), run through smooth rolls (make smooth thin sheet), and then the chip cutter cuts into the 
desired shape. The chips are sent to a rotary fryer where moisture is removed and oil is added fol-
lowed by addition of flavoring and seasoning to the chips in a coating tumbler before packaging. 
Frying is not required for other directly expanded snacks such as Cheetos and corn curls. Extrusion 
of corn grits, with 15% moisture, screw compression ratio of 2:1 or less at 160°C–180°C, come out 
of the die as a puffed rope and a revolving cutter cuts into desirable size for producing corn curls. 
At this stage, the curls not only contain high moisture (about 6%) but also a bland taste. Thus, the 
curls must be dried and flavored by spraying with oil and coating with various flavoring mixtures 
(cheese, hydrolyzed yeast, spices, and peanut butter) and cooled to room temperature, at which the 
product becomes crisp and crunchy before packaging (Berk 2009).

4.7.1.2 Baby Foods
Direct expanded or flaked baby foods should be highly soluble (once it contacts a child’s saliva) 
and fully gelatinized (for easy digestion) and are produced using high shear extruders. In gen-
eral, the formulation consists of fruit juices, cane sugar, fructose as sweetener, fortified with 
stable vitamins and minerals, organic and natural preservatives such as vitamin E, rosemary, 
and the like. Cereals are formed into specific shape and design with very short bowl life and 
very short crunch.

Coextruded snacks, introduced in 1984 with two different flavors, colors, or textures, are now 
available in different shapes (pillow, trapezoid, and bars) for babies also. The contrasting texture of 
outer cereal casing and inner sweet/sour fruit filling (complete, partial, and coating) adds appeal to 
a child due to smooth transition in the taste. Buhler says that coextruded snacks in the market are of 
three kinds: (1) cereal-based tubes with cereal-based fillings, (2) cereal-based tubes with fat-based 
fillings, and (3) cereal-based tubes with water-based fillings, and the most common coextruded 
snack is a cereal-based outer tube with a cheese filling inside.

4.8 heat transFer in extrusion proCessing

Heat and mass transfer mechanisms play a critical role in any food manufacturing process includ-
ing extrusion since thermal and shear history has a great impact on product quality (Jaluria 1996). 
According to Mohamed and Ofoli (1990), an understanding of heat transfer and its mechanisms 
are prerequisites for proper control and optimization of food extrusion. Since viscous energy 
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dissipation within the barrel is a greater heat source than that of heat transfer into barrel, it should 
be an important component of heat transfer analyses in SSE and TSE. Conduction heat trans-
fer occurs in and between barrel, melt/dough, and screw; heat transfer in barrel has a significant 
effect on the flow and thermal transport (Lin and Jaluria 1998). Most of the food materials behave 
like non-Newtonian fluids in the extruder; therefore, the application of non-Newtonian analysis 
requires the knowledge of the rheological behaviors of the dough to be extruded (Bouvier et al. 
1987). Modeling of heat transfer in a food extruder is difficult due to numerous variables, and it is 
impractical to include all of them for complete analysis. That is the reason why researchers make 
assumptions for given conditions through neglecting unimportant variables; the model cannot be 
used for an unjustified extrapolation to other circumstances (Lin and Jaluria 1998). Most of the 
researchers made assumptions such as steady state, negligible inertia and gravity forces and fully 
developed incompressible fluid flow; however, most of the TSE operate under starved feeding that 
reduces the degree of filling.

In order to develop the heat transfer model for food extrusion, one has to describe the flow 
pattern inside the extruder, that is, feed, compression, and sections. The metering section usually 
contains only melt/dough, whereas as the feed section contains only the blend and the compression 
section where the blend is slowly converted into melt/dough, hence, it is a combination of both. van 
Zuilichem et al. (1990) reported that predicting heat transfer in feed and compression sections is 
far more complex and well-fitting models have not been found. In order to obtain exact flow pat-
tern, equations of motion and equations of energy should be solved; because of the convective term 
involved in an energy equation it is fairly difficult to solve. Most of heat transfer models consider 
the metering section within the flow which is non-isothermal and non-Newtonian. Earlier, different 
approaches have been used for developing heat transfer models such as numerical analysis, dif-
ferential equations (Griffith 1962), equations of motion and energy (Pearson 1966), and finite dif-
ference techniques-equations of flow of non-Newtonian fluids (Yankov 1978). Griffith and Pearson 
considered power law fluid in their model, meaning that the formulation should have high moisture; 
as Mohamed and Ofoli (1990) reported soy polysaccharide with moisture content 70% would sig-
nificantly deviate from power law behavior. Pearson presented the results in terms of dimensionless 
parameters of output, pressure, and Brinkman numbers. van Zuilichem et al. (1990) suggested that 
the introduction of dimensionless numbers (Peclet, Nusselt, Reynolds, Graetz, and Brinkman) not 
only describe the heat transfer in an extruder properly but also allows to check whether particular 
assumptions are correct or not. Yacu (1983) proposed a very thorough description of non-Newtonian 
behavior of mass; he considered different zones in a TSE such as solid conveying, melt pumping, 
and melt shearing and predicted the temperature and pressure profile for each zone separately; of 
course with a number of assumptions (Moscicki 2011). One of his assumptions is that the moment 
the feed enter the melt pumping section, the screw becomes completely filled, whereas most of the 
TSE operate under starved fed, lowering the degree of filling; thus, the shear the melt receives is 
low. Considering the problems in Yacu’s model, van Zuilichem developed a model consisting of two 
parts, the first part is the calculation of heat transfer from barrel to extrudate, and the second part 
is the calculation of heat generation through viscous dissipation; thus, the total heat transfer in the 
extruder can be calculated for every position (Moscicki 2011).

In general, the literature survey reveals that the research on heat transfer modeling of food extru-
sion is very scanty due to the complex nature of computational effort when compared to the volume 
of food extrusion literature published (mostly product development, physical properties, nutritional 
properties, and extruder parameters such as SME, torque, and pressure). Moscicki (2011) suggested 
that gathering rheological data on various biopolymers would allow development of new models, 
and they have to be verified through experiments to make it more reliable and closer to reality. Still 
there are research scopes on heat transfer that should consider the heat loss to the environment. 
Levine (2009) reported that the heat loss from an industrial extruder is smaller compared to the 
lab extruder due to difference in area/unit throughput. For producing third-generation snacks, the 
vapor should be released to avoid expansion at the die exit and melt has to be cooled for forming. 
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According to Levine (2010), product development targeted for commercialization should not be 
done at lab-scale if significant heating or cooling is involved, as in pellets production. He also 
pointed out that the limiting factor for scale-up is heat transfer, notpuming, or shearing capacity. 
Knowledge of the heat transfer in food extrusion is essential for the scale-up and design of food 
extruders and the associated temperature control systems (van Zuilichem et al. 1990).

4.9 proCess Control

Food extrusion exhibits strong interactions among mass, energy, and momentum coupled with 
complex physical and chemical transformations (starch gelatinization, protein denaturation/ 
texturization, hydrogen bond rupture, forming, and puffing) that govern the final product quali-
ties. Therefore, food extrusion is the most difficult process to control due to complex dynamics 
and the inconsistent nature of food materials (Wang and Tan 2000). The physio-chemical state 
changes during extrusion, which affects rheological properties that are poorly understood due to 
lack of appropriate on-line sensors that are able to check the final product quality. According to 
Cayat et al. (1995), extrusion process control is still often manual and empirical, and it is directly 
linked to economic, qualitative, and scientific interests. Once upon a time, process control in food 
industries was considered as an expensive investment; now it is accepted as a necessity to produce 
products with consistent qualities.

In order to control extrusion, the process has to be modeled. Different approaches can be 
grouped under white-box modeling and black-box modeling. White-box modeling requires as much 
knowledge as possible for incorporating all the internal physical, chemical, and biological laws 
that governs the system; the resulting model coefficients have physical significance. Simplification 
is inevitable during model development due to the complex nature of the extrusion process, prod-
ucts, and their interactions; further measuring intermediate parameters are also difficult (Cayat 
et al. 1995). Black-box modeling is basically an empirical model that involves simple mathemati-
cal relationship between process inputs and outputs; however, it holds good only for range of the 
experimental conditions that is sufficient to develop process control strategies. Techniques used to 
optimize formulation of operating conditions such as residence time distribution, response surface 
analysis, and dynamical identification comes under black-box modeling.

From a control point of view, it is necessary to classify extrusion variables into controlled and 
manipulated variables. In general, continuous on-line monitoring of density, texture, color, and 
degree of cooking is not possible; therefore, they are correlated to measurable variables such as 
die pressure, die temperature, and motor torque or SME, hence these measurable variables become 
controlled variables (Singh and Mulvaney 1994). Several researchers have identified SME as a pow-
erful, convenient, and critical variable for process control in twin-screw extrusion since it correlates 
well with melt temperature at die and extrudate density correlates well with SME and moisture con-
tent (Onwulata et al. 1994). Screw speed has a great impact on SME especially when the moisture 
content is less than 30% (Haley and Mulvaney 2000).

Earlier it was hypothesized that pressure has a linear relation with screw speed, moisture con-
tent, and feed rate when Mulvaney et al. (1988) conducted step tests, whereas Moreira et al. (1990) 
demonstrated through step tests and back steps that the relation between pressure and screw speed 
and moisture was nonlinear. Later, Onwulata et al. (1992) and Lu et al. (1992) conducted step tests 
by adding temperature on the effect of product variable/expansion and process variable/melt pres-
sure and concluded the relation was nonlinear. Die pressure is thought to be a sensitive indicator 
of melt shear history that affects extrudate quality; accordingly, Levine et al. (1986), Moreira et al. 
(1990), and Kulshreshta et al. (1995) presented controller design to regulate die pressure. However, 
Onwulata et  al. (1994) showed that extrudate density can be changed by varying melt moisture 
content under certain operating conditions without affecting die pressure. According to Singh and 
Mulvaney (1994), the transfer function modeling approach well characterizes the nonlinear and 
interactive behaviors of the extrusion process.
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It is well known that manipulation of extruder operating variables results in physiochemical char-
acteristics of extrudates, and the most commonly used manipulated variables are screw speed, feed 
rate, liquid injection rate, moisture content, and barrel temperature profile. For commercial produc-
tion, process efficiency/throughput is a critical factor that depends on feed rate, thus it becomes 
unavailable for manipulation. Wang et al. (2001) found that motor torque, SME, die pressure, and 
melt temperature at the ninth zone had a strong impact on the product quality attributes such as bulk 
density and moisture content. Later, Wang et al. (2008) used screw speed and liquid injection rate 
as the manipulated variables, and SME and motor torque as the controlled variables for developing 
predictive models.

Heating, cooling, shaft work input, and feed rate affect extrudate temperature and consequently 
product quality. It is better to have stable and specifiable extrudate temperature profile along the barrel 
length; in reality monitoring and controlling of extrudate temperature is not directly done. Extruder 
barrel consists of a number of zones that are regulated independently by setting the barrel temperature; 
there is no simple relation between barrel temperature and extrudate temperature, thus obtaining the 
latter is not easy. Even small variations in the feed would change the extrudate temperature. According 
to Hofer and Tan (1993), a significant time delay exists between each manipulative variable and extru-
date temperature that demands accurate models with sophisticated control strategies to regulate extru-
date temperature. Accordingly, Hofer and Tan (1993) developed a predictive regulator for extrudate 
temperature using auto-regressive moving-average models with auxiliary inputs. Model coefficients 
varied significantly between experiments with the same operating conditions indicating the necessity 
of frequent tuning of the regulator. Later, they developed a self-tuning regulator for temperature control 
based on feedforward and internal-model-based predictive control strategies (Tan and Hofer 1995).

Transfer functions for extrusion cooking processes have been derived using continuous-time 
transfer functions. Transfer function modeling is an excellent technique to characterize the non-
linear and interactive behavior of extrusion (Singh and Mulvaney 1994), and it has been used suc-
cessfully in the past in food extrusions for developing dynamic models to characterize observed 
dynamic responses of TSE. Development of transfer function models are based on the input–output 
observations of a process. Typically, the transfer function is identified by conducting an experiment 
wherein some manipulated variables are varied for measuring the responses of one or more output 
variables (Haley and Mulvaney 2000). A continuous-time or discrete-time transfer function that 
describes the observed input–output responses can be found using a parameter estimation algorithm 
as several researchers have done (Moreira et al. 1990, Hofer and Tan 1993, Lu et al. 1993, Cayot 
et al. 1995). Hofer and Tan (1993) and Tan and Wang (1998) reported, discrete-time linear transfer 
function models for developing model predictive control strategies when time delay is part of the 
dynamic response. Moreira et al. (1990) designed and simulated a feedforward control scheme for 
controlling die pressure while varying feed moisture and feed rate. Weidmann and Strecker (1988) 
used multiple control loops for automatic start-up and controlling extruder through controlling 
SME, product temperature, and mass pressure. These authors have not reported either the degree of 
interactions or coupling in the control loop. The relative gain array can be used to quantify the level 
of interactions. Singh and Mulvaney (1994) used relative gain array and found the MIMO system, 
with screw speed and barrel heating as manipulated variables and product temperature and motor 
torque as controlled variables, best for minimal interaction. When they used PID controller without 
decoupling it showed adequate performance results for various controlled system requirements. 
Later, Popescu et al. (2001) used ANN for modeling the start-up process of food extrusion.

In most of the earlier studies, first off-line experiments are used for measuring all input–output 
responses followed by off-line development of transfer function models; subsequently, the functions 
were used to derive automatic controllers. The limitation of those controllers is that they are only 
suitable for the limited process and operating conditions studied. It is well known that food extru-
sion has a wide range of dynamic behavior depending on the product and processing conditions; 
therefore, many researchers have concluded that some means of on-line system identification for 
automatic tuning and adaptive control is desirable. Keeping the above in view, Haley and Mulvaney 
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(2000a,b) developed an on-line system identification procedure for use in automatic tuning and/
or adaptive control of high-shear twin-screw extrusion processes and successfully demonstrated 
the use of such a system for automatic control of puffed corn snack density. They used inferential 
model to correlate SME with product density and melt moisture content. In the absence of on-line 
measurement of product properties, inferential models are required that relate product quality vari-
ables to process operating conditions in addition to the models that describe the dynamic operating 
behavior of the extruder. If melt moisture set point is established, it can be easily controlled by 
sensing feed moisture, feed rate, and regulating water feed rate using ratio control scheme; thereby, 
extrudates with desirable density, crispiness, and texture can be obtained (Onwulata et al. 1994, 
Strahm 1998). Haley and Mulvaney (2000b) demonstrated that an inferential model can be used to 
regulate extrudate density without on-line sensors; however, it has to be verified under actual food 
extrusion conditions. Earlier, Elsey et al. (1997) developed a dynamic/adaptive inferential model for 
predicting variables such as gelatinization, SME, specific volume, and residence time.

Owing to the complex nature of food extrusion, it is difficult to operate in a stable, reproduc-
ible manner especially during start-up and shutdown where the product deviates from specifications 
(Mulvaney et al. 1988, Nejman et al. 1990). Because a number of parameters changes during start 
up and shutdown more than steady state operation, it becomes very complex; therefore, it is not pos-
sible to program. In the absence of sufficient process information and nonlinearities nature, most of 
the start-up procedures depend on the operator’s experience. Fuzzy logic, an advanced knowledge-
based control system seems to be an alternative, and Lee et al. (2002) demonstrated the possibility 
of applying it to start-up of TSE. They used an algorithm based on inverse relation between screw 
speed and torque to avoid overtorque that causes blockage during start-up. Lee et al. (2002) made 
an improvement on automatic control of startup using fuzz amount to control screw speed over. 
Ferdinand et al. (1988, 1989) used deterministic magnitude for changing the screw speed to prevent 
the torque percentage of maximum exceeding the screw speed percentage of maximum. Farid et al. 
(2007) expanded fuzzy control for developing an intelligent controller structure for start-up of corn-
starch extrusion where in water and bulk feed rate were also considered as control variables in addi-
tion to screw speed. The authors mentioned that obtaining a set of optimal control parameters such 
as linguistic control rules and scaling factors of the fuzzy controller are difficult. They also suggested 
that future research should explore genetic algorithms or neurofuzzy network to develop nonlinear 
mapping for scaling factors virtually covering all situations that can occur during food extrusion.

In food extrusion, starch undergoes various changes that are currently controlled through SME, 
die pressure, and temperature; the interaction of these variables often makes it difficult to relate to the 
critical changes in starch due to shear of screw elements and ingredients themselves. Continuous mon-
itoring of the state of the components in the melt is highly desirable and forms the basis of a feedback 
control part of such system; however, an extruder provides great challenge for placing any on-line mea-
surement devices. NIR is usually used for compositional analysis of foods; NIR with fiber optic would 
allow remote noninvasive measurements on the hot melt in the extruder barrel (Guy et al. 1996). The 
changes in starch strongly influence the rheology, thereby product quality, size, shape, appearance, and 
texture. The authors successfully used NIR spectral data over a wide range of 1300–1800 nm for pre-
dicting SME while extruding wholemeal wheat flour in a TSE at 15°C/25°C/55°C/70°C/90°C/120°C, 
150–450 rpm, 15%–25% wb adjusting the solid and water feed rate.

Examining NIR absorbance spectrum between 1300–1800 nm indicates not only the degree 
of cooking when the melt passes through the die exit in the extruder but also can be related to 
product qualities (Evans et  al. 1999, Huang 1999). Lab/off-line product quality measurements 
take up to 3 days, resulting in slow quality control loop and high wastage, whereas on-line NIR 
probe can estimate the product quality and reduce the quality control loop time under a minute. 
However, the cereal industry is reluctant to its use due to the use of a full spectrum probe that is 
cost prohibitive. If the desired wavelengths are known, the full-spectrum probe could be replaced 
with a small selection of monochromators, and on-line probe for measurement of product qual-
ity would become feasible. Accordingly, Dodds and Heath (2005) have shown (Table 4.4) only 
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taBle 4.4
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

sse—Feed
Lab-scale SSE with l/d of 20:1, screw 
compression ratio of 3:1, rod-shaped die of 
0.3 mm, temperature profile of 
100°C/135°C/140°C, and screw speed of 
160 rpm,

Sweet potato flour (0%–100%), whole 
wheat bran (0%–100%), brown sugar 
(10%), baking soda (1%), maple syrup 
(3%), cinnamon (1%), and 15% water

Extrudates made from sweet potato flour have better ER than 
when formulated with whole wheat bran due to incomplete 
breakdown of bran during extrusion, further bran’s sharp edges 
would pop the air cells as they form due to low moisture 
content of sweet potato flour

Dansby and 
Bovell-Benjamin 
(2003)

Lab-scale SSE with l/d of 15:1, a 2:1 screw 
compression ratio, and die diameter of 5 mm, 
temperature 120°C–125°C, screw speed of 
520 rpm, feed moisture of 12% db, and feed 
rate of 18 kg/h

Pigeonpea flour to cassava flour at 
0%–15%:100%–85% (db)

ER decreases with the addition of pigeon flour to cassava starch 
due to changes in blend composition.

Rampersad et al. 
(2003)

Lab-scale SSE with screw compression of 4:1 
and round die of 3 mm, temperature profile of 
100°C/140°C/160°C, screw speed of 250 rpm, 
and feed moisture of 16%

Mixtures of rice flour: cactus pear pulp 
concentrate of 95%:5%, 90%:10%, 
85%:15%, and 80%:20%

ER decreases with the addition of cactus pear concentrates due 
to change in starch, sugar, and DF content.

El-Samahy et al. 
(2007)

Lab-scale SSE with l/d of 20:1, screw 
compression ratio of 1:1, die of 3 mm 
diameter, temperature profile of 
50°C/100°C/140°C–180°C, screw speed of 
60 rpm, feed moisture content of 18% wb, and 
feed rate of 1.68 kg/h

Taro flour, maize flour, nixtamalized 
maize flour, average particle size less 
than 0.5 mm, blend consists of taro 
flour (0%–100%) with maize flour 
(0%–100%) or nixtamalized maize 
flour (0%–100%)

An increase in taro flour in the blend increases ER due to 
increase in starch content of taro flour leading to gelatinization, 
decrease in amylose/increase in amylopectin, and decrease in 
fiber.

Rodríguez-
Miranda et al. 
(2011)

Lab-scale SSE with l/d of 26:1, screw 
compression ratio of 3:1 and a die with six 
2 mm diameter holes, temperature profile of 
80°C/100°C/120°C/120°C, screw speed of 
70 rpm, and moisture content of 25% wb

Cornstarch (20%–30%), oat bran and 
defatted soy flour (20%–50%), inulin 
(0.05%)

ER decreases with an increase in defatted soy flour and oat bran 
due to fiber ruptures air cell walls and external surface in 
extrudates thereby preventing the full expansion of air bubbles; 
protein affects water distribution in the matrix and through its 
macromolecular structure and conformation, which affect the 
extensional properties of the extruded melts. Extrusion 
temperature has a positive influence on ER due to change in 
rheological properties/decrease in viscosity of the melt.

Lobato et al. 
(2011)

(Continued )
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effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

SSE with l/d of 1.38:1 and 8.27 cm die opening, 
temperature of 120°C–160°C, and feed 
moisture content of 18%–25% db

Feed composition of 60:40 and 70:30 
acha and cowpea; Acha flour with 
300–500 μm size while cowpea flour 
with 400–750 μm

ER increases with temperature and moisture content. The 
amount of cowpea has a negative influence on ER due to the 
dilution effect of protein on starch gelatinization with the 
increased firmness of plasticized extrudates, whereas a positive 
effect for longitudinal expansion.

Olapade and 
Aworh (2012)

Lab-scale SSE with l/d of 20:1, screw 
compression ratio of 2:1 and die opening 
2.4 mm, temperature of 140°C–80°C, screw 
speed of 150–250 rpm, and feed moisture 
content of 18%–22%, wb

Pinto bean flour with particle size less 
than 40 mesh

Not only temperature and feed moisture have a positive influence 
on ER but also their interaction. An increase in moisture reduces 
viscosity that results in less mechanical damage to starch, thus 
enabling dough to expand more and faster. An increase in 
temperature facilitates cooking of starch, thus expands well. 
Beyond certain temperature (180°C) and moisture content 
(22%), ER reduces probably due to starch dextrinization.

Balandrán-
Quintana et al. 
(1998)

sse—extruder parameters
Lab-scale SSE with l/d of 20:1, screw 

compression ratio of 2:1 and a die of 3 mm 
diameter, temperature profile of 
150°C/180°C/180°C, screw speed of 158–242 
rpm, and feed moisture content of 13%–25% wb

Fermented corn and finger millet at 1:1, 
5%–20% of glucose, fructose, sucrose, 
maltose, or dextrose

Increasing sugar levels compete with starch granules for water 
reduces the degree of gelatinization and limits the ER. Increase 
in feed moisture content has a negative effect on ER.

Onyango et al. 
(2005)

Lab-scale SSE with screw compression ratio of 
1:1, die of 2 mm, temperature profile of 
70°C/80°C/90°C/140°C–190°C, screw speed 
of 80 rpm, and feed moisture of 12%–16%

Arrowroot starch Low moisture content of starches may restrict flow inside the 
barrel, increase shear rate and residence time, thus increase 
degree of starch gelatinization and expansion; shear strengths of 
the extruded starch products are inversely proportional to ER.

Jyothi et al. (2008)

sse—Feed and extruder parameter
SSE with screw compression ratio of 4:1 and a 
3.5 mm diameter × 20 mm long, temperature 
of 150°C–180°C, screw speed of 150 rpm, 
feed moisture content of 15%–19%, and feed 
rate of 12 kg/h

Corn flour with cowpea inactivated or 
non-inactivated for lipoxygenase at 
85:15

Moisture content negatively affects ER due to lubricating effect 
and causes less mechanical energy dissipation.

Sosa-Moguel et al. 
(2009)

(Continued )

©
 2016 by Taylor &

 Francis G
roup, LLC

  



134
H

an
d

b
o

o
k o

f Fo
o

d
 Pro

cessin
g: Fo

o
d

 Preservatio
n

taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Industrial-scale SSE with l/d of 3.8:1, 12 hole 
die with 2 mm diameter, temperature of 
150°C–175°C, screw speed of 200–280 rpm, 
and moisture content of 12%–18%

Rice grit (67%), durum clear flour 
(8%–20%), partially defatted hazelnut 
flour (5%–15%), and fruit waste 
(3%–7%) consists of milled orange 
peel (80.0% db), grape seeds (10.0% 
db), and tomato pomace (10.0% db) 

Addition of partially defatted hazelnut reduces ER due to 
dilution of total starch available for expansion; affects the 
extent of starch gelatinization and the rheological properties of 
the melt in the extruder because of high protein content (absorb 
moisture thus lower gelatinization); though fat improves 
texture, it reduces ER. ER increases with increase in moisture 
due to more moisture requirement by protein and 
gelatinization; ER decreases with increase in temperature due 
to increase in dextrinization and weakening of structure.

Yagci and Gogus 
(2009)

SSE with screw compression ratio of 4:1, 
cylindrical die of 3 mm diameter and 20 mm 
length, temperature of 175°C, screw speed of 
150 rpm, and moisture content of 14% wb

Fortuna rice (a low-amylose rice 
variety), hard red corn, lathyrus seeds. 
Average particle size of rice and corn 
are between 420 and 1119 μm, 
whereas lathyrus seeds are 210 and 
570 μm.

ER of corn-based extrudate is lower than that of rice due to high 
oil content of whole corn (4.72% vs. 2.38%) that acts as 
lubricants, reducing the degree of cooking. Addition of legumes 
decreases ER due to decrease in starch content.

Pastor-Cavada 
et al. (2011)

SSE with short barrel and 2-hole die with 4 mm 
orifice, temperature of 105°C–150°C, screw 
speed of 110–170 rpm, feed moisture content 
of 17%–20%, and feed rate of 20 kg/h

Hybrid maize R-2303 and R-2207 Not only extrusion parameters such as screw speed, temperature, 
and feed moisture affect ER but also maize varieties. High 
temperature and screw speed contribute a suitable cell 
uniformity for expansion. An increase in feed rate increases 
ER, whereas an increase in moisture decreases ER. Low ER of 
maize variety R-2303 is because of the presence of greater 
amounts of opaque and finer particles which act as 
capillaries and result in non-homogeneous dough; hence, less 
water is available for hydration of vitreous particles.

Razzaq et al. 
(2012)

(Continued )
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effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Lab-scale SSE with l/d of 20:1, screw 
compression ratio of 3:1 and die diameter of 
3 mm, temperature of 100°C/110°C/105°C–
165°C, screw speed of 90–210 rpm, and feed 
moisture content of 12%–20%

Cottonseed meal: corn flour of 5:93, 
10:88, 15:83, 20:78, and 25:73 with 
1.5% of chili flour, 0.5% of salt and 
all ingredients’ particle size less than 
2 mm

ER increases with increase in moisture that increases pressure in 
the extruder, causing the product to expand at the die, largely 
due to flashing water vapor caused by abrupt pressure changes. 
At high temperatures, starch may dextrinize, reducing ER, 
especially with low starch content mixtures. Addition of cotton 
seed meal has a negative influence on ER due to high protein 
unless moisture increases. The combination of high 
temperature and high screw speed reduces ER, whereas 
high screw speed combined with high cotton seed meal 
enhances ER.

 Reyes-Jáquez 
et al. (2012)

SSE with l/d of 3.3:1, screw compression ratio 
of 1:1 and die of four round holes of 1.8 mm 
diameter, screw speed of 324–387 rpm, 
moisture content of 15%, and feed rate of 
20 kg/h

Corn grits and semi-defatted sesame 
cake flour (coarse) at 100: 0%–20%

Addition of semi-defatted sesame cake. ER increases with increase 
in screw speed (>360 rpm) due to mechanical shearing reduces 
viscosity of the molten starch favoring bubble growth. Addition of 
semi-defatted sesame cake increases the protein content of the 
blend that influences water-binding capacities, thereby starch 
gelatinization; further, protein has limited or non-puffing capacity 
compared with starch, thus dilutes starch content, resulting in low 
ER. Further, semi-defatted sesame cake consists of a remarkably 
high amount of fat (11.2%) and DF (22.7%) reducing the viscosity 
of the melt and fiber competing for moisture and causing 
premature rupture of gas cells reduces the ER.

Nascimento et al. 
(2012)

Lab-scale SSE with l/d of 16.43:1, temperature 
of 100°C–110°C, and screw speed of 
100–140 rpm

Yam and brewer’s spent grain at 95:5, 
90:10, and 85:15

ER increases with temperature and screw speed can be attributed to 
increase in gelatinization and strengthening of structures, however 
addition of brewer’s spent grain can lessen the impact of screw 
speed on ER.

Sobukola et al. 
(2013)

SSE with screw compression ratio of 3:1, die of 
1.5 mm diameter with 3 holes, temperature of 
80°C–100°C, screw speed of 60 rpm, and 
moisture content of 28%–34%, wb

Corn flour (0.191 and 0.490 mm) and 
broad beans (150 to 560 μm) at 70:30

ER increases with increase in temperature and decrease in 
moisture due to decrease in flow viscosity of the melt.

Gimenez et al. 
(2013)
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taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

tse—Feed
Lab-scale conical TSE with screw compression 
ratio of 3:1 and 3 mm die, temperature profile 
of 80°C/100°C/120°C, screw speed of 140 
rpm, and feed moisture content of 22% db

Cornstarch with varying amylose 
content (0%–70%), whey protein 
concentrate with varying protein 
(80%–85.7%). Cornstarch to WPC is 
70%–100%:0%–30%

An increase in amylose and protein decreases ER due to 
physico-chemical interaction between amylose and protein, 
considering expansion a maximum of 10% WPC can be added 
to blend.

Matthey and 
Hanna (1997)

Corotating TSE with die diameter of 5 mm, die 
temperature of 130°C or 165°C, screw speed of 
200 rpm, feed rate of 25.8 kg/h, feed moisture 
content of 20%, and SME of 530 kJ/kg

Sorghum and cowpea (0%–100%), 
average sorghum particle size between 
0.21–1 mm and cowpea particle size 
of 480 μm

ER decreases with increase in cowpea due to high protein 
content, and further lowers ratio of amylose/amylopectin in 
sorghum. Higher temperature facilitates starch gelatinization, 
thereby better expansion.

Pelembe et al. 
(2002)

Lab-scale corotating TSE with l/d of 32:1 and 
circular die of 4 mm, temperature profile of 
60°C/90°C/97°C/115°C/135°C/157°C, screw 
speed of 150 and 250 rpm, feed moisture 
content of 21%–23% wb, and feed rate of 
13.5 kg/h

Cornmeal to potato flakes of 2:1, 
crab-processing by-product (wet 
10%–25% or dry 10%–40%), spices, 
particle sizes less than 2 mm

ER decreases with crab-processing by-products either wet or dry 
due to reduction in starch content, protein encloses available 
starch, thereby lesser gelatinization, higher ash levels.

Murphy et al. 
(2003)

Corotating TSE with l/d of 32:1, die diameter 
of 4 mm, temperature 150°C–175°C, screw 
speed of 225 rpm, blueberry concentrate 
pumping rate of 3.6 kg/h, and water feed rate 
of 4 kg/h

Cornmeal, ascorbic acid (0.1%–1%), 
blueberry concentrate (17%), or 
sucrose (15%)

Addition of blueberry concentrate and ascorbic acid modifies the 
viscoelastic characteristics of the dough during extrusion, 
thereby ER decreases.

Chaovanalikit et al. 
(2003)

Corotating, intermeshing, self-wiping TSE with 
l/d of 32:1, circular die of 5 mm, temperature 
profile of 0°C/30°C/30°C/30°C/70°C/100°C/1
50°C/150°C, screw speed of 400 rpm, 
moisture content of 15% (wb), and feed rate of 
12 kg/h

Rice flour (85%–95%), hydrolyzed/
unhydrolyzed fish flour < 24 mesh 
(5%–15%)

ER increases with hydrolyzed fish added to rice flour compared 
to rice flour with or without unhydrolyzed fish. In general, 
addition of protein would reduce ER, whereas hydrolyzed fish 
flour increases ER.

Choudhury and 
Guatam (2003)
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effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Corotating TSE with l/d of 9:1 and a die 
diameter of 5 mm, barrel temperature of 
160°C, screw speed of 120–190 rpm and total 
feed rate of 25.4–43 kg/h, and SME of 
500 kJ/kg

Maize flour (average particle size of 
300 μm; 11%–14% protein, 50% 
amylose), wheat flour (average 
particle size of 120 μm; 7%–9% 
protein, 20% amylose)

Extrudate of maize flour has better ER compared to wheat flour 
due to difference in composition in terms of viscous 
characteristics time, starch, and protein.

Arhaliass et al. 
(2009)

Lab-scale TSE with l/d of 25:1 and die diameter 
of 4.5 mm, temper ature profile of 
30°C/80°C/120°C/ 160°C/160°C, screw speed of 
150 rpm, feed rate of 1.8 kg/h, and feed 
moisture of 22% 

Cornstarch replaced by navy or small 
red bean flour (15%–45%)

Increase in bean flour level significantly reduces ER due to 
interactions between protein, starch, and protein, that is, fiber 
would rupture cell walls and prevent air bubbles.

Anton et al. (2009)

Corotating TSE with l/d of 27:1 and circular die 
of 4 mm, temperature profile of 80°C/120°C, 
screw speed of 200 rpm, feed moisture 
12%–17%, and feed rate of 25 kg/h

Wheat flour + brewer’s spent grain; 
cornstarch + brewer’s spent grain; 
wheat flour + red cabbage, cornstarch 
+ red cabbage

An increase in feed moisture decreases ER as change in 
amylopectin molecular structure of the starch reduces the melt 
elasticity, resulting in low degree of starch gelatinization; 
further, ER varies with formulation. Moisture influences both 
thermal energy and shear stress, thus results in starch 
gelatinization.

Stojceska et al. 
(2009)

Corotating, self-wiping TSE with l/d of 25, 
circular die of 2.5 mm diameter, temperature 
profile of 50°C/50°C/70°C/110°C/150°C/150°
C/160°C, screw speed of 300 rpm, feed rate of 
25 kg/h, and water feed rate of 0.42 kg/h

Fenugreek flour (2%–10%) or 
debittered fenugreek polysaccharides 
(5%–20%), cowpea, and basmati rice 
(particle size less than 0.25 mm)

Increase in the proportion of chickpea in the blend upto 70% 
increases ER, further chickpea increases decrease ER due to high 
protein and DF contents in chickpea compared with rice. Proteins 
have the ability to affect water distribution in the matrix through 
their macromolecular structure and confirmation, which affects the 
extensional properties of the extruded melts. Protein would modify 
the viscoelastic properties of the melt as a result of competition for 
the available water between the starch and protein fractions, 
leading to a delay in starch gelatinization and consequently, lower 
moisture and expansion in the products. Inclusion of fenugreek 
has a negative impact on ER as fiber competes for the free water 
found in the matrix; further, the effect of fibers on extrudate 
expansion seems to be concentration dependent.

Shirani and 
Ganesharanee 
(2009)
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taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Lab-scale TSE with l/d of 28.2:1, temperature 
profile of 80°C/80°C/80°C/80°C/140°C/160°C
/180°C/110°C, 125°C, or 140°C, screw speed 
of 350 rpm, feed rate of 11.5 kg/h, and water 
feed rate of 0.5 L/h

Rice flour, wheat semolina, corn grit, 
tomato paste, or skin powder at 20% 
with starch sources

Addition of tomato derivatives reduces ER because they 
lubricate the melt, and therefore, drop the SME and torque. 
Among the starch sources, rice flour has the highest ER due to 
the higher starch and lower fiber and fat content. The effect of 
temperature depends on the ingredients.

Dehghan-Shoar 
et al. (2010)

Corotating, self-wiping TSE with l/d of 25:1, 
die diameter of 2.5 mm, temperature of 
90°C/110°C/80°C, screw speed of 130 rpm, 
and feed moisture content of 21%–22% wb

Foxtail millet flour (50%–70%), rice 
(5%–10%), amaranth (5%), Bengal 
gram (10%–30%), cowpea (5%–10%), 
particle size less than 2.5 mm

Addition of foxtail millet flour has negative impact on ER due to 
increase in DF. Protein affects water distribution in the matrix 
and its macro molecular structure and confirmation, thus 
influences expansion.

Deshpande and 
Poshadri (2011)

Corotating TSE with l/d of 25:1, single round 
die of 2.5 mm diameter, temperature profile of 
50°C/50°C/70°C/110°C/150°C/150°C/160°C/
118°C, screw speed of 306 rpm, motor, feed 
rate 11.5 kg/h, and water feed rate of 0.39 L/h

Yellow pea flour and rice flour (<1 mm) 
at 70:30 with 0%–20% guar gum 
(78% DF), locust bean gum (80% 
DF), or debittered fenugreek gum 
(85% DF)

Addition of gums decreases ER and can be attributed to 
premature breaking up of the expanding matrix film and also 
by the fiber effect of competing for free water found in the 
matrix but it is not different from control (without gums).

Ravindran et al. 
(2011)

Lab-scale TSE with 2.5 mm die, barrel 
temperature of 184°C, screw speed of 
285 rpm, and feed moisture of 18% wb

Ragi (40%–50%), sorghum 
(10%–20%), and soy (5%–15%)

Ragi and sorghum levels negatively affect ER. Not only the barrel 
temperature facilitates interaction of high starch protein and 
formation of intermolecular disulfide bonds in the protein but 
also fiber enriched ingredients, results in extrudate, thereby ER.

Seth and 
Rajamanickam 
(2012)

tse—extruder parameters
Corotating, self-wiping, intermeshing TSE with 

l/d of 24:1, temperature profile of 0°C/70°C/1
00°C/150°C/150°C/150°C, screw speed of 
400 rpm, moisture content of 15% wb, feed 
rate of 12 kg/h, type (kneading/reverse screw 
or their combination), position, and spacing 
(0–250 mm from die) of mixing elements

Rice flour The kneading element facilitates the extent of starch breakdown 
in favor of product expansion. Severe screw profiles with reverse 
screw element, in combination with the kneading element, cause 
excessive molecular degradation, resulting in poor expansion. 
The positioning of mixing element also has influence on product 
expansion, which needs further investigation to establish the 
positioning. Among the mixing elements, the kneading element 
facilitates the expansion irrespective of positioning and spacing, 
indicating that there is no need for more than one mixing 
element for maximizing the expansion.

Choudhury and 
Gautam (1998b)
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taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Lab-scale corotating TSE with l/d of 35:1 and 
one slit (1 × 20 mm), screw speed of 
250–350 rpm, and feed moisture content of 
13%–17%

Brown rice (Patumthani 1/Supanburi 1) 
with a particle size of 40–60 mesh 
70%, defatted soy flour 17.5%, full-fat 
soy flour 6%, sugar 6%, and calcium 
carbonate 0.5%

An increase in screw speed and decrease in moisture increases 
ER for both brown rice varieties.

Charunuch et al. 
(2003)

Conical, counter-rotating TSE with l/d of 
62.5:1, and die diameter of 2 mm, product 
temperature of 100°C–260°C, screw speed of 
150–250 rpm, residence time of 1–2.5 s, and 
feed moisture content of 13.2%–25% wb

Corn powder and sugar (10%) Temperature and residence time have a positive influence on ER, 
whereas feed moisture influence is negative. An increase of 
residence time results in a degradation of amylopectin networks 
in the material that changes the ER and again it depends on 
temperature. ER decreases with moisture content increase 
which changes the amylopectin molecular structure in the 
starch reducing the melt elasticity.

Thymi et al. (2005)

Corotating TSE with l/d of 27:1 and a circular 
die of 4 mm, temperature profile of 
80°C–120°C, screw speed of 250–350 rpm, 
solid feed rate of 20–25 kg/h, and water feed 
of 9%–11%

Wheat (16.4%–36.4%), cauliflower 
(0%–20%), corn (20%), oat, egg 
white, and milk powder (each 10%), 
tomato powder (5%), carrot powder 
(5%), onion powder (3%), salt (0.4%), 
dill (0.1%), and mint (0.1%)

The level of cauliflower has a negative correlation with ER due 
to fiber disrupting continuous structure of the melt that impedes 
elastic deformation during expansion.

Stojceska et al. 
(2008)

Lab-scale corotating TSE with l/d of 13:1 and 
slit die of 1.47 × 20 × 150 mm, temperature 
profile of 30°C/60°C/100°C/130°C/150°C, 
screw speed of 175 rpm, feed rate of 
1.11 kg/h, feed moisture of 20.5% wb, screw 
configurations—medium (twin lead 
feed-kneading element-discharge), severe 
(twin lead feed-kneading element-single lead 
feed-kneading element-discharge)

Particle size distributions of barley grits 
are 81.6% (on 0.833 mm); 12.80% (on 
0.420 mm); 4.2% (on 0.250 mm); 
0.8% (on 0.177 mm); 0.3% (on 
0.149 mm); 0.2% (on 0.125 mm); and 
0.1% (<0.125 mm), whereas barley 
flour distributions are 12.1% (on 
0.420 mm); 42.9% (on 0.250 mm); 
38.9% (on 0.177 mm); 5.5% (on 
0.149 mm); 0.4% (on 0.125 mm); and 
0.2% (<0.125 mm).

Severe screw configuration improves mixing, and increase in 
chain splitting of starch and protein by severity of screw 
configuration increases the number of nucleation sites in the 
die and facilitates bubble growth and expansion. Severe screw 
configuration consists of kneading elements providing 
optimum mechanical and thermal energy input, which 
facilitates expansion. Authors found that SME has a positive 
effect on ER, whereas the particle sizes have no effect on ER.

Altan et al. (2009)
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taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Corotating TSE with l/d of 27:1 and a circular 
die of 4 mm, feed rate of 15–25 kg/h, 
temperature profile of 80°C/80°C–150°C, 
screw speed of 200–350 rpm, and water feed 
rate of 12%

Authors formulated the blend with 50% 
rice flour, 12.5% milk powder, 12.5% 
potato starch, 12.5% cornstarch, and 
12.5% soy flour. They replaced rice 
flour with dry cranberry, beetroots, 
apple, carrot, and teff flour at a level 
of 30%.

ER decreases with addition of apple, cranberry, carrot, and 
beetroot, teff was similar to control. Increase in barrel 
temperature decreases ER due to excessive softening and 
structural degradation of the starch melt. In general, extrusion 
changes the aspect ratio, thereby forming a smaller particle that 
might interfere with bubble expansion, reducing the 
extensibility of the cell walls and causing premature rupture of 
steam cells in the extrudate microstructure.

Stojceska et al. 
(2010)

Corotating intermeshing TSE with l/d of 40:1 
and two cylindrical dies of 2 mm, temperature 
profile of  appendix, screw speed of 150–300 
rpm, feed rate of 2 kg/h, and moisture content 
of 25%–40%

Sorghum passed through 2 mm with 
particle size distribution of (v/v) as: 
10th percentile, 30 mm; 50th, 
390 mm; 90th, 950 mm; volume 
weighted mean, 440 mm

ER depends on the moisture flash-off from the die and generation 
and retention of the resulting bubbles. Increase in moisture 
would reduce viscosity and increase melt elasticity, resulting in a 
thin cell wall that would not retain the generated bubbles/
increase the collapsibility and thereby ER decrease; further it can 
be explained with glass transition concept. Glass transition 
temperature decreases with an increase in moisture that facilitates 
starch retrogradation/re-crystallization, resulting in less ER.

Mahasukhonthachat 
et al. (2010)

TSE with l/d of 25:1 and die diameter of 3 mm, 
zone 5 barrel temperature of 110°C–140°C, 
screw speed of 200 and 300 rpm, and feed 
moisture of 25%–35%

Wheat flour with 10% w/w ginseng 
powder blend

In general, increase in feed moisture decreases ER due to reduction 
in viscosity of the melt, resulting in small pressure differences 
between the die exit and atmosphere, facilitates the flow of the 
melt, reduces the mean residence time and degree of 
gelatinization, thus lowers ER. An increase in screw speed reduces 
ER due to decrease in mean residence time, melt viscosity, and 
pressure difference. An increase in barrel temperature increases 
the ER due to better degree of gelatinization, resulting in greater 
flashing-off of moisture upon die exit.

Chang and Ng 
(2011)

Corotating TSE with a circular die of 4 mm, 
barrel temperature profile of 80°C and 120°C, 
screw speed of 250 rpm, feed rate of 20 kg/h, 
and moisture content of 13%

Control: 30% wheat flour, 25% 
cornstarch, 25% potato starch, and 
20% milk powder

Fruit powder: 11% of the control 
formulation

Sugar and soluble fiber present in the food powder absorb 
moisture that affect the degree of gelatinization, thereby ER 
decreases. The order of ER is banana, apple, strawberry, and 
tangerine.

Potter et al. (2013)
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taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

tse—Feed and extruder parameters
Corotating TSE with l/d of 27:1 and two 
circular die of 4 mm, temperature profile of 
80°C/110°C/110°C, screw speed of 100–300 
rpm, feed moisture content of 11.8% wb, and 
feed rate of 42 kg/h

Chickpea flour (30%), maize flour 
(30%), oat flour (20%), cornstarch 
(15%), onion powder (5%), and 
brewer’s spent grain (0%–30% of the 
maize flour)

ER increases with screw speed because of decrease in starch 
content due to addition of brewer’s spent grain in the 
formulation.

Ainsworth et al. 
(2007)

Corotating TSE with l/d of 27:1 and circular die 
of 4 mm, temperature profile of 80°C/120°C, 
screw speeds of 250–350 rpm, feed rate of 
20–25 kg/h, and water feed rate 9%–11%

Wheat flour (16.4%–36.4%), 
cauliflower (0%–20%), cornstarch 
(20%), egg white (10%), oat flour 
(10%), milk powder (10%), tomato 
powder (5%), carrot powder (5%), 
onion powder (3%), and paprika and 
salt (0.1%) with average cauliflower 
particle size less than 0.5 mm

The level of cauliflower has negative correlation with ER due to 
fiber molecules disrupting the continuous structure of the melt, 
impending its elastic deformation during expansion. At lower 
levels of cauliflower, the long and stiffer fiber molecules might 
align themselves in the extruder in the flow direction that 
reinforce the expanding matrix and increasing the mechanical 
resistance in the longitudinal direction.

Stojceska et al. 
(2008)

Corotating TSE with l/d of 8:1 and circular die 
of 4 mm diameter, temperature of 
110°C–130°C, screw speed of 270–310 rpm, 
and the, feed moisture of 17%–21% wb, and 
feed rate of 4 kg/h

Rice flour (70%–90%), carrot pomace 
powder and pulse powder (10%–30%) 
with particles less than 2 mm

Rice flour proportion has a positive effect on ER due to starch 
content, thereby resulting in gelatinization; ER increases with 
moisture because of gelatinization, and beyond certain moisture 
levels ER decreases due to reduction of elasticity of dough 
through plasticization of melt; because of high mechanical 
shear ER increases with screw speed.

Kumar et al. 
(2010)

Corotating TSE with l/d of 27:1 and 4 mm 
circular die, temperature profile of 
80°C/80°C–150°C, screw speed of 200 and 
350 rpm, feed rate of 15–25 kg/h, and water 
feed of 12%

Rice flour (50%), milk powder (12.5%), 
soy flour (12.5%), cornstarch (12.5%), 
and potato starch (12.5%). Replace 
rice flour with dry cranberry, 
beetroots, apple, carrot, and teff flour 
at a level of 30%.

ER decreases with addition of DF from gluten-free sources, 
except teff flour (similar to control), due to difference in starch 
and DF components. Increasing temperature increases total DF 
levels, while decreasing ER, due to excessive softening and 
potential structural degradation of the starch melt, further 
breaking down components into smaller particles, which may 
interfere with bubble expansion, reducing the extensibility of 
the cell walls and causing premature rupture of steam cells in 
the extrudate microstructure.

Stojceska et al. 
(2010)
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taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Corotating TSE, temperature of 80°C/120°C–
140°C, screw speed of 200–300 rpm, feed 
moisture of 17%–25% wb, and feed rate of 
2.7 kg/h

White potato flour/split yellow pea 
flours 35/65, 50/50, 65/35 (w/w) with 
mean particle size of 220 μm

Starch (potato flour) has a positive effect on increasing 
expansion, while fiber and/or protein (peas) have a negative 
effect in lowering ER.

Nayak et al. (2011)

Corotating TSE with l/d of 40:1 and die with 
two opening of 2 mm diameter each, 
low-temperature profile of 25°C/50°C/50°C/7
5°C/90°C/100°C/100°C/100°C/100°C/100°C/
100°C, high-temperature profile of 25°C/50°C
/50°C/75°C/90°C/140°C/140°C/140°C/105°C/
100°C/95°C, screw speed of 200 rpm, feed 
rate of 1.2 kg/h (barley) and 1.5 kg/h 
(sorghum), and dough moisture of 55% 
(barley) and 50% (sorghum)

Barley and sorghum—fine, <0.5 mm; 
medium, 0.5–1.0 mm; coarse, 
>1.0 mm

In general, interaction between temperature and moisture is 
critical for gelatinization. Direct addition of water during 
extrusion might not provide enough time for penetrating into 
large particles, leading to incomplete gelatinization and low 
melt viscosity, thus a decrease in ER. Because of water 
penetration issues, temperature effect on ER is masked.

Al-Rabadi et al. 
(2011)

Corotating TSE with 4 mm die, temperature of 
108°C–141°C, screw speed of 242–377 rpm, 
feed moisture content of 18%, and feed rate of 
4 kg/h

Rice flour (60%), wheat flour (40%), 
honey (1.6%–18.4%), particle size 
less than 2 mm

An increase in the amount of honey would reduce ER due to 
reduction in water availability; an increase in die temperature 
leads to high ER because of increase in degree of superheating 
of water in the extruder, encouraging bubble formation with a 
decrease in melt viscosity, similarly an increase in screw speed 
increases ER due to high mechanical shear.

 Juvvi et al. (2012)

Lab-scale corotating TSE with l/d of 27:1 and 
circular die of 3 mm, barrel temperature of 
80°C ± 5°C/75°C–105°C/100°C ± 10°C, 
screw speed of 300–350 rpm, feed rate of 15 ± 
2 kg/h, and two blade cutter speed of 100 rpm

Corn flour, rice flour, and egg albumin/
cheese powder at 40:40:20

Both egg albumin and cheese powder increase ER, egg albumin 
(35%) has a stronger influence on ER than that of cheese 
powder (30%) considering the blend of corn and rice flour at 
50:50.

Kocherla et al. 
(2012)
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taBle 4.4 (continued )
effect of extrusion parameters on expansion ratio of extrudates as reported in the literature

extruder Conditions Blend Variables vs. er references 

Lab-scale TSE with l/d of 29.3:1 and circular 
die of 3.1 mm diameter, temperature profile of 
50°C/65°C/80°C/90°C/110°C/120°C, screw 
speed of 300 rpm, feed moisture content of 
17.5%–25% wb, and feed rate of 2.1 kg/h

Corn flour and apple pomace at 
100%:0%, 83%:17%, 78%:22%, and 
72%:28%

ER decreases with increase in moisture due to low melt 
temperature, SME, and viscosity. Addition of apple pomace 
replaces starch, resulting in less extensibility. Insoluble fiber 
components exist with starch in a dispersed phase due to 
longitudinal alignment of fiber during extrusion causing rupture 
of air cells; further, fiber reduces the elastic properties of starch, 
lowers die swell, and reduces momentum for ER. The presence 
of pectin (apple pomace 11%–22%) enhances the longitudinal 
expansion, even as starch reduces due to apple pomace addition.

Elisa et al. (2012)

Corotating TSE with l/d of 8:1 and 4 mm die, 
barrel temperature of 110°C, screw speed of 
280 rpm, feed moisture content of 13%–17% 
wb, and feed rate of 4 kg/h

Maize flour and spirulina flour at 
85–95:5–15, average particle 
size < 2 mm

An increase of spirulina would decrease ER because of dilution 
in starch content and increase in protein content. Increase in 
screw speed decreases residence time and energy imparted to 
the melt thereby decreases ER.

Joshi et al. (2014)
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4 wavelengths, enough for estimating moisture content, and 6 for bulk density, with 2 wavelengths 
for both from the full spectrum of 698 wavelengths while producing corn-based expanded snack 
food in a pilot-scale twin-screw extrusion. However, initially a full spectrum probe is required 
(can be leased for short-term to reduce financial burden) for collecting full spectrum data; once 
reduced spectrum is constructed from full spectrum calibration, it is no longer necessary. The 
authors mentioned that calibration set was incomplete due to time constraint on collecting full 
spectrum data (Table 4.5).

It is a well-established fact that color is an important visual quality that influences consumer 
preference and purchase decision. Color correlates well with physical, chemical, and sensory 
quality indicators; further, it also plays a role in assessing the internal quality of foods. Existing 
commercial colorimeters can analyze external color of the foods and measure quite small areas; 
if the food surface is curved or uneven then the accuracy is limited. Computer vision system/
image analysis technique can be a simple and powerful tool for extracting color information 
from curved or uneven food surfaces with nonhomogeneous coloration for food processing and 
quality control. Accordingly, Fan et al. (2013) extruded a blend of rice flour, cheese, edible oil, 
rice bran, and noli (color) powder at 80°C/100°C/110°C, 480 rpm, 60% wb, and 60 kg/h using a 
TSE. They analyzed the sample for surface images and textural characteristics using computer 
vision system (six color values h, s, I, L*, a*, and b*) and texture analyzer and correlated using 
linear fitting model. Based on the linear model, they reported that the hardness and gummi-
ness score reflects directly by a* and intensity based on correlation coefficient of 0.9558, 0.9741, 
0.9429, and 0.9619, respectively. The springiness can be calculated from hardness and gummi-
ness scores, thus it reflects color values, indirectly. Further they used the collected data for the 
simulation processing in ANN showed a higher correlation coefficient of 0.9671 and 0.9856 than 
linear fitting model. The authors suggested that mounting computer vision system on a conveyor 
to monitor product quality combined with ANN would result in on-line quality control. However, 
the relationship between other product quality parameters and color should be considered before 
proceeding further.

Valadez-Blanco et al. (2007) introduced virtual white reference to overcome the sensitivity and 
reproducibility problems related to dark color measurements using fiber optic equipped spectro-
photometer. In order to predict the final product color based on in-line measurements, multilayer 
feedforward artificial neural network with three hidden neurons provided an acceptable corre-
lation between the in-line and off-line color measurements. In another study, an image analysis 

taBle 4.5
Wavelengths used for Final regression model to measure extrudate 
moisture Content and Bulk density

Wavelength Band Vibration moisture Content Bulk density 

1400 O–H stretch Oil

1870 O–H stretch, C–O stretch cellulose Cellulose Cellulose

1908 O–H stretch, — P–OH

1942 O–H stretch, O–H bend — Water

1992 O–H stretch, C–O bend Starch Starch

2072 O–H stretch, O–H bend — Sucrose, starch, oil

2148 C–H bend Oil —

2462 C–H stretch, C–C stretch — Starch

Source: Dodds, S.A. and  Heath, W.P., Chemomet. Intell. Lab. Syst., 76, 37, 2005. With permission.
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of extrudate produced through twin-screw extrusion of rice flour–glucose–lysine (70°C–130°C, 
350–580 rpm, 22.5%–28% wb, 46.5–50.5 kg/h, and four different screw configurations) revealed 
that SME and product temperature had a significant influence on the color of the extrudates; and the 
relation between them is a fourth-degree polynomial (Lei et al. 2007). Extrudate images provide 
information about expansion, surface characteristics, and texture that can be related to product 
formulations, extrusion process (moisture content, barrel temperature, screw speed, and screw con-
figurations), and system parameters (product temperature, and SME); thus, image analysis can be a 
useful tool for establishing an on-line control system and it is nondestructive and accurate.

Literature survey indicates that few researchers have worked on process control of food extru-
sion; therefore, there are several research opportunities for process control of food extrusion process 
as mentioned in this section in addition to the following: When the melt exits at tdie outlet, the 
vapor flash-off makes good sound. It can be explored as an inferential model for product expansion. 
Similarly, the amount of moisture escaping at the die exit should be quantified for inferential mod-
eling of product density, expansion, and texture/hardness. A few on-line and in-line measurements 
of viscosity, rheology, residence time of the melt (Ainsworth et al. 1997, Robin et al. 2011, Horvat 
et al. 2012) have been found in the literature and that should be connected to final product quality; 
thereby process control can be established.

4.10 ConClusion

Literature on extrusion processing is growing especially on formulation or product develop-
ment, nutrients of various foods. The chapter not only emphasized the importance of raw mate-
rials, effect of extrusion on expansion, and nutrients but also future potential research areas. 
Incorporation of natural colors through utilization of food industries’ by-product residue after 
juice extraction would enhance the economics of the industry. Research on improving the reten-
tion of antioxidant, vitamins, and natural pigments would allow new healthy products. In addi-
tion, development of high protein and high fat, healthy and functional extruded products would 
meet the consumer demand. The need of the hour is that more research should be undertaken for 
understanding heat transfer during extrusion. Addressing those research areas would expand the 
extruded snack foods.
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5.1 introduCtion

Drying or dehydration of foods is an extremely important food-processing operation used to pre-
serve foods for extended periods of time. Although both these terms are applied to the removal of 
water from food, drying usually refers to natural desiccation, such as spreading fruit on racks in 
the sun, and dehydration designates drying by artificial means, such as a blast of hot air. The dis-
tinguishing features between drying and concentration are the final level of water and nature of the 
product. Concentration leaves a liquid food, whereas drying typically produces product with water 
content sufficiently low to give solid characteristics.

In general, food dehydration implies the removal of water from the foodstuff. In most cases, 
dehydration is accomplished by vaporizing the water that is contained in the food, and to do this 
latent heat of vaporization must be supplied. There are two important process-controlling factors 
(Figure 5.1):

• The transfer of heat to provide the necessary latent heat of vaporization
• The movement of water or water vapor through the food material and then away from it to 

effect the separation of water from foodstuff
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Figure 5.1 Processes involved in evaporative drying. (From Brammer, J.G. and Bridgwater, A.V., Renew. 
Sust. Energy Rev., 3, 243, 1999. With permission.)
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Drying processes fall into three categories:

 1. Air and contact drying under atmospheric pressure. Heat is transferred through the foodstuff 
either from heated air or from heated surfaces. The water vapor is removed with the air.

 2. Vacuum drying. Advantage is taken of the fact that evaporation of water occurs more 
readily at lower pressures than at higher ones. Heat transfer is generally by conduction, 
sometimes by radiation.

 3. Freeze drying. The water vapor is sublimed off from frozen food. The food structure is 
better maintained under these conditions.

Food dehydration is not limited to the selection of a drying method. The physicochemical concepts 
associated with food dehydration need to be understood for an appropriate assessment of the drying 
phenomena in any food product. Water activity, glass transition temperature, dehydration mecha-
nisms and theories, and chemical and physical changes should be recognized as key elements for 
any food dehydration operation. Thus, prior to examining selected examples of drying systems—
spray drying and freeze drying—the basic principles of dehydration are presented.

5.2 BasiC prinCiples oF dehydration

5.2.1 state of water in fooDs

The fundamental purpose of food dehydration is to lower the availability of water in the food to 
a level at which there is no danger of growth of undesirable microorganisms. A secondary pur-
pose is the lowering of the water content in order to minimize rates of chemical reactions, and to 
facilitate distribution and storage. The availability of water for microbial growth and chemical 
activity is determined not only by the total water content but also by the nature of its binding to 
foods (Karel, 1979).

Solids can be classified as follows (Mujumdar and Menon, 1995):

 1. Nonhygroscopic capillary-porous media, where
 a. There is a clearly recognizable pore space.
 b. The amount of physically bound moisture is negligible.
 c. The medium does not shrink during drying.
 2. Hygroscopic-porous media, where
 a. There is a clearly recognizable pore space.
 b. There is a large amount of physically bound liquid.
 c. Shrinkage often occurs in the initial stages of drying.
 3. Colloidal (nonporous) media, where
 a. There is no pore space (evaporation can take place only at the surface).
 b. All liquid is physically bound.

The moisture content of a solid is usually expressed as the moisture content by weight of bone-dry 
material in the solid. Sometimes a wet-basis moisture content, which is the moisture–solid ratio 
based on the total mass of wet material, is used. Water may become bound in a solid by retention 
in capillaries, solution in cellular structures, and solution with the solid, or chemical or physical 
adsorption on the surface of the solid. Unbound moisture in a hygroscopic material is the moisture 
in excess of the equilibrium moisture content corresponding to saturation humidity. All the  moisture 
content of a nonhygroscopic material is unbound moisture. Free moisture content is the moisture 
content removable at a given temperature and may include both bound and unbound moisture.

For half a century, scientists have realized that relative vapor pressure, water activity (aw), is 
much more important to the quality and stability of foods than the total amount of water present. 
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The water sorption isotherm, that is the curve relating to the partial pressure of water in the food to 
the water content, is an important tool, especially in low-moisture foods. It can be applied in order 
to optimize the drying or rehydration conditions and determine the stability of the product during 
storage. Sorption isotherms can be generated from an adsorption process or a desorption process; 
the difference between these curves is defined as hysteresis, as it is shown in Figure 5.2. Water 
adsorption by food products is a process in which water molecules progressively and reversibly 
mix together with food solids via chemisorption, physical adsorption, and multilayer condensation. 
An isotherm can be typically divided into three regions; the water in region A represents strongly 
bound water, and the enthalpy of vaporization is considerably higher than the one of pure water. 
The bound water includes structural water and monolayer water, which is sorbed by the hydrophilic 
and polar groups of food components (polysaccharides, proteins, etc.). Bound water is unfreezable, 
and it is not available for chemical reactions or as a plasticizer. In region B, water molecules bind 
less firmly than in the first zone; they usually fill in small capillaries. The vaporization enthalpy is 
slightly higher than that of pure water. This class of constituent water can be looked upon as the con-
tinuous transition from bound to free water. The properties of water in region C are similar to those 
of the free water that is held in voids, large capillaries, crevices; and the water in this region loosely 
binds to food materials (Kinsella and Fox, 1985; Mohsenin, 1985). Moreover, hysteresis is related 
to the nature and state of the components of food, reflecting their potential for structural and con-
formational rearrangements, which alters the accessibility of energetically favorable polar sites. The 
presence of capillaries in food results in considerable decrease in water activity. The explanation for 
the occurrence of moisture sorption hysteresis comprises the ink bottle theory, the molecular shrink-
age theory, the capillary condensation, and the swelling fatigue theory (Raji and Ojediran, 2011).

Brunauer et al. (1938) classified sorption isotherms according to their shape establishing five dif-
ferent types as it is shown in Figure 5.3. Type 1: Langmuir and/or similar isotherms that present a 
characteristic increase in water activity related to the increasing moisture content; the first derivative 
of this plot increases with moisture content, and the curves are convex upward. This type of sorp-
tion isotherm is typically applicable in the process of filling the water monomolecular layer at the 
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internal surface of a material. Type 2: Sigmoidal sorption isotherms in which the curves are concave 
upward; it takes into account the existence of multilayers at the internal surface of a material. Type 
3: Known as the Flory–Huggins isotherm, it accounts for a solvent or plasticizer such as glycerol 
above the glass transition temperature. Type 4: It describes the adsorption of a swellable hydrophilic 
solid until a maximum of site hydration is reached. Type 5: The Brunauer–Emmett–Teller (BET) 
multilayer adsorption isotherm, it is the one observed in the adsorption of water vapor on charcoal, 
and it is related to the isotherm types 2 and 3. Moisture sorption data have been reported for several 
foods (Maroulis et al., 1988; Kim et al., 1991; Chen and Jayas, 1998; McLaughlin and Magee, 1998; 
Akanbi et al., 2005), and the two isotherms most frequently found are types 2 and 4 (Mathlouthi 
and Rogé, 2003; Basu et al., 2005; Blahovec and Yanniotis, 2009).

It is common to present sorption isotherms by mathematical models based on empirical and 
theoretical criteria. In literature, there is a long list of available isotherm models, which can be 
divided into several categories; kinetic models based on an absorbed water mono layer (BET model; 
Brunauer et al., 1938), kinetic models based on a multilayer and condensed film (GAB model; van 
den Berg and Bruin, 1981), semi empirical (Halsey model; Halsey, 1948), and purely empirical mod-
els (Oswin and Smith models; Oswin, 1945; Smith, 1947). The most common equations describing 
water sorption in food products are presented in Table 5.1.

The thermodynamic properties of foods, such as differential enthalpy and differential entropy, 
provide an understanding of water properties and energy requirements associated with the sorption 
behavior. Differential heat of sorption, often referred as isosteric heat of sorption, is used as an 
indicator of the state of water adsorbed by the solid particles, and its knowledge is of great impor-
tance when designing equipment for dehydration processes. The differential entropy of a material 
is proportional to the number of available sorption sites at a specific energy level, whereas Gibbs 
free energy is indicative of the affinity of sorbents for water and provides a criterion whether water 
sorption occurs as a spontaneous process (Telis et al., 2000).

Over the past decades, the concepts related to water activity have been enriched by those of glass 
transition temperature (Tg), thus providing an integrated approach to the role of water. Tg defines 
a second-order phase change temperature at which a solid “glass” is transformed to a liquid-like 
“rubber”. As the temperature increases above Tg various changes, such as increase of free volume, 
decrease of viscosity, increase of specific heat, and increase of thermal expansion, are noticed. 
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Figure 5.3 Types of isotherms curves. (From Brunauer, S. et al., J. Am. Chem. Soc., 50, 309, 1938. With 
permission.)
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The  most important changes affecting food behavior are related to the exponential increase of 
molecular mobility and decrease of viscosity. These factors govern various time-dependent and 
often viscosity-related structural transformations, such as stickiness, collapse, and crystallization 
during food processing and storage. The importance of Tg of amorphous food materials for process-
ing and storage stability has been recognized and emphasized by many researchers, and a wide 
range of potential food applications of the glass transition phenomenon have been identified (Roos 
et al., 1995; Matveev et al., 2000; Moraga et al., 2005). Generally, a disagreement exists involving 
the role of the glass transition temperature on the rates of chemical reactions. The question arises 
as to whether molecular mobility of reactants as dictated by the state of the system (glassy versus 
rubbery) or the chemical potential of water (i.e., water activity) controls reaction rates. It is the opin-
ion of several authors that both aspects are compatible and perfectly complementary, and knowl-
edge of both is necessary to understand the food–water relationships (Chirife and Buera, 1994). 
According to Frias and Oliveira (2001), it can be dangerous to neglect one approach in detriment 
of the other without perfectly understanding the implications, but in some specific situations, it can 
be interesting to separate the aw approach or the Tg one to foresee, which dominates the decay in a 
specific matrix. Nicoleti et al. (2007) reported that using the glass transition temperature approach 
to describe chemical reaction rates during drying showed to be advantageous from a mathematical 
point of view in the high moisture content domain, whereas in the low moisture content domain, 
this advantage was lost. A different behavior was observed by other authors, who concluded that the 
physical state of the product would be important to degradation rates at the low moisture content 
range (Tsimidou and Biliaderis, 1997; Frias and Oliveira, 2001; Serris and Biliaderis, 2001; Goula 
and Adamopoulos, 2010).

5.2.2 types of water moVement

Moisture in a drying food can be transferred both in liquid and in gaseous phases. The water move-
ment within the solid may be explained by different mechanisms like diffusion of liquid due to 
concentration gradient, vapor diffusion due to partial vapor pressure, and liquid movement due to 
capillary forces. The main modes of moisture transport are presented in Table 5.2. Apart from these 
types of movement, mass transport due to osmotic pressure, pressure gradient, gravity, shrinkage, or 
external pressure can also take place (Van Arsdel et al., 1973; Strumillo and Kudra, 1985; Barbosa-
Canovas and Vega-Mercado, 1995).

taBle 5.1
isotherm models

model mathematical expression 

GAB (Van den Berg and Bruin, 1981) X X CKa Ka Ka CKam w w w w= −( ) − +( ) 1 1 (5.1)

BET (Brunauer et al., 1938) X X Ca a C am w w w= −( ) + −( )( )



1 1 1 (5.2)

Halsey (Halsey, 1948) X A T aw

B
= − ( ) ln

1
(5.3)

Smith (Smith, 1947) X = A + Blog(1−aw) (5.4)

Oswin (Oswin, 1945) X A a aw w

B
= −( ) 1 (5.5)

Peleg (Peleg, 1993) X K a K aw
n

w
n= +1 2

1 2 (5.6)

Note: X, moisture content (% dry basis); Xm, monolayer value (% dry basis), T, temperature (K), C, K, A, B, K1, K2, n1, n2, 
constants (—).
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taBle 5.2
main modes of Water movement during air drying
Liquid diffusion Product

Water vapor

Liquid water
within the product

The water vapor flux is a function of 
the water concentration gradient 
within the product. The liquid 
water reaches the surface and is 
evaporated.

Vapor diffusion Product

Water vapor

d

The water flux is a function of the 
vapor density within the product. 
The size and amount of pores, 
tortuosity, and the geometry of the 
solid affect the vapor flux.

Capillary forces

Capillary
h

r1 r2

The water flux through the 
interstices and over the surface of a 
solid is due to molecular attraction 
between the liquid and the solid.

Evaporation–condensation

T2T1

T1 < T2

The rate of condensation is equal to 
the rate of evaporation at the 
surface of the product and allows 
no accumulation of water in the 
pores near the surface.

Sources: Barbosa-Canovas, G.V. and Vega-Mercado, H., Dehydration of Foods, Chapman & Hall, New York, 1995; Bruin, S. 
and Luyben, K.C., Drying of food materials: A review of recent developments, in Advances in Drying, A.S. 
Mujumdar, (ed.), Hemisphere, New York, 1980.
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5.2.3 psyChrometry

The capacity of air for moisture removal depends on its humidity and its temperature. The 
study of relationships between air and its associated water is called psychrometry (Figure 5.4). 
Humidity, Y, is the measure of the water content of the air. The absolute humidity is the mass 
of water vapor per unit mass of dry air. Air is said to be saturated with water vapor at a given 
temperature and pressure if its humidity is at maximum under these conditions. If further water 
is added to saturated air, it must appear as liquid water in the form of a mist or droplets. Under 
conditions of  saturation, the partial pressure of the water vapor in the air is equal to the saturation 
vapor pressure of water at that temperature. The relative humidity, RH, is defined as the ratio of 
the partial pressure of the water vapor to the partial pressure of saturated water vapor at the same 
temperature and is often expressed as percentage.

The wet-bulb temperature is the temperature reached by a water surface, such as that registered 
by a thermometer bulb surrounded by a wet wick, when exposed to air passing over it. The wick, and 
therefore the thermometer bulb, decreases in temperature below the dry-bulb temperature until the 
rate of heat transfer from the warmer air to the wick is just equal to the rate of heat transfer needed 
to provide for the evaporation of water from the wick into the air stream. As the relative humidity 
of the air decreases, the difference between the wet-bulb and dry-bulb temperatures, called the wet-
bulb depression, increases and a line connecting the wet-bulb temperature and relative humidity can 
be plotted on a suitable chart. When the air is saturated, the wet-bulb temperature and the dry-bulb 
temperature are identical.

A further important concept is that of the adiabatic saturation condition. This is the situation 
reached by a stream of water, in contact with the humid air, both of which ultimately reach a tem-
perature at which the heat lost by the humid air on cooling is equal to the heat of evaporation of the 
water leaving the stream of water by evaporation (Earle, 1983). In the drying process, where the heat 
for evaporation is supplied by the hot air passing over a wet solid surface, the system behaves like 
the adiabatic saturation system, since no heat is obtained from any source external to the air and 
the wet product and the latent heat must be obtained by cooling the air. In dryers, the air is usually 
reheated so as to reduce the relative humidity and, thus, to give an additional capacity to evaporate 
more water from the product.

5.2.4 Drying rate

5.2.4.1 drying Curves
The rate-of-drying curve is obtained from data generated by weighing a sample of food undergo-
ing drying and relating weight loss to moisture content. Moisture content is usually expressed 
as kg or lb of water per kg or lb of dry product, rather than percentage of moisture in the food 
product. As moisture content changes, both values change. However, the kg of dry matter is 
always constant during drying, so a constant reference point is used when referring to drying 
in kg water/kg dry matter. Figure 5.5 shows a typical curve of loss of moisture during drying 
of a food product. As it can be shown, after a short equilibration period, the moisture content 
decreases rapidly with time. This initial drying period is followed by a much slower rate of dry-
ing as the moisture content of the product decreases. The drying rate is the slope of the moisture 
content change with time.

Figure 5.6 shows a typical drying rate curve for a constant drying condition. Point B represents 
an equilibrium temperature condition of the product surface. Section BC, known as constant rate 
period, represents the removal of unbound water from the product. During this period, the sur-
face of the product is very wet, and the water acts as if the solid is not present (Barbosa-Canovas 
and Vega-Mercado, 1995). The surface temperature is approximately that of the wet-bulb tem-
perature, whereas the drying rate is determined by external conditions of temperature, humidity, 
and air velocity. In this stage of drying, the rate-controlling step is the diffusion of the water 
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vapor across the air–moisture interface and the rate at which the surface for diffusion retrieves. 
Toward the end of the constant rate period, moisture has to be transported from the inside of 
the solid to the surface by capillary forces, and the drying rate may still be constant. When the 
average moisture content has reached the critical moisture content Xc, the surface film of mois-
ture has been so reduced by evaporation that further drying causes dry spots to appear upon 
the surface (point D). The drying rate falls even though the rate per unit wet solid surface area 
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Figure 5.5 Typical curve of loss of moisture during drying of a food product.
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Figure 5.6 Typical drying rate curve. (From Vaxelaire, J. and Cézac, P., Water Res., 38, 2215, 2004. With 
permission.)
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remains constant. This second drying stage, called the first falling rate period, proceeds until the 
surface film of liquid is entirely evaporated. On further drying, second falling rate period (section 
DE), the rate at which moisture may move through the solid as a result of concentration gradients 
between the deeper parts and the surface is the controlling step. During this stage, some of the 
moisture bound by sorption is being removed, and as the moisture concentration is lowered by 
the drying, the rate of drying falls even more rapidly than before and continues until the moisture 
content falls down to the equilibrium value Xe for the prevailing air humidity and then drying 
stops (Mujumdar and Menon, 1995).

It has been stated that the shape of the falling drying rate period curve depends, among others, 
on the type of material being dried. Six types of drying curves are reported for the second drying 
period (Figure 5.7) (Luikov, 1958). The first two curves are characteristic of those for capillary-
porous bodies with large specific evaporation surfaces. The other curves are characteristic of those 
for capillary-porous bodies with small specific evaporation surfaces and for colloidal bodies (e.g., 
starch). The curves 4, 5, and 6 represent the colloidal-capillary-porous bodies like corn, bread, and 
peat. According to Strumillo and Kudra (1985), the shape of the drying curves in the first and sec-
ond drying rate periods as well as the relation between the two periods depend on the mass transfer 
conditions. Figure 5.8 presents sketches of the drying rate curves for cases of external conditions, 
internal conditions, and external–internal conditions. It is characteristic that no constant drying rate 
period will be observed for the drying of hygroscopic solids and also when the drying is internally 
controlled for all types of solids.

5.2.4.2 Constant rate period
During the constant rate drying period, the rate of moisture removal from the product is limited 
only by the rate of evaporation from water surface on or within the product. The water content at 
the surface is considered to be constant, as water migration from the interior of the product is suf-
ficiently rapid to maintain constant surface moisture. The drying rate can be determined by the driv-
ing force for convective mass transfer of water molecules from the product surface into the drying 
air. The driving force for drying is the difference between the vapor pressure of water at the surface 
of the food and that of the drying air. The rate of heat input to the product just balances the amount 
of water being vaporized. In the simplest case, all of the heat for drying comes from convective heat 
transfer between the drying air blowing across the food and the product surface. However, there 
may be radiation heat transfer into the product. If the food product sits on a solid tray, only the top 
surface is exposed to the drying airflow, and heat transfer into the bottom of the product occurs by 
a combination of convection and conduction heat transfer. If drying occurs only by convection, the 
surface temperature stabilizes at the wet-bulb temperature for the used drying air. If, however, other 
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heat transfer mechanisms supply a portion of the heat into the product, a slightly higher, but still 
constant, temperature is attained, called pseudo-wet-bulb temperature (Heldman and Hartel, 1997).

The drying rate, Rc, is expressed as (Barbosa-Canovas and Vega-Mercado, 1995):
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where
ms is the total mass of dry matter in the food being dried
A is the product surface area exposed to drying air
X is the product moisture content
ky is the mass transfer coefficient
Mb is the molecular weight of air
Yw is the humidity at wet-bulb temperature
Y is the bulk air humidity
h is the heat transfer coefficient
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Tw is the wet-bulb temperature
T is the drying temperature
λw is the latent heat of water evaporation at Tw

The mass transfer coefficient can be obtained from the following correlation for laminar flow 
parallel to a flat plate (Okos et al., 1992):
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where
l is the plate length in the direction of the flow
DAB is the molecular diffusivity of an air–water mixture
Re is the Reynolds number
Sc is the Schmidt number
d is the characteristic dimension
u is the fluid velocity
ρ is the density
μ is the viscosity

The heat transfer coefficient can be expressed by Equation 5.4 (Geankoplis, 1983) or 5.8 (Chirife, 
1983):
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where
G is the mass velocity of air
k is the thermal conductivity
a is a constant
Pr is the Prandlt number
Cp is the heat capacity

The drying time in the constant rate period can be found by integrating Equation 5.7 from the 
initial moisture content, Xi, to the critical moisture content, Xc (Heldman and Hartel, 1997):
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5.2.4.3 Falling rate period
After reaching the critical moisture content, the drying rate may decrease linearly with decreasing 
moisture content for the remaining portion of the process. In some products, there may be more than 
one falling rate period. In the first falling rate period, the saturated surface area decreases as the 
moisture movement within the solid can no longer supply enough moisture. The drying rate decreases 
as the unsaturated surface area increases. The factors that influence the drying rate include those that 
effect moisture movement away from the solid in addition to the rate of internal moisture movement. 
When the entire surface area reaches the unsaturated state, the internal moisture movement becomes 
the controlling factor (Heldman and Singh, 1981). During the falling rate period, a moisture profile 
exists within the food, depending on the drying conditions. Moisture content is highest at the center of 
the piece and lowest at the surface (Heldman and Hartel, 1997). Surface temperature increases slowly 
and once the second falling rate period has begun, the temperature approaches that of the drying air.

The movement of the water within the solid may be explained by different mechanisms: diffu-
sion of liquid due to concentration gradient, vapor diffusion due to partial vapor pressure, liquid 
movement due to gravity, and surface diffusion (Barbosa-Canovas and Vega-Mercado, 1995). The 
relative contribution of each mechanism may change during the drying process. In the early stages 
of the falling rate period, liquid diffusion may be the controlling mechanism of internal mass trans-
fer, whereas during the latter stages of drying, a combination of vapor diffusion and thermal flow 
may control drying. In addition, as many food products lose moisture, they shrink or a surface layer 
or crust (case hardening) may form, and these phenomena may affect mass transfer mechanisms.

A number of studies have tried to model mass transfer during falling rate period and different 
types of models have been proposed. Two main approaches can be identified: mechanistic models 
based on Fick’s law and empirical or semiempirical models, such as those presented in Table 5.3. 
In Table 5.3, MR is the dimensionless moisture ratio = (X − Xe)/(Xi − Xe), where X is the moisture 
content of the product at each moment, Xi is the initial moisture content, and Xe is the equilibrium 
moisture content. The values of Xe, are relatively small compared to X or Xi. Thus, MR can be 
reduced to MR = X/Xi (Thakor et al., 1999).

One common approach is to empirically describe drying in the falling rate period using an effec-
tive diffusivity, Deff, which is a combination for all internal mass transfer mechanisms. Deff is often 
determined by measuring actual drying rate data and fitting these data to the unsteady state diffu-
sion equation to calculate an effective rate of diffusion. For drying of a thin film in one dimension, 
this equation may be written as (Heldman and Hartel, 1997):
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where x is the dimension of thickness of the drying film.

taBle 5.3 
drying Curve models

model equation 

Lewis MR = exp(−kt) Bruce (1985)

Page MR = exp(−ktn) Page (1949)

Modified page MR = exp(−kt)n Overhults et al. (1973)

Henderson and Pabis MR = a1exp(−kt) Henderson and Pabis (1951)

Logarithmic MR = a1exp(−kt) + a2 Togrul and Pehlivan (2002)

Approximation of diffusion MR = a1exp(−kt) + (1 − a1)exp(−ka2t) Yaldiz et al. (2001)

Wang and Singh MR = 1 + a1t + a2t2 Wang and Singh (1978)

Note: k, n, a1, a2, constants.
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Analytical solutions of the diffusion equation are available for standard solid shapes (sphere, 
slab, and infinite cylinder). However, the diffusivity varies with the moisture content and, at the 
same time, significant shrinkage takes place. Under these conditions, Deff can be estimated at vari-
ous moisture contents using simplified solutions of the diffusion equation and numerical meth-
ods (Karathanos et al., 1990). The moisture diffusivity can also be estimated as a function of the 
moisture content and the temperature using empirical models, such as the exponential equation 
(Marinos-Kouris and Maroulis, 1995). The regular regime theory of drying (Gekas, 1993; Barbosa-
Canovas and Vega-Mercado, 1995) has been applied to limited cases of food drying, yielding dif-
fusivity values similar to those obtained by the simplified or numerical solutions of the diffusion 
equation. According to Marinos-Kouris and Maroulis (1995), diffusivities in foods have values in 
the range of 10–13–10–5, and most of them are accumulated in the region of 10–11–10–8.

In the falling rate period, the experimentally obtained drying rate curve can be again used to 
estimate the time of drying:
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where Rf is the drying rate during the falling rate period. From the experimental data, a plot of 1/Rf 
versus X is drawn. The area under the curve is determined to calculate the drying rate.

5.2.5 quality Changes During Drying

Over the past three decades, there has been an increased concern for food quality with a sig-
nificant amount of work accomplished in the area of kinetics of nutrient destruction or general 
quality degradation during drying processes (Koca et al., 2007). Because a good understanding of 
various quality changes can provide a means to optimize the drying process and hence minimize 
the degradation of these important quality attributes, a number of predictive models have been 
proposed and tested.

5.2.5.1 nutritional and Color Changes
Reactions occurring during drying can result in quality losses, particularly nutrient losses, and in 
other deleterious changes caused by nonenzymatic browning. Attempts have been made to analyze 
these changes in a quantitative manner and to relate them to process conditions. A summary of 
published data on nutrient degradation of foods during drying is given in Table 5.4.

Empirical models are among the most common types of models that may be used to predict 
changes of vitamins and other bioactive compounds during food drying (Devahastin and Niamnuy, 
2010). These models simply express relationships between the content of a particular nutrient and 
variables or parameters involved in the drying process. This type of correlations can be classified 
further into linear, nonlinear, or polynomial correlations. In most cases, however, changes of nutri-
ents are fitted better to nonlinear correlations. Among the nonlinear empirical models, one may 
cite, for example, Suvarnakuta et al. (2005) for the prediction of β-carotene degradation in carrots 
during hot air drying, vacuum drying, and low-pressure superheated steam drying (LPSSD); Goula 
and Adamopoulos (2005a) for the prediction of lycopene stability in tomato pulps during spray dry-
ing; and Khazaei et al. (2008) for the prediction of losses of ascorbic acid in tomato slices during 
hot air drying.

A more fundamental modeling approach, which involves the use of various kinetic models, is also 
widely used to predict changes of nutrients and color of foods during drying. The number of possible 
reactions in foodstuffs is very large and several reaction mechanisms may be involved. Simply, first-
order degradation reactions have been studied many times. An example is the destruction of heat 
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labile components, such as vitamins and chlorophyll. The hydrolysis of sugars and esters can also be 
considered as first-order reactions. Limited research, however, has been achieved with regard to the 
kinetics of food quality degradation during dehydration. The problem of chemical conversions dur-
ing drying is extremely complicated. During the drying process, concentrations also change and it 
is not clear to what extent, thereby, the chemical changes are influenced. The role of water in quality 
decay kinetics in foods has been an important subject of discussion and several hypotheses on how 
water content and molecular mobility affect the chemical reactions involved have been proposed. 
These hypotheses include: (1) increasing mobility of reaction partners and catalysts with increasing 
water activity, (2) increasing energy of activation with decreasing water activity, (3) changing con-
centration of water soluble reaction partners (Karel, 1979; Sokhansanj and Jayas, 1995). In general, 
chemical reactions are slower as the water activity decreases. However, with nonenzymatic brown-
ing reactions one observes a maximum rate of reaction at intermediate water activity levels, whereas 
various oxidation reactions show a minimum rate of reaction at a certain water activity (Bluestein 

taBle 5.4 
published data on Kinetics of nutrient degradation of some Foods

nutrient product drying method reference 

Ascorbic acid Amaranth Sun drying Mosha et al. (1995)

Cowpea Sun drying Mosha et al. (1995)

Pumpkin Sun drying Mosha et al. (1995)

Potato Air drying (40°C–50°C) Rovedo and Viollaz (1998)

Carrot slice Vacuum microwave, air, freeze drying Lin et al. (1998)

Okra (whole) Sun (33°C), air (40°C–80°C), vacuum 
(500 mmHg) drying

Inyang and Ike (1998)

Apple slice Microwave vacuum drying Erle and Schubert (2001)

Strawberry halve Microwave vacuum drying Erle and Schubert (2001)

Strawberry (puree) Freeze, drum (138°C), spray (inlet 
195°C)

Abonyi et al. (2002)

Carrot (puree) Freeze, drum (138°C), spray (inlet 
195°C)

Abonyi et al. (2002)

Potato chip Impingement drying (115°C–145°C) Caixeta et al. (2002)

Asparagus slice Tray, spouted bed, freeze drying Nindo et al. (2003)

Indian gooseberry Vacuum drying, low pressure 
superheated steam drying

Methakhup et al. (2005)

Red pepper Air drying (50°C–70°C) Di Scala and Crapiste (2008)

Pineapple slice Air drying Karim and Adebowale (2009)

Sweet potato Air drying (30°C–50°C) Orikasa et al. (2010)

Carotene Carrot slice Vacuum microwave, air, freeze drying Lin et al. (1998)

Strawberry (puree) Freeze, drum (138°C), spray (inlet 
195°C)

Abonyi et al. (2001)

Carrot (puree) Freeze, drum (138°C), spray (inlet 
195°C)

Abonyi et al. (2001)

Carrot, pumpkin Osmotic dehydration Pan et al. (2003)

Carrot slice Air, microwave vacuum, freeze drying Regier et al. (2005)

Carrot cube Superheated steam, vacuum, air drying 
(50°C–80°C)

Suvarnakuta et al. (2005)

Carrot slice Air drying (50°C–80°C) Goula and Adamopoulos (2010)

Lycopene Tomato Air (95°C), vacuum (55°C) drying Shi et al. (1999)

Tomato pulp Spray drying (inlet 110°C–140°C) Goula and Adamopoulos (2005a,b)

Carrot slice Air, microwave vacuum, freeze drying Regier et al. (2005)
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and Labuza, 1988). As during drying, the product temperature increases and the water activity 
decreases, reaction rate constant may first increase when the temperature effect is dominating, 
whereas it may decrease later when the influence of the lower water activity becomes the dominat-
ing factor (Leniger and Bruin, 1977).

In the case of a first-order rate equation, the local current concentration of a component some-
where in a drying particle is given by:

 

C

C
k t

t

0
0

=












∫exp − d

 

(5.16)

where t is the drying time. Since k is a function of moisture content, which in turn depends on the 
place in the drying material, the current concentration will also be a function of the place. For an 
exact calculation of the average current concentration, one would have to know the water concentra-
tion distribution and the temperature at each moment, calculate the local conversion as a function 
of time, and finally calculate the average concentration by volume integration. According to Escher 
and Blanc (1977), only the average water concentration and temperature in the drying material as 
functions of time need to be known. The simplest approximation is to assume a uniform value of k 
over the material, as corresponding with the average moisture content. This leads to
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with k  the value of k at X.
In addition to the ability to model changes of various bioactive compounds, kinetic modeling can 

also be used to follow and predict changes of color of foods during drying. Among many types of 
reactions that lead to the changes of color of fruits and vegetables, pigment destruction, oxidation, 
enzymatic browning, nonenzymatic browning, and phenol polymerization are most widely studied 
and modeled (Dandamrongrak et al., 2003; Bahloul et al., 2009).

According to Nicoleti et al. (2007), the degradation kinetics of food constituents may be related 
to molecular mobility of food matrix, which is affected by the free volume and by the molecular 
relaxation time of the food structure, and the glass transition temperature (Tg) has been used as 
the main indicator of this mobility. There is an important increase in molecular mobility across 
Tg that can affect reactions kinetics in situations where diffusion of reactants or products is the 
controlling factor. During drying, the removal of water increases the glass transition temperature 
of the matrix substantially. Thus, as drying progresses, the matrix approaches the onset of glass 
transition and may even vitrify during drying (Frias and Oliveira, 2001). Several studies have 
been published that analyze reaction kinetics in foods according to the food matrix state. Karmas 
et  al. (1992) found that the reaction rates of nonenzymatic browning were influenced by glass 
transition temperature in diffusion-limited systems. Buera et al. (1995) reported that the stabiliza-
tion at the glassy state was effective for the hydrolysis of sucrose in polyvinylpyrrolidone (PVP) 
systems. According to Kerr et al. (1993), the DNPP-hydrolysis reaction in a homologous series of 
frozen maltodextrin solutions was related to (T − Tg). The glass transition temperature approach 
was also found to adequately describe the thermal degradation of β-carotene during air drying of 
carrots (Goula and Adamopoulos, 2010) and of ascorbic acid during hot air drying of maltodextrin 
solutions (Frias and Oliveira, 2001) and convective drying of whole persimmons (Nicoleti et al., 
2007). On the contrary, Bell and Hageman (1994), who studied the degradation of aspartame in 
a solid-state system, concluded that water activity could be more influential than glass transition 
temperature on this reaction.
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Other types of models that may be used to predict changes of nutrients and color of foods 
 during drying are also available. Kaminski and Tomczak (2000), for example, discussed the capa-
bility of three models, namely, first-order reaction model, multilayer perceptron (MLP) model, 
and hybrid model, which is a combination of the two former models, to predict changes of qual-
ity index, which is the relative content of ascorbic acid in various vegetables during drying. 
The inputs to the MLP network are the quality index, material moisture content, and material 
temperature at any time t, while the output from the network is the quality index at time t + 1. 
Zenoozian et al. (2008) used an artificial neural network (ANN) model to predict the color inten-
sity of osmotically dehydrated and air-dried pumpkins; the ANN-based model was selected as it 
has proved to have much better performance than conventional empirical or semi empirical mod-
els when being used to predict quality changes of fruits and vegetables undergoing drying (Chen 
et al., 2001). To improve the predictability of the ANN-based model while retaining its nonlinear 
mapping capability, Zenoozian and Devahastin (2009) later used combined wavelet transform–
artificial neural network (WT-ANN) to predict the color intensity of pumpkins based on inputs of 
wavelet coefficients and drying time.

5.2.5.2 physical Changes
Drying causes notorious physical and structural modifications of foods. The most pronounced mac-
roscopic modification is the shrinkage and deformation. Transient thermal and moisture gradients 
develop tensional and compressional stresses. Tensional stresses are greater than compressional 
ones, especially at the boundary of the dried material. Stresses cause tissue breakage and fracturing 
during drying (Lewicki and Pawlak, 2005). Further drying induces formation of cracks, the inner 
tissue is pulled apart, and numerous holes are produced (Ramos et al., 2003; Lewicki and Pawlak, 
2005). Loss of water and segregation of components occurring during drying could cause rigidity, 
damage and disruption of cell walls, and even collapse of cellular tissue. These changes are associ-
ated with volume reduction of the product (Mattea et al., 1989). Fast drying leads to cracking, result-
ing in final rigid products with more volume and a surface crust; slow drying rates result on uniform 
and denser products (Brennan, 1994). Shrinkage and Tg are interrelated in that significant change in 
volume can be noticed only if the temperature of the process is higher than the Tg of the material at 
that particular moisture content. In effect, above Tg the viscosity drops considerably to a level that 
facilitates deformation (Roos and Himberg, 1994).

Two substantial different approaches have been taken in order to model shrinkage during 
drying of food materials. The first one consists on an empirical fitting of experimental shrink-
age data as a function of moisture content. The second approach is more fundamental and based 
on a physical interpretation of the food system and tries to predict geometrical changes based 
on conservation laws of mass and volume. In both cases, linear and nonlinear models describe 
shrinkage behavior versus moisture content (Mayor and Sereno, 2004). Among the linear mod-
els, one may cite, for instance, Simal et  al. (1995) for green peas, Tulasidas et  al. (1997) for 
grapes, McMinn and Magee (1997) for potatoes, and Mavroudis et al. (1998) and McLaughlin 
and Magee (1998) for apples. Nonlinear models exist for a variety of fruits and vegetables (e.g., 
Lozano et al., 1983). It is noted that if development of pores during drying is not negligible, a 
linear model may not be adequate to model the volumetric shrinkage behavior. This is the case 
for drying at higher temperatures or lower moisture contents (Katekawa and Silva, 2005) or dur-
ing vacuum drying and superheated steam drying (Panyawong and Devahastin, 2007).

The aforementioned correlations can be used in combination with any drying model to predict 
the evolution of shrinkage with time. However, in many cases, a drying model and a shrinkage 
model are not coupled. A simple but adequate approach that may be used to model shrinkage of 
foods during drying involves alteration of a computational domain of the transport (heat and mass 
transfer) equations. The domain is considered to be fixed at each computational time step and is 
updated continuously through the whole computation. A uniform deformation of the computational 
domain is assumed in this case (Devahastin and Niamnuy, 2010).

© 2016 by Taylor & Francis Group, LLC

  



175Dehydration

The kinetic modeling approach can be used to model all textural changes of a material during 
drying (Devahastin and Niamnuy, 2010). While most published studies have indicated that texture 
degradation followed a first-order kinetic model (Nisha et al., 2005), other researchers (Rahardjo 
and Sastry, 1993) have fitted their data to the dual mechanism first-order kinetic model. Other 
researchers (Rizvi and Tong, 1997; Sila et al., 2004) have applied the fractional conversion tech-
nique, which takes into account the nonzero equilibrium texture property, for kinetic data reduc-
tion and found that the kinetics of softening of foods followed a simple first-order kinetic model 
rather than the dual mechanism model. Moyano et al. (2007) studied textural changes during fry-
ing of potato showing the existence of an initial tissue softening stage followed by a progressively 
 hardening stage.

5.3 drying eQuipment

In order to select between dryers effectively, it is important to classify them accurately and to 
identify clearly the essential differences between them. Kemp and Bahu (1995) have developed a 
detailed classification system based on three major and five minor criteria:

 1. Mode of operation
 a. Batch (including semi-batch operation of continuous dryers)
 b. Continuous (including semi-continuous operation)
 2. Form of feed and product
 a. Particles (including granules, agglomerates, pellets)
 b. Film or sheet
 c. Block, slab, or artefact
 d. Paste, slurry, or solution
 3. Mode of heating
 a. Conduction or contact drying
 b. Cross-circulated, through circulated or dispersion convective drying
 c. Radiation; infrared, solar, or flame radiation
 d. Dielectric; radio-frequency or microwave radiation
 e. Combinations, for example, conductive/convective, radio-frequency enhancement
 4. Operating pressure—vacuum or atmospheric
 5. Gas flow pattern—none, cross-flow, cocurrent, countercurrent, complex
 6. Solids flow pattern—stationary, well mixed, plug flow, complex
 7. Solids transport method—stationary, mechanical, airborne, combined
 8. Solids mixing—undisturbed layer, mechanical agitation, rotary, airborne

Kemp and Bahu (1995) give classifications of the principal types of batch and continuous dry-
ers using mode of heating as the primary criterion, and these are reproduced as Figure 5.9. The 
selection of a complete drying installation includes many considerations other than the drying 
characteristics of the wet feedstock. These factors include the storage and delivery of the feed 
material, any equipment for performing it or blending back dried fine particles, the means of 
conveying the material as it dries, the equipment for collecting the dried product, and ancillary 
plants for the supply of heat, vacuum or refrigeration. Past experience in operating equipment 
will be a guide in the case of an existing product or drying process, and careful consideration of 
past choices normally reveals some deficiencies which can be rectified. Simple bench tests can 
reveal considerable semiquantitative information about a material’s drying behavior under pro-
posed drying conditions, leading to the elimination of some types of dryer. There have been many 
attempts to provide first guides for the selection of a dryer for a particular job. Simple decision 
trees are set out by van’t Land (1984) for batch and continuous dryers, and these are reproduced 
in Figures 5.10 and 5.11.
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Figure 5.9 Principal types of batch and continuous dryers (From Kemp, I.C. and Bahu, R.E., Drying 
Technol., 13, 1553, 1995. With permission.)
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Figure 5.10 Decision tree for the selection of a batch dryer. (From van’t Land, C.M., Chem. Eng., 91, 53, 
1984. With permission.)
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5.3.1 sun Dryers

Large quantities of fruits, particularly grapes, apricots, figs, prunes, dates, coffee beans, cereal 
grains, and fish are sun dried prior to storage and preservation. Sun-dried fruits contain about 
15%–20% moisture (wet basis), and they can be stored in bulk without the danger of microbial spoil-
age (Saravacos and Kostaropoulos, 2002). However, dried fruits, especially figs and apricots, may 
require fumigation treatment with sulfur dioxide or other permitted insecticide during storage and 
before packaging (Saravacos and Maroulis, 2011).

Sun drying is only possible in areas where, in an average year, the weather allows foods to be 
dried immediately after harvest. The main advantages of sun drying are low capital and operating 
costs and the fact that little expertise is required. The main disadvantages of this method are as 
follows: contamination, theft or damage by birds, rats, or insects; slow or intermittent drying and 
no protection from rain or dew that wets the product encourages mould growth and may result in 
a relatively high final moisture content; low and variable quality of products due to over- or under-
drying; large areas of land needed for the shallow layers of food; laborious since the crop must be 
turned, moved if it rains; direct exposure to sunlight reduces the quality (color and vitamin content) 
of some fruits and vegetables. Moreover, since sun drying depends on uncontrolled factors, produc-
tion of uniform and standard products is not expected.

Spray dryer
Conductive disk

dryer or convective
rotary dryer

Solvent
to be evaporated

N

Y

Y

Y

Y

Y

Particle size > 10 mm
(after performing)

N

Particle-size
decrease needed

N

Particle-size
increase needed

Maximum product
temperature > 75°C

N

Drying time
< 10 s

N

N Y

Y

Particle size
> 0.01 mm

N N

Additives for
re-slurring

Fluid-bed
dryer

Flash
dryer

Band
dryer

Plate
dryer

Milling
airlift
dryer

Fluid bed
drying

possible

Y

Figure 5.11 Decision tree for the selection of a continuous dryer. (From van’t Land, C.M., Chem. Eng., 91, 
53, 1984. With permission.)
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5.3.2 solar Dryers

Solar drying is a form of convective drying in which the air is heated by solar energy in a solar 
collector. The air movement is by natural convection, but addition of an electrical fan will increase 
considerably the collector efficiency and the drying rate of the product. In broad terms, solar drying 
systems can be classified into two major groups, namely (Ekechukwua and Norton, 1999):

 1. Active solar-energy drying systems (most types of which are often termed hybrid solar 
dryers) and

 2. Passive solar-energy drying systems (conventionally termed natural-circulation solar dry-
ing systems)

Three distinct subclasses of either the active or passive solar drying systems can be identified, 
namely:

 1. Integral-type solar dryers
 2. Distributed-type solar dryers, and
 3. Mixed-mode solar dryers

The main features of typical designs of the various classes of solar-energy dryers are illustrated in 
Figure 5.12. Apart from the earlier basic types, several dryers have been developed with improved 
technology.

Airflow
Solar radiation

Active dryers Passive dryers

Integral (direct) type

Distributed (indirect) type

Mixed mode type

Figure 5.12 Typical solar energy dryer designs. (From Ekechukwua, O.V. and Norton, B., Energy Convers. 
Manage., 40, 515, 1999. With permission.)
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5.3.2.1 staircase type dryer (hallak et al., 1995)
This type is in the shape of a metal staircase with its base and sides covered with double-walled gal-
vanized metal sheets with a cavity filled with nondegradable thermal insulation. The upper surface 
is covered with transparent polycarbon sheet to allow the sun’s rays to pass through and be trapped. 
Air moves by natural convection as it enters through the bottom and leaves from the top.

5.3.2.2 reverse Flat plate absorber Cabinet dryer (raCd) (goyal and tiwari, 1997)
The absorber plate is horizontal and downward facing. A cylindrical reflector is placed under it to 
introduce solar radiation from below. The area of the aperture is the same as that of the absorber 
plate. The cabinet dryer is mounted on top of the absorber to maintain a gap for air to flow above 
the absorber, which becomes heated, and the hot air enters the dryer from the bottom. First, hot air 
heats the product spread over wire mesh, and then moisture starts moving from the interior of the 
kernel to the surface and then to the chamber. Second, the moisture-laden air exits the chamber 
through the vent because of the vapor pressure difference between the chamber and the outside, in 
the natural mode of operation.

5.3.2.3 rotary Column Cylindrical dryer (sarsilmaz et al., 2000)
It contains essentially three parts—air blow region (fan), air heater region (solar collector), and 
drying region (rotary chamber). A fan with a variable speed of airflow rate is connected to the solar 
collector using a tent fabric. The dryer is manufactured from wooden plates at the top and bottom 
and thin plywood plates at the sides to make a cylindrical shape. A rectangular slot is opened on the 
side wall where it faces the solar air heater for the passage of hot air via tent fabric.

5.3.2.4 multi-shelf portable solar dryer (singh et al., 2004)
It has four main parts, that is, multi-tray rack, trays, movable glazing, and shading plate. The ambi-
ent air enters from the bottom and moves up through the material loaded in different trays. After 
passing through the trays, the air leaves from the top. The multi-rack is inclined depending upon 
the latitude of the location. There are seven perforated trays, which are arranged at seven different 
levels one above the other. The product to be dried is loaded in these trays.

5.3.3 VaCuum Dryers

Vacuum drying is used to dry heat-sensitive products because the evaporation of water proceeds 
at temperatures as low as 30°C. Heat is supplied by conduction, and the temperature of the prod-
uct can easily be controlled. Due to molecular transport of evaporated water, the process is long 
and can take as long as 24 h. Dry products are of very good quality, but the shelf life is dependent 
on the post-drying processes applied. The drying time can be reduced by application of pressure-
regulatory system. The system operates by changing pressure in intermittent or prescribed cyclic 
pattern in the drying chamber (Maache-Rezzoug et al., 2001). An excellent quality of dry mate-
rial was obtained in a fluctuating pressure system in which heat was supplied by microwaves 
(Szarycz et al., 2002).

5.3.4 bin, silo, anD tower Dryers

Bin and silo dryers are used widely in the drying of agricultural products, notably grain from an 
average harvest moisture of 25% to a storage moisture of about 15%. Bin dryers are also used in 
finishing drying of some vegetable materials, when that product is difficult to dry in the primary 
dryer without raising the temperature. Dehumidified air at near ambient temperature may be needed 
to finish drying of hygroscopic materials (Saravacos and Kostaropoulos, 2002). Airflow rates in 
conventional bolted steel silos are limited by vertical depth and food characteristics to low aeration 
airflow.
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New technology horizontal, cross-flow air movement where air paths radiate from a center ver-
tical aerator to perforated sidewall plenums allows airflow rates capable of in-silo drying without 
high temperature heat. Jayas et al. (1991) found that horizontal airflow resistance through elongated 
kernels (maize, wheat, sunflower, etc.) was 40%–50% lower than the same vertical airflow through 
the product. Combining a center vertical perforated aerator pipe to provide cross-flow aeration with 
controlled sidewall exhaust outlets in sealed silos can allow drying of partially filled silos and 
continuation of drying while the silo is being filled. Controlling airflow rates through sidewall and 
roof exhaust vent air-valve openings allows wetter layers to be dried, while a partially or completely 
dried product receives reduced airflow or no airflow. The addition of low burner heat to drying air 
with modulating controls allows for seed drying day and night without germination damage. In-silo 
dryers with hopper bottoms allow rapid dry-grain transfer to storage bins for efficient, economical 
drying (Noyes, 2005).

5.3.5 tray/Cabinet Dryers

Tray or cabinet dryers are the simplest convective dryers, and they are used for drying relatively 
small batches of food materials in the form of pieces, which must be supported on trays. A typical 
device consists of a cabinet containing removable trays on which the solid to be dried is spread. 
After loading, the cabinet is closed, and team-heated air is blown across and between the trays to 
evaporate the moisture. When the solid has reached the desired degree of dryness, the cabinet is 
opened and the trays replaced with a new batch.

One of the most important difficulties in the use of these dryers is the nonuniformity of mois-
ture content found in the finished product taken from various parts of the dryer. This is largely 
the result of inadequate and nonuniform air movement inside the drier. It is important to eliminate 
stagnant air pockets and to maintain reasonably uniform air humidity and temperature throughout 
the dryer. In order to do this, large volume of air must be blown over the trays, if possible at veloc-
ity ranging up to 3 or 4 m/s if the solid does not blow from the trays at these rates. But this is done 
at the expense of the loss of large quantities of heated fresh air. The loss of heat in the discharge 
air will then usually be prohibitive in cost. Instead, it is the practice to admit only relatively small 
quantities of fresh air and to recirculate the bulk of it. Generally, the greater the gas velocity 
over, through, or impinging upon a material, the greater is the convective heat transfer coefficient 
(Treybal, 1958). Furthermore, the better the solids are dispersed in a gas for a surface exposure, 
the greater is the heat transfer rate. In direct heat dryers, more gas is needed to transport heat than 
to purge vapor.

5.3.6 tunnel Dryers

Tunnel dryers can be constructed from low-cost materials and are simple to operate. They are 
suitable for economical dehydration of fruits and vegetables near the production farms. Since the 
production of most fruits and vegetables is seasonal, the dryers should be used for various products 
to increase their operating time. In addition, the thermal efficiency of the dryer is improved by 
recirculation (Saravacos and Kostaropoulos, 2002).

These dryers consist of relatively long tunnels through which trucks, loaded with trays filled 
with the drying solid, are moved in contact with a current of gas to evaporate the moisture. The 
trucks may be pulled continuously through the dryer by a moving chain to which they are attached. 
In a simpler arrangement, the loaded trucks are introduced periodically at one end of the dryer, each 
displacing a truck at the other end. Parallel or countercurrent flow of gas and solid may be used. 
For a relatively low-temperature operation, the gas is usually steam-heated air, while for higher 
temperatures, flue gas from the combustion of a fuel may be used. Operation may be adiabatic, or 
the gas may be heated by steam coils along its path through the dryer, and operation may then be 
substantially at constant temperature (Treybal, 1958).
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5.3.7 ConVeyor belt Dryers

Conveyor belt dryers are used extensively in food processing for continuous drying of food pieces. 
A conveyor belt dryer is made up of drying chambers placed in series. A drying chamber is actu-
ally the elementary module whose repetition forms the whole plant. For best performance, drying 
chambers are grouped together into drying sections. All chambers participating in a drying section 
are provided with a common conveyor belt, on which the product to be dried is uniformly distrib-
uted at the entrance. Obviously, redistribution of the product takes place when it leaves a drying 
section and enters the one that follows. Each drying chamber is equipped with an individual heating 
utility and fans for air circulation through the product. Air is heated by means of heat exchange 
units that operate with steam. On entering the chamber, fresh air is mixed with the recirculated air 
at a point below the heat exchangers. It is common practice that within each drying chamber, the 
temperature and humidity of the drying air stream entering the product, as well as its temperature 
difference while leaving it, are controlled. In this case, the final control elements are the steam valve 
and the chamber dampers that regulate the exchanged heat rate and the flow rate of fresh air entering 
the chamber, respectively.

5.3.8 rotary Dryers

Rotary dryers are suitable for handling free-flowing granular materials, which may be tumbled 
about without concern over breakage, such as granulated sugar and some grains. The solid must 
clearly be one which is neither sticky nor gummy, which might stick to the sides of the dryer or tend 
to “ball” up. In such cases, recycling of a portion of the dried product may, nevertheless, permit 
use of a rotary dryer (Treybal, 1958). Rotary dryers are used mostly in drying food by-products 
and wastes (e.g., citrus peel and pulp), where high temperatures are permissible and economics is 
important (Saravacos and Kostaropoulos, 2002).

Rotary dryers consist of an inclined long cylinder rotating slowly (Figure 5.13). The solid to be 
dried is continuously introduced into one end of the cylinder, while heated air flows into the same 
or the other. Inside the dryer, lifting flights extending from the cylinder wall for the full length of 
the dryer lift the solid and shower it down in a moving curtain through the air. At the feed end of the 
dryer, a few short spiral flights assist in imparting the initial forward motion to the solid before the 
principal flights are reached. The air is heated either in heat exchangers or by mixing with combus-
tion gases of suitable fuel, for example, natural gas. An exhaust fan is used to pull the gas through 
the dryer, since this provides more complete control of the gas flow. An exhaust fan is usually used 
to pull the gas through the dryer, whereas in some cases a blower is provided at the gas entrance to 

Discharge

Rotation system

Flights
ShellFeed

Figure 5.13 Typical rotary dryer. (From Silva, M.G. et al., Braz. J. Chem. Eng., 29, 359, 2012. With permission.)
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maintain a pressure close to the atmospheric pressure. A dust collector of the cyclone, filter or wash-
ing type may be interposed between the fan and the gas exit.

5.3.9 fluiD beD Dryers

Fluidized bed drying has found many practical applications in the drying of granular solids in the 
food, ceramic, pharmaceutical, and agriculture industries, is easy to implement, and has the follow-
ing advantages (Mujumdar and Devahastin, 2000):

• High drying rates due to good gas–particle contact, leading to improved heat and mass 
transfer rates

• Small flow area
• High thermal efficiency
• Low capital and maintenance costs

In a typical fluidized bed drying system, hot air is forced through a bed at a sufficiently high velocity 
to overcome gravitational effects on the particles, while ensuring that the particles are suspended 
in a fluidized manner. A typical layout of a simple fluidized bed system is shown in Figure 5.14. 
Hot air passes from the bottom through the perforated plate and interacts with the wet feed in a 
cross-flow manner. This interaction causes the particles to fluidize, enabling efficient gas–particle 
contact to take place and resulting in the particles being dried effectively. The dried particles are 
then discharged through the exit port of the fluidized bed. Such a system is cheap and easy to design, 
requiring low capital cost. The effectiveness of the heat and mass between fluidized particles and 
the drying air can usually be improved by increasing the drying gas velocity. However, if the gas 
flow is too high, there is a possibility that the gas passes around the particles’ surfaces without 
allowing sufficient time for heat and mass exchange to take place between the particles’ surface 
moisture and gas flow. One possible way to minimize this contact problem is via the employment of 
intermittent fluidization (Chua and Chou, 2003).

Hot air
Flue gas

Wet material

Dry material

Fluidized bed chamber

Figure 5.14 Longitudinal schematic of the fluidized bed system. (From Hovmand, S., Fluidized bed 
drying, in Handbook of Industrial Drying, A.S. Mujumdar, (ed.), Marcel Dekker, New York, 1995. With 
permission.)
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5.3.10 pneumatiC or flash Dryers

Pneumatic dryers are used for fast and efficient drying of food particles that can be suspended and 
transported in the stream of heating air. The mixture of hot air/gases moves the wet material from 
the bottom through the drying tube at a high velocity and temperatures up to 130°C. The material 
is dried fast due to the high heat and mass transfer rates. However, since the once-through residence 
time in the drying tube is very short, recirculation of the product is often required or a special 
cyclone, which acts as an additional dryer, is used.

5.3.11 Drum Dryers

Drum drying is extensively used in commercial drying of different types of starchy food products, 
sludge, suspensions, and pastes of a wide range of viscosities. Since exposure to high temperature 
is limited to a few seconds, drum drying is suitable for many heat-sensitive products. Daud and 
Armstrong (1987) presented a comprehensive study on the types, principles of operation, capacity, 
feeding and spreading of drying products, and the control of drum dryers. To optimize the design 
and operating variables associated with the drum dryers, extensive experimental and theoretical 
studies have been conducted by various researchers. Gavrielidou et al. (2002) listed the main vari-
ables as steam pressure, rotation speed of drum, drum clearance, pool level between the drums, and 
condition of the feed materials; that is, the concentration, physical characteristics, and temperature 
at which the material reaches the drum surface.

A slowly revolving internally steam-heated metal drum continuously dips into a trough contain-
ing the substance to be dried. A thin film of the substance is retained on the drum surface. The 
thickness of the film is regulated by a spreader knife and as the drum revolves, moisture is evapo-
rated into the surrounding air by heat transferred through the metal of the drum. The dried material 
is then continuously scraped from the drum surface by a knife. Double drum dryers consisting of 
two drums placed close together and revolving in opposite directions, may be fed from above by 
admitting the feed into the depression between the drums. The drum dryers are usually operated at 
atmospheric pressure, but vacuum operation is possible for heat sensitive products by enclosing the 
drying system in a vacuum chamber.

5.3.12 osmotiC Dryers

Osmotic dehydration is widely used to remove water from fruits and vegetables by immersion in 
aqueous solution of sugars and/or salts at high concentration. This process is usually used to par-
tially remove water from vegetable tissues obtaining stabilization without acidification or pasteuri-
zation treatments. Moreover, osmotic dehydration is used as a pretreatment prior to freezing, freeze 
drying, vacuum drying, and air drying (Dixon and Jen, 1977).

A driving force for water removal is set up because of a difference in osmotic pressure between 
the food and its surrounding solution. The complex cellular structure of food acts as a semiperme-
able membrane. Because the membrane responsible for osmotic transport is not selective, other 
solutes in the cells can also be leached into the osmotic solution (Dixon and Jen, 1977; Lerici 
et al., 1985; Giangiacomo et al., 1987). The rate of diffusion of water from any material made up 
of such tissues depends upon factors, such as temperature and concentration of the osmotic solu-
tion, the size and geometry of the material, the ratio of fruit to solution, and the level of agitation 
of the solution. Various osmotic agents, such as sucrose, glucose, fructose, corn syrup, sodium 
chloride, and so on plus their combination have been used for osmotic dehydration. Generally, 
sucrose solutions are used for fruits, and sodium chloride solution is used for vegetables. The 
addition of small quantities of sodium chloride to osmotic solutions increased the driving force 
of the drying process, and synergistic effects of sucrose and sodium chloride have been reported 
(Lerici et al., 1985).
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Among the products usually treated by osmotic dehydration are some meat products; and espe-
cially vegetables, such as potatoes (Lenart and Flink, 1984), peas (Kayamak-Ertekin and Çakaloz, 
1995), carrots (Rastogi and Raghavarao, 1997), red paprikas (Ade-Omowaye et  al., 2002), and 
cherry tomatoes (Azoubel and Murr, 2004); and fruits, such as bananas (Rastogi et al., 1997), apples 
(Sereno et  al., 2001), pears (Park et  al., 2002), pineapples (Rastogi and Raghavarao, 2004), and 
apricots (Riva et al., 2005).

5.3.13 heat pump Dryers

Recently, there has been a great interest in utilizing Heat Pump Drying (HPD) for drying fruits, 
vegetables, and biological materials (Hawlader et al., 2005). Heat pumps (HPs) are devices for 
raising the temperature of low grade heat energy to a more useful level using a relatively small 
amount of high grade energy (Eisa, 1995). HPDs consume 50%–80% less energy than conven-
tional dryers operating at the same temperature. This makes such dryers a feasible option for 
users who are not satisfied with the comparatively high energy consumption of directly heated 
dryers (Schmidt et al., 1998).

A HP drying system consists mainly of two subsystems; a HP system and a drying chamber. HPs 
can transfer heat from natural heat sources in the surroundings, such as the air, ground or water, or 
from industrial or domestic waste, chemical reaction or dryer exhaust air. The drying chamber can 
be formed as a tray, fluid bed, rotary or band conveyor. The main components of the general HP 
unit are an evaporator, a condenser, a compressor, and an expansion valve. In a HP drying system, 
the working fluid (refrigerant) at low pressure is vaporized in the evaporator by heat drawn from the 
dryer exhaust air. The compressor raises the enthalpy of the refrigerant of the HP and discharges it 
as superheated vapor at high pressure. Heat is removed from the working fluid and returned to the 
process air at the condenser. In the drying system, the hot air at the exit of the condenser is allowed to 
pass through the drying chamber where it gains latent heat from the product to be dried. The work-
ing fluid from the condenser is then throttled to the low pressure line and enters the evaporator to 
complete the cycle. The humid air at the dryer exit then passes through the evaporator where conden-
sation of moisture occurs as the air goes below dew point temperature (Colak and Hepbasli, 2009).

5.3.14 infrareD Dryers

Another low-cost drying method suitable for employment in rural farming areas is Infrared (IR) 
drying. IR drying can be considered to be an artificial sun-drying method, which can be sustained 
throughout the entire day. Sandu (1985) described the advantages of applying IR to foodstuffs, 
including: versatility; simplicity of the required equipment; fast response of heating and drying; 
easy installation to any drying chamber; and low capital cost. Ginzburg (1959) has shown the suit-
ability of applying IR drying to foodstuffs, such as grains, flour, vegetables, pasta, meat, and fish.

During IR drying, radiative energy is transferred from the heating element to the product surface 
without heating the surrounding air. Figure 5.15 shows a simple IR dryer design that can be easily 
constructed for use in rural farming areas. The design includes a manual-conveyor system whereby 
the food product enters from the inlet hoop and is dried as it moves parallel to the IR lamps. The 
level of irradiation can be adjusted via the voltage regulator, while intermittent IR drying can be 
implemented by turning the timer relay knob.

5.3.15 spray Dryers

Spray drying is used to dehydrate liquid foods or food suspensions into dry powders or agglomer-
ates and involves both particle formation and drying. The feed is transformed from the fluid state 
into droplets and then into dried particles by spraying it continuously into a hot drying medium. 
Section 5.4 describes the spray drying process.
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5.3.16 freeze Dryers

Freeze drying, or lyophilization, is the sublimation/removal of water content from frozen food. The 
dehydration occurs under a vacuum, with the product solidly frozen during the process. Shrinkage 
is eliminated or minimized, and a near-perfect preservation results. Freeze-dried food lasts longer 
than other preserved food and is very light, which makes it perfect for space travel. The purpose of 
freeze drying is to remove a solvent (usually water) from dissolved or dispersed solids. Freeze dry-
ing is the method for preserving materials which are unstable in solution. In addition, freeze drying 
can be used to separate and recover volatile substances and to purify materials. Section 5.5 concerns 
the freeze drying process.

5.4 spray drying

5.4.1 basiC prinCiples

Spray drying produces particles by atomizing a solution or slurry and evaporating moisture from the 
resulting droplets by suspending them in a hot gas. As the rapid evaporation keeps the droplets’ tem-
perature relatively low, the product quality is not significantly or negatively affected (Roustapour 
et al., 2005). Figure 5.16 is a schematic of a typical spray dryer. The liquid feed is pumped to an 
atomizer, which breaks up the feed into a fine spray and ejects it into the spray chamber, where it is 
mixed with hot drying gas. Moisture is evaporated from the spray, and the droplets are transformed 
into dry particles. The separation of the particles from the drying gas and their subsequent collec-
tion will either take place in external gas cleaning equipment (i.e., cyclones or filters) or, in the case 
of coarser particles, within the chamber itself.

Although the vast majority of cases employ hot atmosphere to drive moisture from each spray 
droplet, there are cases in which the delicacy of the operation demands that the drying medium 
is first dehumidified and then just warmed over atmospheric temperatures. This is a variation of 
the basic spray drying concept and is termed low-temperature spray drying. Another variation is 
foam spray drying, which involves the introduction of a gas into the feed stock before atomization 
to  produce spherical foamed particles containing vacuoles so as to achieve a low bulk density. 
A further variation, which is termed spray freeze drying, is to spray the product into freezing air, 
whereupon the individual droplets are frozen for subsequent moisture removal through sublimation 
under vacuum. Should the temperature of the air permit only solidification of the spray droplets, the 
process is termed spray cooling (Masters, 1985).

Inlet hopper

Outlet hopperManual conveyor
system

Voltage regulator

Timer relay

IR lamps

T

Figure 5.15 Schematic diagram of a conveyor IR drying system. (From Ratti, C. and Mujumdar, A.S., 
Infrared drying, in Handbook of Industrial Drying, A.S. Mujumdar, (ed.), Marcel Dekker, New York, 1995. 
With permission.)
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Spray drying is widely applied in several industrial sectors, including food, pharmaceuti-
cal, and chemical. Several biological and thermal-sensitive materials, liquid materials, such 
as milk, fruit juices and pulps, herbal extracts, enzymes, essential oils, aromas, and various 
pharmaceuticals have been dried by this process. Some of the spray-dried foods are listed in 
Table 5.5.

The principal advantages of spray drying are as follows (Filkova and Mujumdar, 1995):

• Product properties and quality are more effectively controlled.
• Heat-sensitive foods can be dried at atmospheric pressure and low temperature.
• Spray drying permits high-tonnage production in continuous operation and relatively sim-

ple equipment.

Stage 4
Product separation

Stage 3
Droplet
drying

Stage 2
Spray-air
contact

Solution
suspension
emulsion Particles

Cyclone
Drying

chamber

Heater

Atomizer

FilterAir inlet

Stage 1
Atomization

Figure 5.16 Typical spray drying system.

taBle 5.5 
spray-dried Food products

product references product references 

Milk Birchal et al. (2005); Nijdam and Langrish 
(2005a,b); Fonseca et al. (2011); Rogers et al. 
(2012)

Tomato Al-Asheh et al. (2003); Goula 
and Adamopoulos (2004, 
2005a,b, 2008)

Soymilk Telang and Thorat (2010); Giri and Mangaraj 
(2012)

Pomegranate Youssefi et al. (2009); Vardin 
and Yasar (2012)

Skim milk Shrestha et al. (2007); Amiri-Rigi et al. (2012) Watermelon Quek et al. (2007)

Whey protein Anandharamakrishnan et al. (2007) Apricot Bhandari et al. (1993)

Egg Franke and Kieβling (2002); Ayadi et al. 
(2008); Wenzel et al. (2010); Rannou et al. 
(2013)

Guava Chopda and Barret (2001)

Honey Bhandari et al. (1997); Boonyai et al. (2005) Cactus pear Rodríguez-Hernández et al. 
(2005)

Apple Boonyai et al. (2005) Blackberry Ferrari et al. (2012)

Orange Chegini and Ghobadian (2005); Shrestha et al. 
(2007); Goula and Adamopoulos (2010)

Raisin Papadakis et al. (2005)

Pineapple Bhandari et al (1997); Abadio et al. (2004) Mango Cano-Chauca et al. (2005)

Lime Dolinsky et al. (2000); Zareifard et al. (2012) Soybean Georgetti et al. (2008)

Ginger extract Jangam and Thorat (2010) Sourdough Tafti et al. (2013)
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• The product comes in contact with the equipment surfaces in an anhydrous condition, thus 
simplifying corrosion problems and selection of materials of construction.

• Spray drying produces relatively uniform, spherical particles with nearly the same propor-
tion of nonvolatile compounds as in the liquid feed.

• Since the operating gas temperature may range from 150°C to 500°C, the efficiency is 
comparable to that of other types of direct dryers.

5.4.2 stages of spray Drying

Spray drying consists of four process stages: (1) atomization, (2) contact of atomized spray with 
drying air, (3) evaporation of moisture from the spray, and (4) separation of dried product from the 
exhausted air.

5.4.2.1 atomization
The atomization process generally refers to the formation of powder or liquid suspension in a gas 
as well as subsequent reduction in particle size (Cal and Sollohub, 2010). An effective atomization 
process converts the fluid feed to tiny droplets with equal size, which leads to uniform heat and 
mass transfer during the drying process. Due to the subsequent reduction in particle size and disper-
sion of the particles in the drying gas, the surface area of the particles increases exponentially. This 
increment in surface area of the particles helps to dry the feed in seconds. With the small size of 
droplets and the even distribution of the fluid feed, the moisture removal occurs without disturbing 
the integrity of the material. The atomization is achieved by atomizers, which are generally classi-
fied as rotary atomizers, pressure nozzles, pneumatic nozzles, and sonic nozzles (Cal and Sollohub, 
2010). Atomizers are classified based upon the type of energy, which acts upon the bulk fluid. 
For example, rotary atomizers use centrifugal energy to atomize the feed, while pressure nozzles 
use a pressure buildup (Masters, 1985; Filkova et al., 2007).

5.4.2.1.1 Rotary Atomizer
Figure 5.17 illustrates the principles of operation of a rotary atomizer. The liquid to be atomized 
is fed onto a rapidly rotating vaned wheel or disk. The liquid is accelerated outward by centrifugal 
forces and ejected as a thin sheet of liquid, which is subsequently broken up into droplets.

Rotary atomizers are flexible with a good turndown ability and are ideal for many spray dry-
ing operations. All orifices and clearances along the fluid flow path are large. This makes for an 
atomizer that requires very low feed pressures and is virtually nonclogging, even for the difficult 
solutions and slurries encountered in spray drying (Oakley, 1997). A significant drawback of rotary 

C

BA

D

Figure 5.17 Rotary atomizer. (Α: shaft, Β: feed pipe, C: radial channel, D: dispenser). (From Brennan, J.G. 
et al., Food Engineering Operations, 2nd edn., Applied Science Publishers, London, U.K., 1976; Masters, K., 
Drying Technol., 12, 235, 1985. With permission.)
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atomization is that the droplets are thrown horizontally outward at high velocity. Hence, a wide 
chamber is required to ensure that there is sufficient distance for droplets to be deflected before 
striking the chamber wall.

5.4.2.1.2 Pressure Nozzle
The operation of pressure nozzles, also called one-fluid nozzles, is based on the principle of the fluid 
flowing, under pressure, through a conduit with a decreasing diameter (Figure 5.18). The fluid leav-
ing such a pipe loses some part of its pressure in favor of particle velocity and undergoes atomiza-
tion. In such a case, the orifice through which the fluid leaves the pipe is of 0.4–4 mm in diameter. 
The angle at which the atomization occurs varies from device to device, but is usually in the range 
of 40°–150°, which allows for the use of narrow chambers (Cal and Sollohub, 2010).

With this type of nozzle, it is generally possible to produce the droplets within a narrow range of 
diameters, and the dried particles are usually hollow spheres. Pressure nozzles are not suitable for 
highly concentrated suspensions and abrasive materials because of their tendency to clog and erode 
the nozzle orifice (Filkova and Mujumdar, 1995). Hydraulic nozzles provide the operator with only 
a limited ability to control the properties of the obtained particles, beside the feed composition. The 
only parameter of the nozzle that can be changed or adjusted is the rate of feeding, upon which the 
pressure of the supplied fluid subjected to atomization is dependent. Even the smallest changes from 
the normative values may cause atomization and drying disorders.

5.4.2.1.3 Pneumatic Nozzle
Pneumatic nozzles utilize high-velocity gas streams to impinge on and break up low-velocity liquid 
streams to form the divided liquid droplets (Figure 5.19). Two types of two-fluid-phase-spraying 

Figure 5.18 Pressure nozzle. (From Brennan, J.G. et al., Food Engineering Operations, 2nd edn., Applied 
Science Publishers, London, U.K., 1976; Masters, K., Drying Technol., 12, 235, 1985. With permission.)

Liquid feed

Liquid feed

Gas feed

Air nozzle

Fluid nozzle
Gas feed

Figure 5.19 Pneumatic nozzle. (From Brennan, J.G. et  al., Food Engineering Operations, 2nd edn., 
Applied Science Publishers, London, U.K., 1976; Heldman, D.R. and Singh, P.R., Food dehydration, in Food 
Process Engineering, 2nd edn., AVI Publishing Company, Westport, CT, 1981. With permission.)
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nozzles have been developed so far for blowing off fine droplets. One is the external mixing 
type, which is composed of concentric tubes. This is the most popular type. Liquid blown off 
from the inner tube is sheared by the airflow from the outer one. The shear force makes a fine 
mist. However, there is some difference in the shear rate depending on the location in the liquid 
stream. This fact results in a broad distribution of the droplet size. Therefore, the diameter of the 
inner orifice should be as small as possible in order to produce homogeneous fine droplets. When 
small droplets of 10 μm mean diameter are required, the diameter of the inner orifice should be 
less than 0.2 mm and the weight-based flow ratio of air to liquid about 2.5. If the inner diameter 
is increased in order to supply large amount of liquid for industrial scale, the flow ratio should be 
extremely large up to 100.

The other type is the internal mixing type. The liquid and air are intermixed before blowing off. 
The primary droplets blown from the nozzles collide with each other and are broken down to a small 
size. In industrial production, it is empirically known that the combination of 1 L/min of the liquid 
flow rate and 3 kg/min of the airflow will produce droplets of 10 μm in a mean diameter (Hino et al., 
2000). This nozzle is not available for suspensions, concentrated solutions, and solutions containing 
hard water. When it is used for such systems, some droplets containing solid components might be 
dried in the mixing chamber. The feeding of the solution, therefore, will be interrupted and stopped 
by the sludge, which gradually accumulates on the chamber wall.

5.4.2.1.4 Other Types
There are, however, feeds (especially non-Newtonian fluids with high viscosity) that are not suitable 
for atomization performed by such conventional devices. One of the possible solutions for working 
with such feeds is to use an ultrasonic nozzle. In such nozzles, a high-frequency electric signal is 
applied to two electrodes placed between two piezoelectric transducers, causing vibrations that are 
further transferred and amplified by a titanium nozzle tip. The nozzle outlet in the atomization spot 
vibrates at the ultrasonic frequency and causes the feed to be atomized. An unquestionable advan-
tage of such nozzles is their ability to self-clean.

Atomization by conventional electro-hydrodynamic nozzles is another common solution. The 
main principle of such a construction lies in the effect of an electrostatic field on the fluid par-
ticles supplied by the capillary under low pressure. The low pressure pushes the fluid out of the 
nozzle, forming a meniscus. The application of an external electric field causes the acceleration 
of the charged particles within the fluid, which results in the fluid particles gradually acquiring 
momentum. When the fluid gains the appropriate acceleration, the meniscus turns into a long fila-
ment, the end of which subsequently breaks up into tiny charged droplets (Wu and Clark, 2008; 
Li and Lai, 2011).

Van Deventer et al. (2013) introduced a new atomization nozzle based on inkjet technology. 
The print head is able to process material feed containing higher concentrations of solids, result-
ing in an even higher overall system performance. The produced monodisperse droplets undergo 
less shear force in the nozzle, and all droplets experience the same heat load during drying. The 
monodisperse droplets lead to monodisperse powder particles, a completely different product 
compared to conventional atomization nozzles that deliver particles with a wide spread in size 
and form. The absence of fines results in a more economic process due to a reduction in the inten-
sity of exhaust air filtration. The resulting powders are spherical without air enclosures, resulting 
in high-density powders. The monodisperse nature of the droplets not only results in increased 
powder properties, it also enables more exact dosing of drying air, resulting in an increase in 
energy efficiency.

5.4.2.2 droplet–air Contact
The fluid spray and air contact time are important components of spray drying as they deter-
mine the drying rate and the intensity of drying. The duration of stay of each droplet inside 
the drying chamber is determined by the spray’s flow rate and size of drying chamber, which 
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governs the air contact time. Hence, it is important to design the drying chamber and air dis-
penser in such a way to create easy flow of the product to prevent deposition of partially dried 
product on the chamber wall and on the atomizer. The main reason for the wall deposit is the 
overly rapid travel of the droplets, which leads to a reduction of the contact time with the drying 
air, which prevents adequate escape of moisture into the drying air. Generally, the spray and 
air contact patterns are classified as cocurrent, countercurrent, and mixed flow (Masters, 1985; 
Cal and Sollohub, 2010).

Cocurrent spray dryers are the most common and widely used dryers when compared to other 
systems (Zbicinski et al., 2002). Drying kinetics and particle behavior in cocurrent systems are well 
unknown compared to countercurrent or mixed flow systems. In cocurrent dryers, the atomizer and the 
drying gas stream inlet are placed in the upper part of the drying chamber. The feed droplets travel in 
the same direction of the drying gas flow while losing moisture content. In countercurrent dryers, the 
air inlet is placed opposite the descending dispersion droplets. In other words, the drying gas is provided 
from the bottom of the drying chamber, and the atomization occurs in the top of the drying chamber.

Countercurrent systems are a less commonly used method, and relatively very few products are 
dried by using this method. These systems account for only 5% of all spray dryers used. The hydro-
dynamics of recirculation of continuous phase and particle agglomeration is complicated in the 
countercurrent drying system. Due to this complicated flow, the drying phenomena in these systems 
are not well understood (Piatkowski and Zbicinski, 2007).

In mixed-flow dryers, the feed is atomized upwards, in the direction of the top of the cham-
ber, while the drying air inlet is placed in the upper part of the chamber; thus, the drying 
air passes countercurrent relative to the atomized feed. This method produces fair-sized par-
ticles. This is the most economical method that is used to dry thermostable products (Cal and 
Sollohub, 2010).

5.4.2.3 evaporation of moisture
The drying of feed droplets in a spray drying process is a result of simultaneous heat and mass trans-
fer. The heat from the drying medium is transferred to droplets by convection and then converted 
to latent heat during the evaporation of the droplets’ moisture content. The rate of heat and mass 
transfer depends upon the droplet diameter and the relative velocity of the air and droplets (Masters, 
1985; Filkova et al., 2007).

The drying kinetics of droplets containing solid components is usually divided in two drying 
stages. In the first drying stage, the droplet with excess of liquid is subjected to the flow of drying 
gas, gains sensible heat, and begins to evaporate from the surface. This liquid evaporation results in 
droplet diameter shrinking and simultaneous increase of solids concentration near the droplet surface. 
The latter leads to the precipitation of solid fraction at the droplet surface and, eventually, the surface 
becomes covered with a layer of solid component called crust. At this moment, the droplet turns into 
a wet particle, and the second drying stage commences. In this stage, the drying process is hindered 
by additional resistance to mass transfer because of the crust layer. The second drying stage continues 
until the particle moisture content reduces to equilibrium value with the drying medium. After that the 
drying process actually stops, the particle is heated up to the equilibrium temperature (Mezhericher 
et  al., 2010). Typical droplet temperature and moisture content evolutions during the spray drying 
process are shown in Figure 5.20. In this figure, the interval between points 0 and 1 is corresponding 
to the droplet initial heating, the period between points 1 and 2 is related to the droplet evaporation 
period, the interval between points 2 and 3 to the second drying stage, and, finally, the period between 
points 3 and 4 designates the particle heating up to equilibrium with the surrounding drying agent.

The published theoretical models of droplet drying kinetics can be related to the following cate-
gories: models based on a semi empirical approach that utilizes the concept of characteristic drying 
curve (CDC) (Langrish and Kockel, 2001); deterministic drying models, which describe the pro-
cesses within the droplet using the continuity, momentum, energy, and species conservation equa-
tions (Mezhericher et al., 2008); recently appeared deterministic models with distribution of solid 
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component described by population balance (Seydel et al., 2005); and novel drying models based on 
reaction engineering approach (REA) (Patel and Chen, 2008). The semi empirical CDC models of 
droplet drying kinetics are usually represented by a small set of simplified equations allowing fast 
computations and are known to work well for small particle sizes (Mezhericher et al., 2010). The 
deterministic analytical models of single droplet drying describe the process by a set of differential 
equations with corresponding initial and boundary conditions. The solution of this set of equations 
is complicated by the presence of a moving domain boundary because of the shrinking droplet 
radius in the first drying stage and the receding interface between the dry crust and wet core regions 
of the wet particle in the second drying stage (Mezhericher et al., 2007). As a result, the numerical 
solution of such models is a complex problem, and the simulation of the drying process can demand 
significant computer resources and time. The REA models, which have appeared in recent years, 
demonstrate a fine agreement with experiments as well as fast calculations and reduced demands 
of the computer resources. However, at the present time, the application of REA for droplet drying 
kinetics is still limited by the range of materials whose drying behavior was already experimentally 
studied (Mezhericher et al., 2010).

However, the evaporation characteristics of droplets within a spray differ from the evaporation 
characteristics of single droplets. Although the basic theory applies in both cases, it is difficult to apply 
this theory to the case of a large number of droplets evaporating close to the atomizer. Any analysis 
of spray evaporation depends upon defining the spray in terms of a representative mean diameter and 
size distribution, the relative velocity between the droplet and its surrounding air, droplet trajectory, 
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Figure 5.20 Typical drying evolutions of droplet temperature (a) and moisture content (b). (From 
Mezhericher, M. et al., Chem. Eng. Process. Process Intensif., 49, 1205, 2010. With permission.)
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and the number of droplets present at any given time per given volume of drying air. Furthermore, 
there are grave difficulties in determining these factors in the vicinity of the atomizer (Masters, 1985).

In recent years, computational fluid dynamics (CFD) has been increasingly applied to food pro-
cessing operations. In spray drying operations, CFD simulation tools are now often used because 
measurements of airflow, temperature, particle size, and humidity within the drying chamber are 
very difficult and expensive to obtain in a large-scale dryer. CFD is a simulation tool, which uses 
powerful computers in combination with applied mathematics to model fluid flow situations and aid 
in the optimal design of industrial processes. The method comprises solving equations for the con-
servation of mass, momentum, and energy, using numerical methods to give predictions of velocity, 
temperature, and pressure profiles inside the system. Powerful graphics can be used to show the 
flow behavior of fluid with 3D images (Figure 5.21) (Kuriakose and Anandharamakrishnan, 2010).

Crowe (1980) was probably the first who presented the so-called particle source in cell (PSI-cell) 
model for gas–droplet flows in a spray dryer. Goldberg (1987) developed this numerical technique 
making assumptions such as isotropic turbulence at a point and k–ε model for estimating the turbu-
lent eddy viscosity. Reay (1988) discussed the work of Goldberg, emphasizing the detail that can be 
extracted from CFD programs. According to his conclusions, the most likely areas for wall deposi-
tion are an annular area of the dryer roof, corresponding to the small recirculation eddy and a region 
below the atomizer where large particles are likely to deposit. Oakley and Bahu (1991) predicted the 
trajectories of water droplets from a hollow-cone pressure nozzle in the same chamber as modeled by 
Goldberg. They noted a strong cooling effect of the evaporating droplets on the central gas jet and a sig-
nificant evaporation in a recirculation zone in the outer regions of the chamber. Langrish and Zbicinski 
(1994) demonstrated the use of a CFD program to explore methods for decreasing the wall deposition 
rate, including simple modification to the air inlet geometry and a reduction in the spray cone angle. 
Masters (1994) reported the use of a CFD program enabling the scale up of a dryer modification, which 
involved a secondary airflow around the walls to prevent powder settling on them. Southwell et al. 
(1999) have used CFD to improve the flow distribution in a pilot spray dryer; Kieviet and Kerkhof 
(1997) simulated the airflow pattern (no spray) and the temperature and humidity pattern (water spray) 
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Figure 5.21 Particle trajectories colored by residence time(s). (From Kuriakose, R. and 
Anandharamakrishnan, C., Trend Food Sci. Technol., 21, 383, 2010. With permission.)
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in a cocurrent pilot plant spray dryer. Frydman et al. (1999) presented a numerical model for the pre-
diction of gas velocity and temperature and particle trajectories in a superheated steam spray dryer. 
Kievet et al. (1997) noted the interaction of substantial wall deposition with the residence time distribu-
tion. The history of ideas and designs proposed for the reduction of wall deposition has been reviewed 
by Langrish and Fletcher (2003), Langrish (2009), and Kuriakose and Anandharamakrishnan (2010), 
who concluded that CFD techniques offer assistance in finding practical solutions.

A CFD code predicts fluid flow by numerically solving the partial differential equations, which 
describe the conservation of mass and momentum and are known as the Navier–Stokes equations. 
A grid is placed over the flow region of interest, and discrete equations are derived by applying 
the conservation of mass and momentum over each cell of the grid in turn. In the case of turbulent 
flows, the conservation equations are solved to obtain time-averaged information. Since the time-
averaged equations contain additional terms, which represent the transport of momentum, heat, and 
mass by turbulence, turbulence models that are based on a combination of empiricism and theoreti-
cal considerations are introduced to calculate these quantities from details of the mean flow. The 
standard k–ε turbulence model is generally considered the simplest model, which can adequately 
predict a wide range of flows. This model uses a specific relation to determine the local value of 
the eddy viscosity from the turbulent kinetic energy (k), and its dissipation (ε). It assumes that the 
turbulence is isotropic (the same in all directions). This assumption sharply reduces the intensity of 
the calculation, while the accuracy is hardly reduced (Straatsma et al., 1999). That is why the k–ε 
model is currently one of the most popular turbulence models for technical calculations.

The behavior of droplets and particles is usually calculated by the discrete phase model, in which 
a number of individual particulates are chosen to represent the spray leaving the atomizer. Each simu-
lated particulate will represent a specified mass flow rate and hence particulate number per second. 
Each of these particulates is tracked through the flow using the local time-averaged gas velocities pre-
dicted by the gas phase model and empirical drag coefficients. At the same time, equations are solved 
to determine the temperature and evaporation rate of the particulates, using the local time-averaged 
temperature and humidity predicted and the empirical heat and mass transfer coefficients.

The dispersion of the particles due to turbulence is modeled using a stochastic discrete-particle 
approach. The trajectory equations for individual particles are integrated, using the instantaneous 
fluid velocity along the particle path during the integration. By computing the trajectory in this 
manner for a sufficient number of representative particles, the random effects of turbulence on the 
particle dispersion may be accounted for. Also, the discrete phase model calculates the effect of the 
particulates on the gas phase by the particle-source-in-cell method. Within each control volume 
of the gas phase calculation through which a particulate passes, the amount of momentum, mass, 
and heat that is transferred from the particulate to the gas phase is calculated. This is multiplied by 
the number of actual particulates per second, representing the simulated particulates, to give the 
total source terms transferred from the particulates to the gas phase. These source terms are then 
included in the gas phase simulation, which is then repeated. The entire process of calculating the 
gas phase, particulate behavior and source terms, and recalculating the gas phase is repeated until 
convergence is reached (Goula and Adamopoulos, 2004).

The partial differential equation, which describes the conservation of mass for the continuous 
phase can be expressed as follows:
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where
ρa is the air density
ua is the air velocity
SM is the source term of mass, coming from the dispersed phase due to droplets evaporation and is 

computed by examining the change in mass of a particle as it passes through each control volume.
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The mass change is computed simply as
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where
mp is the droplet mass
mp0 is the initial droplet mass

Conservation of momentum is expressed as
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where
P is the pressure
τ is stress tensor
F is the overall external force coming from interactions with the dispersed phase and is com-

puted as the sum of the changes in momentum of the particles as they pass through each 
control volume
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where
Cdrag is the drag coefficient
ρp is the particle density
Dp is the particle diameter
up is the particle velocity

The energy equation is solved in the following form:
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where
Ha is the enthalpy of the air
λa is the thermal conductivity of the air
Ta is the temperature of the air
SH is the heat exchanged between the continuous and the dispersed phases

The change in thermal energy of a particle as it passes through each control volume is computed as
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where
cp is the heat capacity
hfg is the latent heat of vaporization
Tp is the temperature of the particles
the subscript i refers to the volatiles
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Particle trajectories are calculated by integrating the force balance on the particles:
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When the particle temperature is less than the vaporization temperature, the inert heating law is 
applied, and a simple heat balance is used to relate the particle temperature to the convective heat 
transfer at the particle surface:
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The heat transfer coefficient, h, is usually evaluated using the correlation of Ranz and Marshall:

 Nu = +2 0 0 6 1 2 1 3. . Re Pr  (5.26)

When the temperature of the droplet reaches the vaporization temperature and until the droplet 
reaches the boiling point, the vaporization law is applied to predict the vaporization from a droplet. 
The rate of vaporization is governed by gradient diffusion, with the flux of droplet vapor into the 
gas phase related to the gradient of the vapor concentration between the droplet surface (Ciʹ,s) and 
the bulk gas (Ciʹ,∞):

 
N k C Ci c i s i′ ′ ′ ∞= −( ), ,  (5.27)

The concentration of vapor at the droplet surface is evaluated by assuming that the partial pres-
sure of vapor at the interface is equal to the saturated vapor pressure at the droplet temperature 
(Equation 5.28), whereas the vapor concentration in the bulk gas is known from the solution of the 
transport equation for species iʹ (Equation 5.29):
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where X is the mole fraction of species i .́ The mass transfer coefficient, kc, is usually calculated 
from the correlation:

 Sh Sc= +2 0 0 6 1 2 1 3. . Re  (5.30)

The droplet temperature is updated according to a heat balance that relates the sensible heat 
change in the droplet to the convective and latent heat transfer between the droplet and the con-
tinuous phase:
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When the temperature of the droplet reaches the boiling temperature, a boiling rate equation is 
applied, and the droplet remains at fixed temperature (Tbp):
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The coupled two-phase simulation is accomplished as follows:

• The extra source terms in the Navier–Stokes equations are set to zero.
• An approximate solution for the continuous phase is calculated.
• The discrete phase is introduced by calculating the particle trajectories for each discrete 

phase injection. At every location on the trajectory, the exchange of water vapor, momen-
tum, and enthalpy to the gas phase is calculated.

• The continuous phase is recalculated, using the interphase exchange of water vapor, 
momentum, and enthalpy determined during the previous particle calculation.

• The discrete phase trajectories are recalculated in the modified continuous phase flow field.
• The previous two steps are repeated until a converged solution is achieved, in which both 

the continuous phase flow field and the discrete phase particle trajectories are unchanged 
with each additional calculation.

5.4.2.4 separation of dried product
This separation is often done through a cyclone, placed outside the dryer, which reduces product 
loss in the atmosphere. The dense particles are recovered at the base of the drying chamber, while 
the finest ones pass through the cyclone to separate from the humid air. In addition to cyclones, 
spray dryers are commonly equipped with filters, called “bag houses” that are used to remove the 
finest powder, and the chemical scrubbers remove the remaining powder or any volatile pollutants 
(e.g., flavorings). The obtained powder is made up of particles, which originate from spherical drops 
after shrinking. The drop of water and gas content depends on the composition, and these particles 
can be compact or hollow (Gharsallaoui et al., 2007).

5.4.3 proCess parameters

The spray drying parameters, such as inlet temperature, airflow rate, feed flow rate, atomizer speed, 
types of carrier agent and their concentration are influencing properties, such as particle size, bulk 
density, moisture content, yield, and hygroscopicity in spray-dried foods.

5.4.3.1 inlet temperature
Generally, moisture content decreases with an increase in drying temperature due to the faster heat 
transfer between the product and the drying air. At higher inlet air temperatures, there is a greater 
temperature gradient between the atomized feed and the drying air, and this results in a greater 
driving force for water evaporation. This observation was obtained for different powders, such as 
orange juice (Chegini and Ghobadian, 2005), watermelon juice (Quek et al., 2007), tomato juice 
(Goula and Adamopoulos, 2008), and acai juice (Tonon et al., 2008, 2011).

Additionally, an increase in inlet air temperature often results in a decrease in bulk density 
due to the rapid formation of a dry layer on the droplet surface, and it causes the skinning over or 
casehardening on the droplets. This leads to the formation of vapor-impermeable films on the drop-
let surface, followed by the formation of vapor bubbles and, consequently, the droplet expansion 
(Chegini and Ghobadian, 2005; Tonon et al., 2008, 2011). Walton (2000) reported that the increase 
of drying air temperature generally causes the decrease in particle density and provides a greater 
tendency to the particles to hollow.
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In addition, the particle size is affected by the inlet air temperature as reported by Tonon et al. 
(2011). The use of a higher inlet air temperature leads to the production of larger particles and causes 
higher swelling. A similar finding was also obtained by other authors (Chegini and Ghobadian, 2005; 
Nijdam and Langrish, 2005a). According to them, drying at higher temperatures results in faster dry-
ing rates, which lead to the early formation of a structure that does not allow the particles to shrink 
during drying. When the inlet air temperature is low, the particles remain more shrunk and smaller.

Furthermore, the inlet air temperature also influenced the morphology in acai juice powder 
as reported by Tonon et al. (2008). Figure 5.22 shows the micrographs of particles at different 

(a) (b)

(c) (d)

(e) (f )

Figure 5.22 Micrographs of particles of acai juice powder at different temperatures and in different 
magnifications (a) 138°C, 2000×; (b) 138°C, 7000×; (c) 170°C, 2000×; (d) 170°C, 7000×; (e) 202°C, 2000×; 
(f) 202°C, 7000×. (From Tonon, R.V. et al., J. Food Eng., 88, 411, 2008. With permission.)
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temperatures and in different magnifications. When the inlet air temperature is low, the particles 
show a shriveled surface, while increasing the drying temperature results in a larger number of 
particles with a smooth surface. This is associated with the differences in the drying rate, which 
had higher values at higher temperatures. Alamilla-Beltrán et al. (2005) reported that when low 
inlet air temperatures are used, the crust is more pliable and collapsed, while the use of higher 
drying temperatures results in a more rigid and porous crust. Nijdam and Langrish (2005a) also 
confirmed the formation of more rigid particles with the use of higher temperatures in the spray 
drying of milk. The vacuole forms within the particle rapidly after a skin develops on the sur-
face, and it inflates once the particle temperature exceeds the native ambient boiling point and 
the vapor pressure within the vacuole rises above the local ambient pressure. When the drying 
temperature is sufficiently high and the moisture is evaporated very quickly, the skin becomes dry 
and hard. As a result, the hollow particle cannot deflate when vapor condenses within the vacuole 
as the particle moves into cooler regions of the dryer. However, when the drying temperature is 
lower, the skin remains moist and supple for longer, so that the hollow particle can deflate and 
shrivel as it cools.

5.4.3.2 drying airflow rate
Generally, the energy available for evaporation varies according to the amount of drying air. 
This could give the impression that the drying airflow rate must be at a maximum in all cases. 
However, the movement of air predetermines the rate and degree of droplet evaporation by 
influencing (1) the passage of spray through the drying zone, (2) the concentration of the prod-
uct in the region of the dryer walls, and (3) the extent to which semi dried droplets reenter the 
hot areas around the air disperser (Goula and Adamopoulos, 2005b). A lower drying airflow 
rate causes an increase in product sojourn time in the drying chamber (Masters, 1985) and 
enforces circulation effects (Oakley and Bahu, 1991; Goula and Adamopoulos, 2004). Increased 
residence times lead to a greater degree of moisture removal. As a result, an increase in drying 
airflow rate, decreasing the residence time of the product in the drying chamber, leads to higher 
moisture contents.

According to Goula and Adamopoulos (2005b), the effect of drying airflow rate on powder bulk 
density depends on its effect on moisture content due to the sticky nature of the product. The higher 
the powder moisture content, the more particles tend to stick together, leaving more interspaces 
between them and consequently resulting in a larger bulk volume. As a result, the airflow rate 
increases, leading to an increase in powder moisture content and a decrease in powder bulk density. 
Masters (1985) reported that increasing residual moisture content increases bulk density of a dry 
product. However, this trend was reported for non-thermoplastic products.

5.4.3.3 atomizer speed or Compressed airflow rate
Increasing the atomizer speed, residual moisture decreases (Chegini and Ghobadian, 2005). 
At a higher atomizer speed, smaller droplets are produced and more moisture is evaporated result-
ing from the increased contact surface. In addition, higher atomizer speed results in smaller particle 
size and quicker drying due to the larger surface area and, consequently, prevents the “skinning” 
over of the droplets. Increasing the atomizer speed, the insoluble solid is reduced and as a result, the 
solubility of the powder is improved.

Moisture content shows a decrease with an increase in compressed airflow rate due to the effect 
of this flow rate on mean particle size (Goula and Adamopoulos, 2005b). Increase in air–liquid flow 
ratio in a two-fluid nozzle atomizer decreases the mean size of the spray droplets (Nath and Satpathy, 
1998). With smaller particles, narrow spray cones are formed, and air may not penetrate the center 
of the spray pattern until droplets have travelled quite some distance from the nozzle (Liang and 
King, 1991). This reduced mixing of hot air should make the drying rates decrease. However, dry-
ing is facilitated by smaller particle sizes for two reasons. First, a larger surface area provides more 
surface in contact with the heating medium and more surface from which the moisture can escape. 
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Second, smaller particles reduce the distance heat must travel to the center of the particles and 
reduce the distance through which moisture in the center of the particles must travel to reach the 
surface and escape.

5.4.3.4 Feed solids Concentration
The higher the feed solids concentration, the slower is the formation of the particulate solid 
surface. According to Downton et  al. (1982), if dehydration conditions do not permit surface 
solidification before particles collide with each other, stickiness results in agglomeration. Hence, 
a smaller surface area, which provides less surface in contact with the heating medium, and 
less surface from which the moisture can escape. Second, the percentage of moisture decrease 
is highly correlated to residue formation (Goula et al., 2004). The more intense the problem of 
residue accumulation, the lower is the moisture decrease resulting from the increase in feed 
solids content.

An increase in feed concentration leads to an increase in powder particle size (Goula et  al., 
2004). Generally, in a spray drying system the size of the dried particles depends on the size of the 
atomized droplets. The droplet size on atomization depends upon the mode of atomization, physi-
cal properties of the feed, and feed solids concentration. Droplet size usually increases as the feed 
concentration or viscosity increases and the energy available for atomization (i.e., rotary atomizer 
speed, nozzle pressure, air–liquid flow ratio in a pneumatic atomizer) decreases. Thus, the effect 
of feed solids concentration on dried particle size is due to its effect on spray droplets size. The 
powder particle size depends upon the degree of moisture removal during drying, in addition to the 
atomized droplet size. A high degree of moisture removal is associated with a high size difference 
in the product before and after drying. In addition, the percentage of size increases inversely with 
that of moisture decrease. These observations prove the dependence of particle size on the degree 
of moisture removal during drying.

Bulk density shows a decrease with an increase in feed solids concentration. This is due to the 
effect of feed solids content on particle size. According to Nath and Satpathy (1998), as a general 
rule, larger particles will usually be less dense, so the bulk density of a powder with a large particle 
size will be lower.

5.4.4 stiCKiness

The products to be spray dried can be categorized into two major groups: nonsticky and sticky prod-
ucts. Sticky products are generally difficult to be spray dried. During the drying process, they may 
remain as syrup or stick on the dryer wall or form unwanted agglomerates in the dryer chamber and 
conveying system, resulting in lower product yields and operating problems. Some of the examples 
of such sticky products are fruit and vegetable juice powders, honey powders, and amorphous lac-
tose powder. Nonsticky products can be dried using a simpler dryer design, and the powder obtained 
is relatively less hygroscopic and more free flowing.

The problem of powder stickiness is mainly due to the low glass transition temperature (Tg) of 
the low molecular weight sugars present in such products, essentially sucrose, glucose, and fructose 
(Roos et al., 1995). Spray drying is a fast process, which produces a dry product in an amorphous 
(glassy) form. Solids in an amorphous state have a very high viscosity (>1012 Pa s) and as the tempera-
ture rises during drying, the viscosity decreases to a critical value of around 107 Pa s, where they first 
become sticky (Bhandari et al., 1997). This critical viscosity is reached at temperatures 10°C–20°C 
above Tg and these temperatures decrease with an increase in water content (Roos and Karel, 1991). 
It can be, therefore, assumed that the temperature of the particle surface during drying should not 
reach 10°C–20°C above Tg (Bhandari and Howes, 1999). As a consequence, high molecular weight 
additives, which have a very high Tg and raise the Tg of the feed, are usually added to the spray dryer 
feed to achieve successful drying at feasible drying temperature conditions. Maltodextrins are the 
most common drying aids used at present (Roos and Karel, 1991; Bhandari et al., 1997).
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Various methods capable of producing a free-flowing fruit juice powder have been proposed: 
addition of drying aids (maltodextrins, glucose, soybean protein, sodium chloride, skim milk 
powder) (Bhandari et al., 1993, 1997; Adhikari et al., 2004; Jaya and Das, 2004; Papadakis et al., 
2005; Roustapour et al., 2005; Quek et al., 2007; Chegini et al., 2008), scrapping of dryer surfaces 
(Karatas and Esin, 1994), cooling of the drying chamber walls (Jayaraman and Das Gupta, 1995; 
Chegini and Ghobadian, 2005; Chegini et al., 2008), and admission of atmospheric air near the 
chamber bottom, allowing transport of the powder to a collector having a low humidity atmosphere 
(Ponting et al., 1973).

According to Bhandari et al. (1997), drying aids have a very high Tg and raise the Tg of the 
feeds. Maltodextrins are the most common drying aids used at present. The Tg of maltodex-
trins vary from 100°C to 243°C according to their dextrose equivalent (DE) property. Several 
researchers have added maltodextrins to sugar-rich foods to reduce wall depositions problems. 
Bhandari et  al. (1993) produced blackcurrant, raspberry, and apricot juice powders by spray 
drying a mixture of the juice and maltodextrin with a DE of 35 at 150°C. They fixed the propor-
tion of juice solid and maltodextrin in the ratio 55:35, 55:45, and 50:40, respectively. Jaya and 
Das (2004) carried out drying of mango pulp at various levels of maltodextrin and obtained an 
optimum feed mix composition of 0.43–0.57  kg/kg of mango solids. Papadakis et  al. (2005) 
overcame the problem of stickiness during spray drying of raisin juice concentrate using 21 DE, 
12 DE, and 5 DE maltodextrins and the maximum ratio of (raisin solids)/(maltodextrin solids) 
they achieved was 57/33. Roustapour et al. (2005) reported that an addition of 20% maltodextrin 
(5 DE) to lime juice is the optimum amount for complete and successful drying of the juice. 
Quek et al. (2007) produced watermelon powder using maltodextrin concentrations between 3% 
and 5%. Grabowski et al. (2008) reported that maltodextrin with a DE of 11 is an effective dry-
ing aid for spray drying of sweet potato puree when it is added in a concentration of 10 kg/kg of 
potato puree. Bhandari et al. (1993) found that a certain amount of maltodextrin has to be added 
to prevent excessive amount of products from sticking to the dryer walls. They also found that 
more wall deposition occurred when the ratio of fruit to maltodextrin increased and reported 
that the acceptable range of this ratio could be increased by decreasing the inlet air temperature 
or by using a higher molecular weight maltodextrin. Tsourouflis et al. (1975) also mentioned that 
when used as drying aids for orange juice, low dextrose equivalent maltodextrins were found to 
give higher collapse temperatures than high DE maltrins at the same concentrations. In general, 
the amount of maltodextrins necessary for successful drying depends upon three major factors, 
the composition of the product, the drying temperature, and the maltodextrin type and is largely 
based on trial and error and operator experience, rather than on any a priori methods based on 
the product components. Bhandari et al. (1997) developed a semitheoretical drying aid index 
based on product recovery, which was successfully used to determine the optimum fruit juice/
maltodextrin ratio in a pilot scale spry dryer. However, according to Adhikari et  al. (2004), 
questions arise such as, what is the effect of the addition of a drying aid on the drying kinetics 
of products containing low molecular weight sugars, and how is the surface stickiness of these 
materials affected when the drying agent is added.

The major limitations of the use of drying aids are the subsequent change in the product proper-
ties and the cost. As far as the cooling of the drying chamber walls is concerned, the cool wall will 
be favorable to minimize the thermoplastic particles from sticking, as the wall will be cold enough 
to cool and solidify the outer surface of the thermoplastic particles coming in contact. This method, 
however, was found to improve the process but not to resolve the problem. The reason is that the 
cold chamber wall will also cool the surrounding environment and cause an increase in the relative 
humidity of the air close to the wall surface.

Goula and Adamopoulos (2005b, 2008, 2010) modified an experimental spray dryer for drying 
tomato concentrate and orange juice. The modification made to the original dryer design consisted 
of connecting the spray dryer inlet air intake to an absorption air dryer. The modified spray drying 
system was proved advantageous over the standard laboratory spray dryer. The much lower outlet 
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temperatures and humidities of the dehumidified drying air resulted in the formation of a solid par-
ticle surface, which decreased residue accumulation or dryer fouling and minimized the number of 
thermoplastic particles sticking to the dryer wall. In addition, preliminary air dehumidification, pro-
moting rapid particulate skin formation, decreased powder moisture content and increased  powder 
bulk density and solubility.

5.5 Freeze drying

5.5.1 basiC prinCiples

Freeze drying is the most prominent example of separation by sublimation. In freeze drying, water 
is removed as vapor from a frozen substance. The water passes from the solid phase directly into the 
vapor phase without becoming a liquid en route; consequently, it is necessary that the temperature 
of the sublimation zone in a material being freeze dried be held below the triple point temperature 
of the water or aqueous solution in the material being dried (Figure 5.22).

The freeze drying process is used as a benchmark regarding product quality. Because of the 
absence of liquid water and the low temperatures required for the process, most of the deteriora-
tion reactions and microbiological activities are prevented. Quality losses due to enzymatic and 
nonenzymatic browning reactions are also reduced; however, the oxidation of lipids, caused by low 
moisture levels achieved during drying is higher in freeze-dried products. Packing the products 
in packages impermeable to oxygen can control this lipid oxidation (Ibarz and Barbosa-Canovas, 
2003). The solid state of water during freeze drying protects the primary structure and the shape 
of the product, with minimal reduction in volume (Ratti, 2001). This was confirmed by Marques 
et al. (2005), who investigated the physical properties of vacuum freeze drying of tropical fruits. 
As expected, vacuum freeze-dried foods have high values of porosity and low values of apparent 
density and conserve color, flavor, and taste (Claussen et al., 2007). Thus, freeze-dried products 
have a long shelf life without refrigeration, 2 years for a product with a 2% residual moisture content 
being usual.

The efficiency of the freeze-drying process in terms of productivity and product quality is 
defined by various process variables, the product temperature being the most determinant one. 
Although sublimation phenomenon is faster when the temperature is increased, an overheat-
ing of the product could result in the collapse of the pore structure (Pikal and Shah, 1990) and 
the loss of quality properties. This collapse phenomenon is usually associated with the glass 
transition temperature of the maximally freeze-concentrated phase. According to Ratti (2001), 
product freeze drying temperatures are below Tg only at the end of the process. Nevertheless, to 
compare temperatures at the average moisture content of the product during freeze drying would 
lead to a misunderstanding of the problem since, in this particular process, the solid is divided 
into dry and frozen regions separated by a receding front. The portion of the solid that is in 
contact with the highest temperatures for long periods of time is thus the amorphous dry matrix, 
which has a low moisture content and a Tg corresponding closely to that of the dry solids. Thus, 
the glass transition temperature of dry solids would be a crucial optimization parameter for the 
freeze-drying process.

The main disadvantage of freeze drying is the high fixed and operational costs. Vacuum opera-
tions are mainly batchwise, which represents another additional cost, together with the demanding 
requirements of apparatus operated under vacuum (Di Matteo et al., 2003). An important part of 
operational costs is the energy cost, which is high in vacuum freeze drying. The specific moisture 
extraction rate of industrial vacuum freeze drying is in the range of 0.4 or below. An important part 
of previous investigations aimed to reduce freeze drying times and consequently to lower the energy 
consumption, analyzing the possibilities of controlling the heat intensity, and the vacuum pressure 
and therefore investigating possible ways of optimizing the freeze-drying process. Several studies 
were carried out in laboratories and in pilot scale plants (Kuu et al., 1995; Liapis et al., 1995).

© 2016 by Taylor & Francis Group, LLC

  



202 Handbook of Food Processing: Food Preservation

Freeze drying has been applied with success to diverse biological material, such as meat, coffee, 
juices, dairy products, cells, and bacteria and is now standard practice in the production of protein 
hydrolysates, hormones, blood plasma, and vitamin preparations. The application of freeze drying to 
food products has traditionally been confined to the production of heat- or oxygen-sensitive foodstuffs 
or those foods having a special end use, such as space foods, military or extreme-sport  foodstuffs, 
and instant coffee (Ratti, 2001). Recently, however, the market for “natural” and “organic” products 
has been increasing strongly, along with consumer demand for foods with minimal processing and 
high quality, but without the presence of preservatives. Some of the freeze-dried foods are listed in 
Table 5.6.

5.5.2 stages of freeze Drying

Three stages can be identified in the complete freeze drying process (Lopez-Quiroga et al., 2012), 
during which different physical phenomena take place (Figures 5.23 and 5.24):

 1. The first stage (freezing) involves a quick decrease of the sample temperature (reaching 
values below water triple point) in order to control the ice crystals size growth and to avoid 
possible damage to the material.

 2. The second step, the so-called primary drying, consists of heating of the sample under par-
tial vacuum conditions (always below the triple point) to force ice sublimation. This leads 
to an interconnected porous structure, which can be later rehydrated very effectively while 
preserving the organoleptic and nutritional properties of the product. During this stage (the 
longest one of the cycle), which conditions most of the quality properties of the product, 
almost all frozen water is sublimated.

 3. Finally, the last step, the secondary drying, is an ordinary drying process where the water 
still bound to the porous matrix is desorbed by increasing the temperature. Typical figures 
for final moisture levels in the product are around 0.5% w/w.

Freezing is an efficient desiccation step where most of the solvent, typically water, is sepa-
rated from the solutes to form ice. As freezing progresses, the solute phase becomes highly 

taBle 5.6 
Freeze-dried Food products

product references product references 

Egg Jaekel et al. (2008); Pignoli et al. 
(2009); Liu et al. (2011)

Apple Krokida and Philippopoulos (2005); Lewicki 
and Wiczkowska (2005); Li et al. (2008)

Rice Yu et al. (2011) Banana Kar et al. (2003); Bera et al. (2012)

Mushroom Argyropoulos et al. (2011) Strawberry Shishehgarha et al. (2002); Shih et al. (2008)

Carrot Litvin et al. (1998); Kerdpiboon 
et al. (2005)

Citrus Lee et al. (2012)

Sweet potato Ahmed et al. (2010) Berry Aiyer et al. (2011)

Garlic Rahman et al. (2005); Fante and 
Noreña (2015)

Raspberry Mejia-Meza et al. (2010)

Onion Abbasi and Azari (2009) Blueberry Reyes et al. (2011)

Broccoli Mahn et al. (2012) Apricot Fahloul et al. (2009)

Cabbage Duan et al. (2007) Pear Komes et al. (2007)

Tomato George et al. (2011) Orange Koroishi et al. (2005)

Pepper Ade-Omowaye et al. (2003) Flour Cepeda et al. (1998)

Coffee Sagara et al. (2005) Beef Wang and Shi (1999)

Fish Sablani et al. (2001)
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concentrated and is termed the “freeze concentrate.” By the end of freezing, the freeze con-
centrate usually contains only about 20% of water (w/w) or less than 1% of total water in the 
solution before ice formation. The freezing stage typically takes several hours to finish (Tang 
and Pikal, 2004). The performance of the overall freeze-drying process depends significantly 
on this stage because the shape of the pores, the pore size distribution, and pore connectivity 
of the porous network of the dried layer formed by the sublimation of frozen water during the 
primary drying stage depend on the ice crystals that formed during the freezing stage. This 
dependence is of extreme importance because the parameters that characterize the mass and 
heat transfer rates in the dried product during primary and secondary drying are influenced 
significantly by the porous structure of the dried product. If the ice crystals are small and dis-
continuous, then the mass transfer rate of water vapor in the dried layer could be limited. On 
the other hand, if appropriate size dendritic ice crystals are formed and homogeneous disper-
sion of the  pre-eutectic and post-eutectic frozen solution can be realized, the mass transfer rate 
of water vapor in the dried layer could be, high and the product could be dried more quickly 
(Liapis et al., 1995).

T
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Sublimation

Desorption

Freezing

Figure 5.23 Freeze–drying physical phenomena represented on the water phase diagram. (From Lopez-
Quiroga, E. et al., J. Food Eng., 111, 555, 2012. With permission.)
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Figure 5.24 Freeze drying stages.
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Freezing often induces many destabilizing stresses. One practical process approach to sta-
bilization is to minimize the surface area of ice by growing large ice crystals, which can be 
achieved by reduced supercooling. The degree of supercooling is the temperature difference 
between the thermodynamic or equilibrium ice formation temperature and the actual tempera-
ture at which ice begins to form, which is usually around 10°C–25°C lower but changes with 
cooling rate and other factors. Higher supercooling results in more/smaller ice crystals and 
larger ice specific surface area. Different freezing methods, like liquid nitrogen freezing, load-
ing vials onto precooled shelves, or ramped cooling on the shelves, give different supercooling 
effects with normally the highest supercooling with liquid nitrogen freezing of small volumes 
and the lowest supercooling for the precooled shelf method. It was reported that slow cooling 
(0.5°C/min) causes larger supercooling effects than the precooled shelf method. However, the 
precooled shelf method gives large heterogeneity in supercooling between vials, which is unde-
sirable (Jiang and Nail, 1998).

The first drying stage involves ice sublimation under vacuum. The vapor generated in the sub-
limation interface is eliminated through the pores of the product due to low pressure in the drying 
chamber, and the condenser prevents the vapor from returning to the product. The driving force of 
sublimation is the pressure difference between the water vapor pressure in the ice interface and the 
partial water vapor pressure in the drying chamber (Ibarz and Barbosa-Canovas, 2003). The philoso-
phy of primary drying is to choose the optimum target product temperature (Tp), bring the product 
to the target product temperature quickly, and hold the  product temperature roughly constant at the 
target temperature throughout all of primary drying. The product temperature should always be 
several degrees below macroscopic collapse temperature (Tc) in order to obtain a dry product with 
an acceptable appearance. The temperature difference between Tp and Tc is called the temperature 
safety margin. An optimized freeze-drying process runs with the product temperature as high as 
possible (Pikal and Shah, 1990). In other words, the target product temperature should be as close as 
possible to Tc. Consequently, the optimum target product is a compromise between safety and freeze-
drying time. A small safety margin (2°C) should be used if freeze-drying time is long (e.g., more 
than 2 days), whereas a large safety margin (5°C) is proposed if freeze-drying time is short (<10 h), 
and a safety margin of 3°C should be used if primary drying time is somewhere between 2 days and 
10 h (Tang and Pikal, 2004). In general, Tp should not be higher than −15°C, or the heat and mass 
transfer capabilities of the freeze dryer may be overloaded. Overloading of the freeze dryer typically 
causes loss of chamber pressure control and product temperatures in excess of the target.

Primary drying is carried out at low pressure to improve the rate of ice sublimation. The cham-
ber pressure impacts both heat and mass transfer and is an important parameter for freeze-drying 
process design. At a given product temperature (i.e., given ice vapor pressure), the smallest chamber 
pressure gives the highest ice sublimation rate. However, very low chamber pressure may cause 
problems, such as contamination of the product with volatile stopper components or pump oil (Pikal 
and Lang, 1978) and also produce larger heterogeneity in heat transfer, thereby giving larger product 
temperature heterogeneity (Pikal et  al., 1984). The optimum chamber pressure is a compromise 
between high sublimation rate and homogenous heat transfer and, in most applications, varies from 
50 to 200 mTorr (Tang and Pikal, 2004).

The second drying stage begins when the ice in the product has been removed, and moisture 
comes from water partially bound to the material being dried. Secondary drying is not easily quan-
tifiable. The rate is governed by diffusion of water from the product filaments and its subsequent 
desorption and condensation (Franks, 1998). The diffusion process is not subject to simple kinetics 
but, as might be expected, drying is accelerated by an increase in the temperature (Aldous et al., 
1997). The drying rate is diffusion-limited and tends to plateau at each temperature. In contrast to 
primary drying, the chamber pressure does not appear to affect the secondary drying rate to any 
marked extent (Pikal et al., 1984). Ideally, therefore, secondary drying conditions should be such as 
to track the glass transition profile, starting from Tg up to the desired storage temperature and water 
content (Franks, 1998).
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5.5.3 heat anD mass transfer—moDeling

Several theoretical models concerning the heat and mass transfer phenomena during freeze drying 
can be found in the literature (Liapis and Bruttini, 1995; Lombraña and Izkara, 1995; Lombraña, 
1997). More recently, numerical models with highly detailed equations have been developed 
(Brülls and Rasmuson, 2002; George and Datta, 2002). However, in most cases, adjustable param-
eters are needed to match the model predictions with experimental data (Sadikoglu and Liapis, 
1997; Sheehan and Liapis, 1998). In other cases, no comparison with experimental data is pre-
sented (Liapis and Bruttini, 1995). In addition, most of the models were developed for liquids and 
not for solid products (Sheehan and Liapis, 1998; Brülls and Rasmuson, 2002). Khalloufi et al. 
(2005) have built a model using mass and energy balances in the dried and frozen regions and tak-
ing into account both sublimation and desorption in the set of coupled nonlinear partial differential 
equations. These equations were solved numerically by using a finite element scheme, and all the 
parameters involved in the model were obtained independently from experimental data cited in 
the literature.

During the freeze-drying process, the product is placed between heating plates. Therefore, a radi-
ant source as well as heat by conduction from the bottom is imposed to the material slab. There 
are two mechanisms of water elimination during freeze drying: sublimation (which eliminates the 
frozen water) and desorption (which eliminates the bounded unfrozen water). Sublimation occurs at 
the interface of the ice front as a result of the transferred heat (Simatos et al., 1975). As dehydration 
proceeds, the ice front retreats, and the sublimated water vapor (at the ice front) is removed by dif-
fusion through the porous layer (Liapis and Bruttini, 1995). The water vapor flows through the dried 
layer countercurrent to the heat flow. Then, it passes through the chamber to be finally collected on 
the condenser plate.

The flow of vapor through the dry matrix is represented through a permeability-type equation 
(Khalloufi et al., 1999):
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where
Pv is the vapor pressure
k is the thermal conductivity
Cp is the specific heat
ρ is the density
the subscript d refers to the dry matrix

The permeability coefficient, Per, and the Knudsen constant, Kn, are calculated as follows 
(Liapis and Litchfield, 1979):
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where
M is the molecular weight
C1 is the Knudsen constant value
C2 is the dimensionless constant
PT is the total pressure
r is the pore radius of dried layer

The molecular diffusivity, DAB, of the binary mixture is estimated by the Fuller equation 
(Skelland, 1974):

 D TAB = −1 16 10 4 1 75. .×  (5.38)

The pressure profile is represented through the following equation (Khalloufi et al., 2005):
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where ε is the porosity.
In the frozen region ( f), there is only heat transfer by conduction. Thus, the temperature profile 

is represented by the following differential expression (Khalloufi et al., 2005):
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The boundary condition at the material surface can be described by:
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where hT is the heat transfer coefficient calculated as:

 
h F T T tT d= +  ( )σ ∞

2 2 0,  (5.44)

where
σ is the Stefan–Boltzmann constant
F is the radiation view factor
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A convection resistance coefficient, hP, which depends on the total pressure (Lombraña and 
Izkara, 1995), can be considered for mass transfer at the surface:
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Τhe amount of sublimated vapor, msub(t), can be expressed as follows:

 
m t WCFFlLS tfsub ( ) = ( )ρ

 
(5.46)

where
WC is the initial water content
FF is the fraction of frozen water
l is the width
L is the length
S(t) is the interface position

The amount of remaining water, Xr, is the sum of the bound water and the frozen water that has 
not been sublimated yet:

 
X t WC lL E FFS tr f( ) = ( )( )ρ −  (5.47)

where E is the half of thickness.
Lopez-Quiroga et al. (2012) developed a novel low-dimensional model based on a time-scale 

simplification approach (the matrix-scale model). This model constitutes the core of the proposed 
optimal control approach, which defines the operation conditions for minimizing freeze-drying 
cycle time while preserving product quality (final water content) through the solution of a dynamic 
nonlinear programming. The main difference with respect to the other models is related to the treat-
ment of the heat transfer phenomena in the dried layer. It must be remarked that separated energy 
transfer mechanisms for vapor and porous matrix in the dried region are considered. In order to both 
achieve a better comprehension of the process as well as to identify its leading roles, the coupled 
mass and energy balances are described by taking into account the inherent thermophysical prop-
erties of the system. Thermal diffusivities, desorption rate, and the mass flux velocity define a set 
of characteristic times in which different physical phenomena take place. Based on this time-scale 
analysis, a simplification of the governing equations is performed. For the freeze-drying case, the 
relevant time scale is the one related to the temperature distribution within the porous matrix.

As far as the atmospheric freeze-drying (AFD) process is concerned, literature review revealed that 
a few investigators have reported their modeling effort on AFD. So far, two simulation approaches 
for AFD have been developed: uniformly retreating ice front (URIF) model and a diffusion model. 
Kutsakova et al. (1984) modeled AFD of granulated products of cylindrical shape using cold air as the 
carrier gas. The model was used in a simple case to predict granule residence time for a given final 
granule radius. A further kinetics study of ice sublimation in a fluidized-bed dryer operating under 
atmospheric conditions was demonstrated by Boeh-Ocansey (1985). Wolff and Gibert (1990) also pro-
posed a model for atmospheric freeze drying using a fluidized bed of particulate adsorbents (starch) 
of different masses. Menshutina et al. (2004) modeled an AFD process in a spouted bed using the het-
erogeneous media concept for modeling of the hydrodynamics and drying kinetics. Haida et al. (2005) 
studied a batch fluid-bed AFD process and predicted the heat and mass transfer phenomena between 
the bed and product using a 1D heterogeneous two-phase fluid-bed model. Claussen et al. (2007) devel-
oped a simplified mathematical model based on uniformly retreating ice front (URIF) considerations 
to calculate theoretical drying curves of atmospheric freeze-dried foods in a tunnel dryer.
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5.5.4 freeze-Drying systems

Conventional freeze-drying plants in use today generally support the food material to be dried in 
particulate form on a series of trays within the drying chamber. Such a dryer is shown schemati-
cally in Figure 5.25. Heat is supplied by a circulating heat transfer agent within platens, which may 
be in direct contact with the trays or may transmit heat by radiation. Steam may also be used as a 
heating agent in radiant-heat freeze dryers. Although steam jet ejectors are used to some extent in 
Europe for removing water vapor as well as inerts, water vapor removal is generally accomplished 
by ice formation onto chilled, metal surface condensers, which are defrosted after the conclusion of 
freeze drying. The condenser unit is backed up by a vacuum pump or steam jet for inerts removal 
and may be located within the drying chamber or in one or more separate chambers, which may be 
closed off intermittently for defrosting (King and Labuza, 1970). Tunnel freeze dryers utilize large 
vacuum cabinets where trolleys carrying the trays are loaded at intervals through a large vacuum 
lock located at the entrance to the freeze dryer and discharges in a similar way at the exit (Liapis 
and Bruttini, 1995).

The first approach toward a continuous freeze drying process in large-scale practice is a process 
in which particulate foods tumble along a slowly rotating, inclined tube, with the tube being polygo-
nal in cross section so as to provide good tumbling and mixing action. Heat is supplied continuously 
from a steam chamber through which a number of such tubes pass, and water vapor is removed by a 
conventional vacuum system. In another variant of this process, the heat is supplied through finned 
tubes, which act as baffles to promote mixing of the particles of the substance being dried within a 
rotating chamber. Another approach to continuous freeze drying uses gravity loading and unloading 
through vapor locks into many vertical cells in parallel, which provide means of heating distributed 
vertically along each cell and which provide small dimensions across which vapor can escape from the 
material being dried. This approach is designed to overcome the problems of continuous loading and 
of distribution of material for even drying within a continuous freeze dryer (King and Labuza, 1970).

Figure 5.26 shows a diagram of a continuous tray dryer, which is suitable for lumps, slices, or 
granules. It consists of a tunnel with a vacuum lock at each end, one for loading prefrozen lumps of 

Motor Cold trap

Refrigerator

Vacuum pump
Condensers

Shelves

Insulated wall

Oil trap

Door

Figure 5.25 Batch freeze dryer. (From Ahmed, J. and Rahman, M.S., Handbook of Food Process Design, 
Wiley, New York, 2012, 1600pp. With permission.)
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food and the other for discharging the dried product. The chamber pressure is in the range of 0.1–1 
mbar, and the dryer capacity is about 50–80 kg of fresh product/m2 day (Barbosa-Canovas et al., 
2005). Another type of continuous freeze dryer, suitable for free flowing and granular foods, is pre-
sented in Figure 5.27. In this type, the prefrozen material enters at one end of a horizontal, cylindrical 
vacuum chamber via an entrance lock, onto a vibrating deck. This carries them to the other end of the 
chamber. They then fall onto a second deck, which transports them back to the front end of the cham-
ber, where they fall onto another vibrating deck. In this way, the granules move back and forth in 
the chamber until they are dry. They are then discharged from the chamber through a vacuum lock. 
Heat is supplied by radiation from heated platens above the decks (Brennan and Grandison, 2012).

Methods which have been used or tested for vacuum generation and water vapor removal include 
multistage steam jet ejectors, various sorts of vacuum pumps, refrigerated metal surface condensers, 
liquid and solid desiccants, and cold, ice-immiscible liquids. Refrigerated condensers are currently 
used in most large-scale applications. Condensers are critical “pumps” maintaining the freeze dry-
ing conditions, while the vacuum pump just removes the noncondensable gases of the environment. 

Tray flow

Vapor constriction 
plate Vacuum lockVacuum lock

Entrance Exit

Condenser and
vacuum pump Vacuum pump

Gate valve

Figure 5.26 Continuous tray freeze dryer. (From Mellor, J.D., Fundamentals of Freeze-Drying, Academic 
Press, London, 1978. With permission.)

Feed in

Vacuum lock

Vacuum lockVibratory belt

Heating platen

Product out

Figure 5.27 Trayless continuous freeze dryer. (From Barbosa-Canovas, G.V. and Vega-Mercado, H., 
Dehydration of Foods, Chapman & Hall, New York, 1995. With permission.)
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In the design of a refrigerated metallic-surface condenser system, it is important to provide for a 
minimum pressure drop of water vapor between the food surface and the condensing surface. This 
calls for large vapor transfer lines from the drying chamber to the condenser chamber, or for putting 
the condenser surfaces inside the drying chamber. If the condenser is inside the drying chamber, the 
design should guard against excessive heat loss by radiation from the heating surfaces direct to the 
condenser surface. It is also important to design the condenser system so that the condenser surface 
will frost up more or less evenly. A system of baffles, forcing all vapors to flow over the condensing 
surfaces on their way to the pump, has been found to improve operation and provide more efficient 
utilization of the entire condensing surface (King and Labuza, 1970).

5.5.5 teChniCal improVements

In order to reduce manufacturing costs, atmospheric freeze drying (AFD) was developed. Dr Harold 
Meryman is considered the inventor of the science of atmospheric freeze drying. He showed experi-
mentally that the diffusion of water vapor from the drying boundary through the dried shell is 
facilitated primarily by the vapor pressure gradient rather than by the absolute pressure in the sys-
tem. The advantages of the atmospheric freeze-drying process, in comparison with vacuum freeze 
drying, is given in the work of Li (2005) as follows: (1) low initial investment cost since expensive 
vacuum auxiliary equipment could be eliminated, (2) the process could be designed as a continuous 
system with higher productivity and lower operating cost, (3) the application of a heat pump system 
and different process temperature elevating modes in AFD would decrease energy consumption 
and drying time, and (4) inert gas drying environment, such as nitrogen or helium, can be applied 
to minimize the product degradation caused by oxidation. The main conclusion from his work is 
that vacuum freeze drying still offers the best product quality, although AFD products show similar 
characteristics of rehydration kinetics and hygroscopicity. Only 15% deterioration of the antioxidant 
properties was measured compared to vacuum freeze drying.

Conventional fluid beds can be used for atmospheric freeze drying. The heat and mass transfer is 
very good in a fluid-bed dryer where the drying agent passes each unit of the product. Liquid foods 
can be frozen and granulated before drying using a traditional granulator. Another way of making a 
new high-quality instant powder is to first put the product under high pressure together with liquid 
CO2 at –30°C to –40°C and then expand it to the surrounding temperature and pressure. This leads 
to considerable foaming of the product. The foamed matrix is frozen, granulated, and dried at freez-
ing temperatures (Claussen et al., 2007). Di Matteo et al. (2003) proposed a freeze-drying opera-
tion at atmospheric pressure that utilizes a fluidized bed of absorbent particles. They reported that 
approximately 34% energy reduction can be obtained, whereas drying times are increased by up to 
threefold since the use of atmospheric pressure changes the process from one involving heat transfer 
to one involving mass transfer. In addition, the quality of the obtained products is inferior, since the 
risk of product collapse is increased (Lombraña and Villarán, 1995). To avoid size reduction caused 
by mechanical cracking, tunnel drying is a suitable alternative to fluid-bed freeze drying. The heat 
and mass transfer, however, is not as good as in fluid bed drying (Claussen et al., 2007).

Another method that has recently been developed is the adsorption freeze drying. In this method, 
a desiccant is used to create a high vapor drive at low temperatures. The adsorbent replaces the con-
denser and lets a reduction of 50% in total costs as compared to traditional freeze drying. Despite 
the many advantages, the quality of adsorption freeze-dried foods is slightly reduced and some-
times poor as compared to that obtained by traditional freeze drying (Ratti, 2001).

Within the pharmaceutical industry, spray freeze drying seems to be a good alternative for pro-
ducing free-flowing powder, with high surface area, porous end product, and good instant charac-
teristics. The methods reported may be classified as (1) spray freeze drying into liquids, (2) spray 
freeze drying into gases, and (3) spray freeze drying into gases over a fluidized bed. Spray freeze 
drying into liquid is a new technology designed to produce nanostructure particles with high surface 
area (Claussen et al., 2007).
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6.1 introduCtion

Food quality is determined by a combination of intrinsic, such as food’s composition and physico-
chemical properties (i.e., moisture and nutrient content, pH), and extrinsic (storage/environmental 
conditions) parameters. Consequently, the retention of foods under inappropriate conditions can 
irreversibly alter their characteristics (Armstrong, 2004).

Chilling refers to storage of perishable goods at temperatures above freezing, at the range of 
15°C to −2°C, depending on the products’ nature (i.e., animal tissues, fresh milk and fruits, and 
vegetables not subject to chilling injury require temperatures just above freezing for maximum 
storage life, while several fruits, such as bananas and avocados, are best preserved at tempera-
ture above 7°C) (Karel and Lund, 2003). Most common commercial and household refrigerators 
usually operate at temperatures between 4°C and 7°C. The considerable advantage of chilling 
over other techniques is that it is classified among the mildest preservation methods with minor 
effects on the quality, textural, and sensory characteristics of food products. Its principal  feature 
is that it slows down the growth and reproduction rate of food spoilage microorganisms; it retards 
 lipids oxidation, impedes temperature-dependent activities, such as respiration, transpiration, and 
 ethylene production, and inhibits enzymatic reactions, thus extending shelf life. For the rea-
sons stated above, it is considered the most popular method for the preservation of fresh foods, 
 especially meat, fish, dairy products, fruit, vegetables, and ready-made meals (Hui et al., 2004; 
Mishra and Gamage, 2007).

6.2 preCooling

Most fresh produce start to degrade immediately after harvest. Respiration due to enzymatic oxida-
tion occurs in plant tissues resulting in the consumption of sugars, starch, and moisture with the 
parallel production of gases (mainly carbon dioxide) and heat. Unless the heat is removed, these 
phenomena are accelerated along with the growth of spoilage microorganisms and loss of nutrients. 
Precooling usually precedes shipping, cold storage, or processing of foods, and its main purpose is 
to rapidly remove the undesired heat (known as field heat) from freshly harvested/slaughtered goods 
in order to retard the rate of the products’ degradation. In this way it minimizes quality and product 
losses, extends the shelf life of highly perishable goods, expands their market opportunities, and also 
reduces the refrigeration capacity required for their transportation or storage. Precooling differs from 
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cold storage where the temperature is simply maintained at a predetermined level, raising, however, 
the energy cost of the cooling process.

In order to minimize the refrigeration cost, there is a common practice not to precool products to 
the ideal temperature but to reduce it to half or 7/8 the desired value (usually the operating temperature 
of the coolant) and then transfer products to a cold room for further cooling. As a general rule, the 7/8 
of the desired cooling time requires 3 times longer cooling when compared with half-cooling time.

Several precooling methods can be used to reduce the heat load of fresh produce. Current prac-
tices include room cooling, forced-air cooling, hydrocooling, ice, and vacuum cooling. These are 
described in the following paragraphs (Karel and Lund, 2003; Kienholz and Edeogu, 2002; Mishra 
and Gamage, 2007; Ramaswamy and Marcotte, 2006; Thompson et al., 2008).

6.2.1 room Cooling

This is the simplest precooling method commonly applied in products sensitive to surface mois-
ture with a relatively long storage life. It is a slow-cooling method in which products are exposed 
to cold air in a refrigerated room or transportation truck. Cold air is usually discharged into 
the room horizontally just below the ceiling, sweeps the ceiling, and returns to the cooling 
coils after circulating through the produce on the floor by the refrigeration fans (Figure 6.1). 
For  satisfactory results, the air velocity should be kept between 60 and 120 m/min around and 
between cooling containers, while cooling can also be accelerated through the use of ceiling jets 
or cooling bays.

The major benefit of room cooling is that the produce is cooled and stored in the same place, 
thus requiring less handling. It can also be used for the curing of produce. In addition, it is char-
acterized by simple design and operation and requires moderate refrigeration load. However, 
room cooling presents several disadvantages that may limit its use. It necessitates a relatively 
large empty floor space between stacked containers, enough open spaces between products, and 
good air speed to achieve the optimal cooling effect, otherwise cooling is unreasonably long. 
Nevertheless, excessively high air velocities are not recommended as they may lead to serious 
water loss for fresh produce.

Leave room on all
sides of pallets for air

circulation

Passive air
circulation

Figure 6.1 Room cooling diagram. (Adapted from Kienholz, J. and Edeogu, I., Fresh Fruit and Vegetable 
Pre-Cooling for Market Gardeners in Alberta, Alberta Agriculture, Food and Rural Development, Edmonton, 
Alberta, Canada, 2002. With permission.)
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6.2.2 forCeD-air Cooling

It is the most versatile and widely used precooling method mainly used for bulk produce and pallet-
ized products. In forced-air cooling, high velocity cold air is distributed by air ducts and forced to 
flow through the containers in direct contact with each piece of produce. In this way, an air  pressure 
difference is developed between the opposite faces of stacks of vented containers carrying heat away 
and resulting in rapid and even cooling. Cold air can be distributed either horizontally (Figure 6.2) 
or vertically (Figure 6.3). In horizontal flow systems, air is forced to flow horizontally from one 
side to the other through holes in the sides of the stacks. On the contrary, in vertical flow systems, 
airflow is vertically directed from the bottom to the top of the stacks through holes in the bottom. In 
both cases, the holes between containers should be aligned to facilitate airflow, while the opposite 
sides (top and bottom in horizontal and sides in vertical systems) should preferably be kept sealed 
to prevent air from bypassing the products. Different techniques are available in forced-air cooling. 
These include tunnel type, cold wall, serpentine cooling, and evaporative forced-air cooling.

The significant advantage of forced-air cooling over room cooling is that it can be 10 times faster, 
while it also enables better control of the cooling process. However, there is a high potential for 
water loss from the fresh produce due to air movement, unless high airflow rates are applied and 
humidity is kept near 100%. Condensation problems on the produce can be minimized by placing a 
cover on top of the stack of containers.

6.2.3 hyDroCooling

It is the most economic method of precooling, being simple and efficient at the same time. It is 
frequently employed in fruits and vegetables such as celery, asparagus, peas, radishes, carrots, and 
peaches. In this case, fresh products are immersed in, flooded with, sprinkled, or sprayed with cold 
water at a temperature of around 0°C, either in batch or continuous modes. Conveyor hydrocoolers 
are the most commonly used. In those produce, either in bulk or in containers, hydrocoolers are 
placed on a conveyor through a shower of water.

Hydrocooling prevails over the aforementioned techniques as far as the cooling speed is  concerned 
because water has a higher heat removal capacity than air. However, water must be kept cold and 

Holes in cases aligned for
horizontal airflow

Cool air

Cool air

Air returned to
cooler

Centrifugal
fan

Tarp, to cover two sides,
top and bottom

Figure 6.2 Forced-air cooling diagram (horizontal airflow). (Adapted from Kienholz, J. and Edeogu, I., 
Fresh Fruit and Vegetable Pre-Cooling for Market Gardeners in Alberta, Alberta Agriculture, Food and 
Rural Development, Edmonton, Alberta, Canada, 2002. With permission.)
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should come in contact with as much of the surface of the produce as possible. This is why it is not 
appropriate for commodities that cannot tolerate wetting such as strawberries, mushrooms, berries, 
potatoes, bulb onions, or garlic. For optimal cooling and energy saving, hydrocoolers should also be 
adequately insulated. Hydrocooling does not induce water loss. On the contrary, it may even revive 
slightly wilted produce. The major limitation of hydrocooling is that it requires particular attention 
to water quality and sanitation. Mild disinfectants, such as chlorine (in the form of sodium hypo-
chlorite solution or as dry-powdered calcium hypochlorite), ozone, or hydrogen peroxide are used 
for this purpose. It also requires containers tolerant to water and chemicals, increasing therefore the 
packaging cost. Finally, in order to maintain the cooling effect, immediate rehandling of the prod-
ucts is usually necessary by shipping or transferring them to a cold storage room.

6.2.4 iCe Cooling

It is one of the oldest and fastest precooling methods commonly used for chilling field-packed vege-
tables such as broccoli, cabbage, cantaloupes, peaches, root crops (i.e., radishes and carrots), as well 
as poultry and fish. For this reason, ice in crushed or fine granular form, or ice-slush (an agitated 
mixture of ice and water) is packed around or placed in direct contact with the produce. Thereby, 
the cooling effect is maintained during and after transportation for a sufficient time since it is often 
a marketing requirement for several products that ice remains until they are received by the retailer.

Ice cooling also provides a high relative humidity environment for fresh produce. Thus, unlike 
precooling in air, it may result in an increase in the weight of several products such as poultry. It is 
even faster than hydrocooling since ice has a higher heat removal capacity than water (latent heat 
of ice melting is 334 kJ/kg). They both share, however, similar limitations. More specifically, water 
sanitation is of major importance as melted ice could be a potential source of contamination for 
fresh produce; chlorine is usually added to address this issue. The containers employed must be 
resistant to water for a prolonged time as well and should have drainage vents for the melted water. 
Finally, ice cooling is associated with considerably higher labor cost and freight load as the typical 
weight of the ice for initial cooling is equivalent to 30% of the product weight.

Holes in cases aligned for
vertical airflow

Cool air

Air space for air
movement

Air returned to
cooler

Centrifugal
fan

Tarp, to cover all
sides except bottom

Figure 6.3 Forced-air cooling diagram (vertical airflow). (Adapted from Kienholz, J. and Edeogu, I., 
Fresh Fruit and Vegetable Pre-Cooling for Market Gardeners in Alberta, Alberta Agriculture, Food and 
Rural Development, Edmonton, Alberta, Canada, 2002. With permission.)
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6.2.5 VaCuum Cooling

Vacuum cooling is the fastest and most uniform method of precooling. It is highly recommended 
for leafy and floral vegetables, such as lettuce and celery, with high surface-to-volume ratio and 
ability to readily release internal water. In this case, fresh produce are loaded in a vacuum cham-
ber, equipped with a vacuum device (mechanical vacuum pump or steam-jet pump) and a con-
denser (necessary when vacuum is achieved through a mechanical vacuum pump), and air is drawn 
out  creating a high vacuum (4–4.6 mmHg). This reduction in the atmospheric pressure causes a 
substantial decrease in the boiling temperature of water generating moisture evaporation which 
withdraws heat from the products. The extent of cooling is proportional to the water evaporated 
(evaporation of 1 kg of water removes approximately 2200 kJ), while the temperature is lowered to 
about 5°C for each 1% reduction in water content.

Precooling times in vacuum cooling usually range between 20 min and 2 h if appropriate loading 
and packaging is applied. However, it is considered as an expensive method, requires high capital 
investment and skilled operators, and is designed for batch operation only. However, this can be 
partly offset by their ability to be portable and readily available for use. Therefore, in order to be 
economically advantageous, vacuum coolers should be preferably built in productions plants with a 
large annual workload and as closely as possible to the harvest area (if not portable). Finally, with 
regard to moisture loss (2%–3%) induced during cooling, this can be overcome either by pre-wetting 
fresh produce before vacuum is applied or by using a water spray system during cooling (hydro-
vacuum cooling). In both cases, particular attention should be given to water hygiene.

6.2.6 preCooling methoD seleCtion Criteria

Apart from the particular characteristics of each product, the selection of the appropriate 
 precooling method depends on several factors, such as the temperature reduction requirements, 
the refrigeration load, the desirable cooling rate, and equipment and operating costs. Therefore, 
in cases where multiple products with diverse optimal cooling conditions are received, the use of 
different precooling means may be required. As far as the capital cost is concerned, liquid ice 
coolers can be the most expensive, followed by vacuum coolers, forced-air coolers, hydrocoolers, 
and room coolers. Moreover, vacuum coolers exhibit the highest energy cost, followed by hydro-
coolers, ice coolers, and forced-air coolers. Labor, maintenance, and other equipment costs should 
also be contemplated when comparing different cooling systems, especially if special packaging 
(e.g., waxed boxes or reusable plastic containers) is required. Operating conditions (environmental 
temperature and humidity) and product parameters (type, size, shape, and composition) should 
also be considered (Pham, 2001).

6.3 Cooling

6.3.1 Cooling methoDs

Heat can be withdrawn from an object by convection, conduction, radiation, or evaporation. In con-
vection, heat is transferred due to the fluid motion of a gas or a liquid. As the hotter part of the fluid 
is lighter, it is forced to rise upward while the colder part is moving downward, thus creating con-
vection currents that relocate heat. In case this flow is not spontaneous but induced by other means, 
it is called forced convection. In conduction, heat is transferred within an object through the contact 
of particles (i.e., vibration of atoms and molecules). Heat can also be carried through electrons, 
which explains why metals are in general good conductors of heat. It does not involve any motion 
of a substance but rather is a transfer of energy within an object or between objects in contact. This 
energy travels from the more energetic molecules, which are found at the hotter areas, to those in 
contact that exhibit lower molecular energy. In radiation, heat is removed through electromagnetic 
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waves, without the need of a transfer medium, based on the fact that warmer objects emit larger 
amounts of energy than they receive. Finally, in evaporation, heat is extracted by water evapora-
tion from the surface of the product to the environment. Conduction and convention, however, are 
predominant in food applications, while combinations of two or more methods may occur (James, 
2006; Jensen et al., 2004).

6.3.2 the refrigeration CyCle

Most common chilling equipment used to remove heat is classified into mechanical or cryogenic 
refrigerators. The latter use solid carbon dioxide (dry-ice pellets), liquid carbon dioxide, or most 
commonly in chilling operations, liquid nitrogen. These can either be used to chill another refrig-
erant or directly chill the products. However, due to their significantly higher cost, cryogenic 
refrigerators have a limited range of applications (i.e., in mechanically formed meat products, 
cryogenic grinding, and dough products).

The mechanical refrigeration system is characterized by the circulation of a fluid (called refriger-
ant) in a closed cycle and consists of four basic components namely a compressor, a condenser, an 
expansion valve, and an evaporator (Figure 6.4). Any other component, except these, is considered 
an accessory. The refrigerators’ parts are manufactured from materials presenting high thermal con-
ductivity, such as copper, in order to achieve high rates of heat transfer and high thermal efficiencies.

The refrigeration system can be divided into the high pressure area (compressor and con-
denser) and the low pressure area (evaporator and expansion valve). The refrigerant, in the vapor 
state, is passed with suction through the compressor, which is typically a vapor compression 
pump that increases pressure. It is compressed at constant entropy and exits the compressor 
superheated. It  is then sent to the condenser (a heat exchanger) where it is cooled releasing 
heat and condensed into  liquid at constant pressure and temperature. The liquid refrigerant is 
then routed to the expansion valve where it is forced to pass through a small hole. As a result, 
its pressure quickly drops; the boiling point is lowered and evaporation is therefore facilitated 
resulting in a mixture of liquid and vapor at a lower temperature and pressure. The cold liq-
uid–vapor mixture is directed through the  evaporator coil or tubes, under reduced pressure, 
where it is completely vaporized by cooling the warm air from the space being refrigerated. 
The resulting saturated vapor is finally routed back to the compressor inlet to complete the 
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Figure 6.4 Schematic diagram of the mechanical refrigeration system.
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thermodynamic cycle. The refrigerant repeats this cycle again and again, absorbing heat from 
one area (cold room) and relocating it to another ( condenser). This of course remains the most 
simplified form of a refrigeration system, and more sophisticated approaches have been devel-
oped. Different types of refrigerators’ parts are also available, according to load requirements 
and characteristics. These are explained in the following paragraphs (Fellows, 2000; Heap, 
2000; Ibarz and Barbosa-Cánovas, 2003).

6.3.2.1 Compressors
Compressors can be distinguished as positive displacement and dynamic compressors. In positive 
displacement compressors, the vapors of the refrigerant are drawn and trapped inside, while the 
rise in pressure is achieved by decreasing the volume. They can be further categorized according to 
power requirements as

• Rotary (<30 kW)
• Reciprocating (10–300 kW) and
• Screw compressors (100–500 kW)

Rotary compressors are designed for very small to small capacities, such as domestic refrigerators, 
and are suitable for refrigerants with moderate or low condensing pressures (i.e., R-21 and R-114). 
These can either be of the rolling piston or the rotating vane type. Reciprocating compressors are 
best suited in small to medium capacity systems and are very popular due to their lower cost. Along 
with screw compressors, they best operate with refrigerants that exhibit comparatively low volume 
per kg and condense at relatively high pressure (i.e., R-12, R-22, and ammonia).

The most common representatives of dynamic compressors are centrifugal compressors, in 
which kinetic energy is produced by impellers turning at a high speed and converted into pressure 
energy through a diffuser. These are used for large capacities (>200 kW) and are suitable for refrig-
erants with large displacement and low condensing pressure (i.e., R-11 and R-113). Although their 
capital cost is higher, they are advantageous in that they have lower maintenance costs and occupy 
less space (Arora, 2010; Maroulis and Saravacos 2003; Pardo and Niranjan, 2006).

6.3.2.2 Condensers
The most common types of condensers are

 1. Air-cooled condensers, in which air is used as the cooling medium. These can rely either 
on natural air circulation or forced convection (i.e., with propellers or fans) with the airflow 
being either vertically upward or horizontal.

 2. Water-cooled condensers, which use water for cooling and can be further grouped into
 a. Tube-in-tube or double pipe, where concentric pipes with different diameters are used 

and shaped to the desired form (i.e., straight or coiled). Refrigerant flows in one pipe 
and water on the other pipe (usually the inner one) in counterflow. These systems are 
mainly used for smaller scale applications.

 b. Shell-and-coil, which consist of a continuous coil inside a welded or flanged outer shell. 
Water flows in the coil, while the refrigerant vapors are condensed inside the shell.

 c. Shell-and-tube, where a group of straight tubes is mounted inside a cylindrical shell. 
Water runs on the inner side of the tubes, while the refrigerant condenses inside the 
shell and around those tubes. This is the most popular type of condenser.

 3. Evaporative condensers, which use both air and water as the cooling medium. Water is 
sprayed over the condenser tubes where the refrigerant vapors flow, while air is thrusted 
through fans from the bottom of the condenser to the top. As water comes in contact 
with the hot tube surface, it removes heat from the refrigerant and evaporates into steam 
(Hundy et al., 2008; Trott and Welch, 2000).
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6.3.2.3 evaporators
Most evaporators cool air or a liquid which is subsequently used to remove heat from the required 
load. They are classified into

• Dry expansion evaporators (also called direct expansion or DX evaporators): The liquid 
refrigerant enters the evaporator (through an expansion valve) and as it runs through it, 
within tubes or coils, it is completely vaporized and superheated to a certain degree before 
reaching the exit. The air or liquid to be cooled passes over the outside of those tubes or 
coils. These are the most widely used.

• Flooded evaporators: They consist of a vessel (shell) containing the refrigerant, while the 
liquid intended for cooling flows within tubes or channels either immersed or in direct 
contact with the refrigerant. As indicated by their names, these operate at a constant refrig-
erant liquid level regulated by a float valve which compensates the amount of liquid lost 
due to evaporation. These evaporators are considered more efficient since they provide a 
larger heat transfer surface in contact with the liquid refrigerant. However, due to higher 
 operational cost, they are mostly applicable in larger units (Arora, 2006; Stoecker, 1998; 
Wang, 2000; Whitman et al., 2009).

6.3.2.4 expansion devices
Their primary function is to remove pressure from the liquid refrigerant in order to allow/control 
expansion or change of state (from liquid to vapor) in the evaporator. They can be grouped into two 
types as follows:

 1. Variable restriction: In these valves, the extent of opening and therefore the flow of the 
refrigerant can be modulated in response to operational parameters, such as liquid level, 
pressure, or temperature. They can be further distinguished into

 a. Thermostatic expansion valves (TXV): They mainly comprise of a power head which 
contains a diaphragm, a capillary tube, and a sensor bulb connected on top of the 
power head, and the main body which accommodates a superheat adjustment spring 
as well as a valve seat and needle (Figure 6.5). These are dynamic valves, designed to 
regulate the flow of the liquid refrigerant according to the heat load requirements of 
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Figure 6.5 Simplified diagram of the thermostatic expansion valve.
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the evaporator (by maintaining a constant superheat of the refrigerant at the outlet of 
the evaporator), while they simultaneously prevent its flood back to the compressor. 
When the liquid portion of the refrigerant in the evaporator rises, the temperature in 
the suction line drops. This triggers the sensor to release pressure on the diaphragm 
and therefore close the valve. Due to their automatic operation and high efficiency, they 
are the most commonly used. Electronic expansion valves (EEV) are a much more 
sophisticated type of TXV with their operation being controlled through signals sent 
by an electronic controller.

 b. Automatic expansion valves (AXV): They consist of a diaphragm that controls the 
operation of a needle valve through an adjustable spring placed on top of it. They are 
designed to maintain a constant pressure in the evaporator. Therefore they permit the 
flow of the refrigerant through them when the pressure inside the evaporator drops and 
restrict the flow when the pressure increases. These types of valves should preferably 
be used in systems with constant loads, while both TXV and AXV are recommended 
for dry expansion evaporators.

 c. Low-side float expansion valves: These along with high-side float expansion valves are 
used with flooded evaporators and differ in the placement of the valve. They consist of 
a hollow ball with an arm which floats on the liquid refrigerant. This is connected to 
a needle valve located at the inlet of the float chamber on the low-pressure side of the 
system. As the refrigerant evaporates, its level descends dragging the float downward; 
the motion being transmitted to the needle valve, which opens allowing more liquid to 
enter the chamber.

 d. High-side float expansion valves: In this case, the liquid chamber with the float ball is 
located at the high-pressure side of the system, between the condenser and evaporator, 
while the valve seat and needle are found at the outlet of the chamber. As the level of 
the liquid refrigerant arriving from the condenser rises, the valve opens to allow it to 
pass into the evaporator. This is, of course, based on the principle that the refrigerant 
vapor is condensed in the condenser at the same rate at which the liquid vaporizes in 
the evaporator.

 2. Constant restriction: These typically consist of a capillary tube, which can be described 
as a long “hair-like” tube, coiled to several turns in order to occupy less space, with a bore 
diameter of 0.5–2.28 mm (0.02–00.090 in.). The pressure drop achieved in the refrigerant 
flow is proportional to the length of the capillary tube and inversely proportional to its bore 
diameter. They are the simplest and less expensive types of expansion devices;  however, 
they are not adjustable to considerable load changes and can be susceptible to clogging 
by foreign particles. They are most commonly used in small units, such as domestic 
 refrigerators/freezers or water coolers and air conditioners (Arora, 2006; Stoecker, 1998; 
Whitman et al., 2005).

6.3.3 refrigerants

They are the primary working fluids used in a cooling mechanism. They absorb heat at a low 
 temperature and low pressure and release it at a higher temperature and pressure. During this cycle 
most refrigerants undergo phase changes from liquid to gas and vice versa. They can either be 
single chemical compounds or a mixture of multiple compounds, usually in a fluid form (ASHRAE, 
2009; Wang, 2000).

The ideal refrigerant would exhibit the following properties:

• Convenient thermodynamic properties such as low boiling point, high latent heat of vapor-
ization, moderate density in liquid form, high density in vapor form (to achieve a reduced 
compressor’s size), and high critical temperature.

© 2016 by Taylor & Francis Group, LLC

  



233Chilling

• Reasonable working pressure, preferably a little higher or below atmospheric pressure.
• It should not be flammable or poisonous/toxic and should be easily detected in case of leakage.
• Be noncorrosive and compatible with common design materials and mechanical com-

ponents used in a refrigeration system.
• It should not induce the decomposition of the lubricating oil used and their miscibility to 

be low.
• Be chemically stable at working conditions and easy to handle.
• Cause the least possible environmental impact (low ozone depletion (ODP) and global 

warming (GWP) potential).
• Be of low cost.

However, none of the existing refrigerants meets all of the criteria mentioned above. The most impor-
tant refrigerants used are described in the following paragraphs. Apart from their chemical formula, 
they are also known by their three-digit number designation (proposed by the DuPont Company) in 
which the first digit (from left to right) represents the number of carbon atoms in the molecule minus 
one (when zero it is omitted), the second represents the number of hydrogen atoms in the molecule 
plus one and the third one, the number of fluorine atoms. This applies in the case of hydrocarbons 
and halocarbons, while for inorganic compounds, the last two digits correspond to their molecular 
weight. When two refrigerants have the same code, based on the number of their elements, a letter is 
added at the end which represents how symmetrical the molecular arrangement is. Other coding has 
also been proposed for blends of refrigerants (Fellows, 2000; Trott and Welch, 2000).

6.3.3.1 ammonia (r-717)
Ammonia as well as hydrocarbons, CO2, water, and air are considered a “natural refrigerants” as 
they are naturally occurring, non-synthetic substances, that do not deplete the ozone layer and make 
no or negligible contribution to global warming. It has long been used as a refrigerant for industrial 
applications and remains the most predominant as it has excellent heat transfer properties and is 
not miscible with oil. Leakage of ammonia can also be easily detected due to its characteristic, 
objectionable odor, and as it is lighter than air it moves upward. However, it is toxic, flammable, and 
corrosive on copper or copper alloys.

6.3.3.2 Carbon dioxide (r-744)
Carbon dioxide is an odorless, colorless, nonflammable, and nontoxic refrigerant which makes 
it safer for use, for example, on refrigerated ships. It is also compatible with almost all metal-
lic materials and polyester oil. Furthermore, it is inexpensive and widely available worldwide. 
However, it requires considerably higher operating pressures compared to ammonia, while in high 
concentration may cause asphyxiation (safety limit is set at 0.5% in air, while it is immediately 
dangerous to life at >4%) (Padalkar and Kadam, 2010).

6.3.3.3 hydrocarbons (hCs)
They are low-toxic substances containing only hydrogen and carbon. The most characteristic of 
them are ethane (R-170), propane (R-290), propylene (R-1270), butane (R-600), and isobutene 
(R-600a). They have been introduced, mainly in Europe, as replacers for chlorofluorocarbon (CFC) 
refrigerants. They can be applied in small, sealed refrigerant systems, such as domestic refrigerators. 
However, due to their highly flammable characteristics, they are not easily recommended for large-
scale industrial applications.

6.3.3.4 halogen refrigerants (CFCs)
Halogen refrigerants (chlorofluorocarbons) are nontoxic, nonflammable, and chemically very  stable 
compounds containing chlorine, fluorine, and carbon. They have good heat transfer properties and 
lower costs compared to other refrigerants. However, their long atmospheric lifetimes, ranging 
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between 60 and 400 years, allow them, when they reach the stratosphere, to interact with ozone 
 molecules. CFC molecules also absorb and emit radiation in the infrared part of the spectrum 
(greenhouse gases), thus contributing to global warming. These resulted in the international ban on 
their use as refrigerants (definitely in 1995) under the Montreal Protocol. Trichlorofluoromethane 
(R-11) and dichlorodifluoromethane (R-12) were the ones more extensively used.

6.3.3.5 partially halogenated CFCs (or hCFCs)
They were introduced and used for a limited period as substitutes for CFCs. They contain a small 
amount of chlorine, fluorine, carbon, and hydrogen which makes them less stable in the  atmosphere 
and enables them to partly break down in the lower levels before reaching the stratosphere. 
Chlorodifluoromethane or difluoromonochloromethane (R-22) has been the most popular among 
them but is expected to be phased out completely by the year 2020.

6.3.3.6 hydrofluorocarbons (hFCs)
These refrigerants have been developed as alternatives to CFCs and HCFCs. They are partially 
 fluorinated methanes and ethanes and do not contain chlorine atoms but only hydrogen, fluorine, and 
carbon. Although their atmospheric lifetimes in the lower atmosphere are even shorter than those of 
HCFCs, they are still in question as they are considered as greenhouse gases. Most popular among 
these is CF3CH2F (R-134a) which was introduced as an alternative for R-12 systems with some modi-
fications (mainly oil change). It is noncorrosive, nonflammable, and exhibits extremely low toxicity, 
but because it requires polyolester-based synthetic lubricants, which are hygroscopic, it necessitates 
careful control of moisture. It is best suitable for medium temperature applications.

6.3.3.7 azeotropic mixtures
These are usually binary mixtures of substances which individually have different properties but 
behave as a pure fluid when mixed together and cannot be clearly separated through distillation. 
Their composition does not substantially vary between the liquid and vapor state or change in case 
of leak. Common azeotropic refrigerants include R-502 (48.8% R-22 and 51.2% R-115), which can 
be replaced by R-507 (50% R-125 and 50% R-143a).

6.3.3.8 near-azeotropic mixtures
These mixtures consist of two or more refrigerants with different boiling points. They present a 
very low temperature glide during evaporation or condensation and very small differences between 
their liquid and vapor composition. R404A and R407C are two of the most popular near-azeotropic 
refrigerant mixtures. R404A (44% R-125, 52% R-143a, and 4% R-134a) is used for medium and low-
temperature refrigeration applications, while R407C (23% R-32, 25% R-125, and 52% R-134a) can 
be applied in supermarket refrigeration, refrigerated transports, and food processing.

6.3.3.9 non-azeotropic (or zeotropic) mixtures
They are multicomponent mixtures with varying composition during evaporation or condensation 
and a temperature glide greater than 10°F. They offer the advantage of modifying the composition to 
suit various temperature requirements; however, they require more strict control to prevent leakage.

6.3.3.10 secondary refrigerants
They are used as an intermediate medium in order to facilitate heat transfer between the object to be 
cooled and the primary refrigerant and reduce refrigeration cost. They should preferably have a low 
freezing point and high thermal conductivity, and not be flammable, toxic, or corrosive. Common 
materials used for this purpose are water, air, brines (i.e., with sodium chloride, magnesium  chloride, 
or calcium chloride), glycols (propylene glycol or ethylene glycol), and oils (Fellows, 2000; Heap, 
2000; Ibarz and Barbosa-Cánovas, 2003; Wang, 2000; Whitman et al., 2009).
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6.3.4 Chill storage

After precooling, food products are transferred to cold storage for further processing or maintenance 
prior to retail display. In several cases, in situ cooling is not feasible or not absolutely necessary and 
can be performed during transport or directly in the processing or storage plants.

6.3.4.1 transport prior to Chill storage
Perishable products can be transported by trucks, trains, airplanes, or ships. Water ice or dry ice 
is used in suitable containers usually for short distances. Liquid nitrogen or liquid carbon dioxide 
can also be applied. These are stored in properly insulated tanks under low pressure and released to 
cool the air inside the truck/chamber when the pressure rises above a certain limit. Another alter-
native refrigeration method is the use of cold plates around the truck walls filled with an eutectic 
solution (usually a brine). This is frozen before loading and as it absorbs heat from the products 
changes its state from solid to liquid. Finally, mechanical compression systems are also used. These 
are either generated by the vehicle’s engine, and work only when the truck is in operation, or are 
powered by an independent engine mounted on the vehicle. Important considerations that should be 
taken into account during transport are adequate loading and packaging to allow airflow between 
products as well as insulation and seal to prevent heat uptake from the environment (Mishra and 
Gamage, 2007).

As far as cold storage is concerned, in order to achieve optimal operation both constructional and 
operational parameters should be carefully designed and inspected.

6.3.4.2 Constructional parameters of Cold rooms
Constructional parameters include building design and layout. Cold stores typically consist of a 
refrigerated chamber (possibly with different compartments) designed to chill and store perishable 
products. Separation of products is necessary when different storage temperature and/or relative 
humidity is required or in the case of products with odor migration problems (Hundy et al., 2008). 
Prefabricated industrial panels of the sandwich type can be used for their construction, which con-
tain an insulation material injected between metal claddings made of steel (stainless or galvanized) 
or aluminum. The panels are tightly joined through a slip joint system. Polyurethane foam is most 
frequently used for insulation; however, cork or polystyrene can also be applied. In general, mate-
rials with high impermeability are preferred as they can also serve as vapor barriers and control 
migration of water vapor. Paints when applied should contain antimicrobial compounds, while the 
floor should preferably be coated with anti-slippery films (i.e., polyurethane resins) of high resis-
tance in chemicals or aggressive compounds, microbial contamination, and mechanical damage in 
order to achieve high sanitation/hygiene and cleanability standards. Bricks or stones and concrete 
can be used as an outer cell. Cold stores are most commonly cooled through cold air circulation 
generated by a mechanical refrigeration unit.

The dimensions and therefore the capacity of a refrigerated storage should be carefully cal-
culated according to the expected storage time and load, taking into account the space required 
for equipment, stacking material, easy handling of products, and comfortable movement of the 
personnel. Based on the capacity, cold rooms can be classified into walk-in cold rooms and ware-
house cold stores. The first are mainly used in the retail industry and are designed with limited 
construction requirements for smaller scale applications such as supermarkets. Warehouse cold 
stores, on the contrary, are built up for heavy duty industrial applications and are usually equipped 
with multiple refrigeration units. In any case, walls, ceiling, and floor material should provide 
maximum insulation and ease of cleaning and maintenance. It is preferable to be equipped with 
the same insulation material. Doors should also provide airtight closing. Several types of doors’ 
design are available, such as sliding, hinged, hydraulic, or controlled atmosphere doors (Pardo 
and Niranjan, 2006).
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6.3.4.3 operational parameters of Cold rooms
Operational parameters mainly include the control of temperature, moisture levels, air distribution, 
lightning, and personnel traffic (Ramaswamy and Marcotte, 2006).

6.3.4.3.1 Temperature Control
Temperature control is considered a key factor during cold storage as most activities that influence the 
shelf life and quality of fresh produce, such as respiration, transpiration, and microbiological, enzy-
matic, and chemical activity, are temperature dependent. Therefore in order to prevent deterioration 
and prolong storage time, food products should preferably be stored at the lowest possible temperature 
without causing chilling injury. The optimum storage temperatures for fresh fruits and vegetables can 
be found in the literature (Aked, 2002; Gross et al., 2004; Salunkhe et al., 1991; Tabil and Sokhansanj, 
2001). For most perishable goods and chilled products, storage temperatures of less than 5°C are  usually 
recommended, while the growth of most food-poisoning microorganisms is halted below 3°C.

However, most often, it is not feasible or economical to individually store each product. In these 
cases, it is recommended to keep the temperature limits closer to the optimum for most sensitive or 
 perishable products. Dairy and meat products in general require lower storage temperatures compared 
to fresh fruits and vegetables. Care should also be taken to avoid co-storage of incompatible products. 
For example, fresh fish or citrus fruits should not be closely stored with dairy products or meat as odor 
migration may seriously diminish the sensory and quality characteristics of the latter. Temperature 
fluctuations must also be controlled to less than 1°C–2°C as they can be detrimental for the quality 
of food products and are associated with moisture migration. These are not only caused by  problems 
in the operation of the refrigeration equipment but can also be due to excessive doors opening and 
staff activity inside the cold room or co-storage of products with large temperature differential. 
Fluctuations in temperature can be diminished by providing adequate cooling capacity, maintaining 
uniform air distribution, and minimizing the temperature differential between the evaporator coil and 
air temperature. Temperature controllers and recorders should be used, located away from hot or cold 
spots such as doors or fans (Trott and Welch, 2000).

6.3.4.3.2 Moisture Control
Along with temperature, moisture control is also important during cold storage as it is directly 
associated with critical safety and quality aspects, such as the transpiration rate (moisture loss) of 
fresh fruits and vegetables or microbial growth. When the moisture levels inside the cooling  chamber 
are excessive, the risk of microbial growth or rotting increases. Condensation of water vapors on 
the cold room walls can also lead to mold buildup. On the contrary, moisture loss is associated 
with  economic damage and quality degradation (i.e., dehydration or skin cracking in fruits and 
 vegetables). Again optimum moisture levels differ between products and co-storage of goods with 
 different requirements should be avoided. For example, most fruits and vegetables require high 
humidity  levels during cold storage (>85%). This does not apply though for dried fruits, onions, and 
garlic which require low moisture levels (<70%) otherwise their rotting process accelerates. Low 
moisture is also desired in meat products in order to avoid slime formation.

Best practices to avoid excessive moisture loss or gain are through the control of the temperature 
difference between the evaporator coil and the air inside the room, and temperature variations. High 
humidity levels are obtained by using an evaporator with a high surface area and maintaining the 
refrigerant at its highest possible temperature. Water loss can additionally be manipulated in several 
cases through adequate packaging, waxing, or use of edible coatings (Grandison, 2006).

6.3.4.3.3 Atmospheric Composition
Especially with regard to the microbial growth during cold storage, apart from adjusting the tempera-
ture and humidity limits, the atmospheric composition is also considered important. The germination 
of certain decay microorganisms can be hindered by controlling the oxygen levels in their environ-
ment. Therefore, cold rooms working under controlled atmosphere are often proposed. Carbon dioxide 
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or carbon monoxide has been used to replace oxygen, with encouraging results regarding the preserva-
tion of the qualitative characteristics of certain fresh produce. More specifically, low oxygen and high 
carbon dioxide levels may preserve color and texture and slow ripening and respiration rate as well as 
the development of specific storage disorders, such as scald in apples or woolliness in  nectarines (Zhou 
et al., 2000). Typical controlled atmospheric concentrations include 2%–3% oxygen and 5% carbon 
dioxide. It should be mentioned however that, in some cases, it may promote internal discoloration, off-
flavors formation, or irregular ripening in fruits and vegetables, while protective equipment (oxygen 
masks) is required for personnel working inside the cold room to prevent suffocation.

6.3.4.3.4 Airflow Distribution
Airflow distribution should be uniform across the room. This is accomplished both by appropri-
ate design and loading. Lanes of 10–15 cm should be allowed between containers or pallets and 
walls, while stack alignment should be perpendicular to the airflow direction. Airflow speed should 
be adjusted according to load requirements, the characteristics of the products being stored, and 
the packaging used. Too rapid air circulation can result in the dehydration of certain products that 
are susceptible to moisture loss, while too low airspeeds result to temperature stratification and 
 ineffective cooling. However, fans’ operation is proposed to be continuous and, when the desired 
temperature is reached, to reduce their speed. Adequate ventilation or air filters should also be 
applied to clean air especially when the products to be stored bring out strong odors or are sensitive 
to odor uptake due to migration. Such filters may absorb several air contaminants or volatile organic 
compounds (VOC’s) and trap excessive moisture as well as gases (i.e., ethylene) produced by fruits 
and vegetables, thus retarding spoilage. These are usually made of activated carbon.

6.3.4.3.5 Lighting
The illumination of cold rooms should follow all the standards that are generally applicable to the 
food industry. Lighting fixtures should be adequately designed and manufactured so as to prevent 
products’ contamination with foreign material, leaks, corrosion, accumulation of bacteria, fire, or 
electrical problems. Lighting should also be uniform and facilitate working and movement of the 
personnel, allowing them to perform tasks in a safe, efficient, and productive manner. Lighting 
 systems should preferably offer high energy efficiency and require minimum maintenance. Apart 
from these, cold rooms require waterproof lighting, able to withstand increased moisture conditions, 
and operate satisfactorily under low temperatures. The lights should only be switched on when work 
is carried out inside the cold chamber and remain switched off during the rest of the time in order 
to impede photochemical reactions and sprouting in some vegetables. As mentioned before, electric 
motors, lights, and personnel may generate heat inside the cold room and therefore increase its inter-
nal load. For lighting, heat dissipation is proportional to their wattage and working hours.

6.3.4.3.6 Personnel
Personnel moving in and out the cold room should conform to good hygienic practices and be prop-
erly trained. In several cases, special clothing is also required. Input frequency in the cold chamber 
and the residence time in it should be kept to a minimum to avoid cold stress in the employees and 
excessive heat generation in the room. Heat dissipation by personnel ranges, in average, between 
200 and 300 W per person and depends on several factors such as body type and weight, level of 
activity, clothing, and room temperature (Ramaswamy and Marcotte, 2006).

6.3.5 retail Display

Refrigerated display cabinets are extensively used in retail stores (i.e., supermarkets or convenience 
stores) as they may serve multiple purposes, such as preserving and merchandizing products, extend-
ing their shelf life, and attracting consumers. Different types of display cabinets are commercially 
available according to temperature and loading requirements. They can be of chest type or most 
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commonly of upright type with shelves and be equipped with either an integral or a nonintegral 
(when parts of the refrigeration system are located at a different location from the cabinet) refrigera-
tion system. Integral systems are more versatile and easy to relocate. Their main drawback, however, 
is that heat is directly rejected from the condenser into the surrounding area, which can be undesir-
able especially in warm climates during summer. They are also more susceptible to grease and dust 
buildup or to attract insects (Whitman et al., 2009).

Furthermore, display cabinets can either be of open or closed display type. Open type cabinets 
are more appealing and handy for consumers as they can easily reach products. However, they are less 
efficient, more susceptible to excessive moisture condensation, and usually more energy  consuming 
than the closed type. The latter can either be designed with hinged or sliding doors. Hinged doors tend 
to close and seal more efficiently, but they exhibit comparatively higher infiltration heat load as warmer 
air from the external environment is more easily dragged and pushed inside the cabinet (Evans, 2014).

Display cabinets are most susceptible to temperature or humidity fluctuations, especially during rush 
hours and loading, and suitable sensors/controllers should be used for their monitoring (Fellows, 2000).

6.4  heat and mass transFer Considerations 
during Cooling proCess and storage

In order to provide food products of superior sensorial, quality, and safety characteristics, attention must 
be paid to every aspect during the cooling process and storage. However, uniform storage conditions in 
cold stores are difficult to attain in practice. Several studies have shown temperature or moisture hetero-
geneity, with nonuniform airflow in cold rooms (Chourasia and Goswami, 2007; Mirade and Daudin, 
2006), in refrigerated trucks (Moureh et al., 2009), in display cabinets (Laguerre et al., 2002, 2011, 
2012), or in domestic refrigerators (Laguerre et al., 2002, 2010). This uneven distribution of airflow 
is related to the presence of the product and the cooling equipment (Ho et al., 2010). Variation of heat 
transfer coefficient between the air and the product at different positions in the cold room was observed 
leading to different product cooling rates (Mirade, 2007). Although some novel cooling technologies, 
such as vacuum cooling, have been introduced to the refrigeration industry, cooling in the present indus-
trial practice is still usually accomplished by using air blast coolers, water immersion coolers, or slow 
air coolers (cold rooms) which can offer different cooling environments (Heap, 2000).

Heat and mass transfer in cold rooms is a complex phenomenon because of the presence of the prod-
uct (i.e., airflow modification, heat of respiration) and the coupling between heat transfer and airflow. 
The heat transfer phenomena involved during product cooling and storage are conduction (within the 
product), convection (between cold air and product surface), and radiation (between product surface 
and cold room walls) (Hu and Sun, 2000). Another source of temperature heterogeneity is the heat 
of respiration of the product. Simultaneously, moisture evaporation from the product surface can be 
significant, which causes product weight loss. Both the heat and moisture transfers are influenced by 
flow characteristics (such as cooling air temperature and velocity), air properties (viscosity, density, 
conductivity, and specific heat), product properties, shape, dimension, and arrangement of the load. The 
comprehension of the heat/mass transfer and airflow in cold stores is a complex task (Smale et al., 2006). 
Failure to understand the phenomena taking place in the equipment can result in excessive weight loss, 
reduced shelf life, or deterioration in product quality. This deterioration rate is more significant at the 
warm zone due to high product respiration rate or at the cold zone due to chilling injury (James, 1996).

6.5 Cooling load CalCulation

6.5.1 introDuCtion

In order to calculate the refrigeration load, several parameters must be taken into account. 
These include product load and initial temperature, the desired temperature shift, the required 
cooling rate, the refrigeration capacity and insulation of the coolant, and the heat generated 
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from other sources such as motors/equipment, lighting, and personnel. An important factor is 
also products’ properties (thermal conductivity, density, and specific heat), size, shape, weight 
and surface-to-volume ratio, the surface heat transfer coefficient, and the thermal resistance of 
the packaging (if any) (Mishra and Gamage, 2007; Pham, 2002). These are explained in the 
following paragraphs.

The cooling load Q (kJ), that is, the heat that is removed from the product upon cooling by ΔT 
(°C or K), is calculated from Equation 6.1:

 m C T Qp p∆ =  (6.1)

where
m is the mass of the product (kg)
Cp is its specific heat (kJ/kg K)

Average values for specific heat of different foods at different temperatures are given in the litera-
ture. Empirical relations for the determination of the specific heat by the food composition have also 
been given (e.g., the empirical “mixing rule,” Εquation 6.2):

 
C X C X C X C X Cp w pw c pc f pf s ps= + + +  (6.2)

where
Xw, Xc, Xf, Xs are the mass fractions
Cpw, Cpc, Cpf, Cfs are the specific heats of water, carbohydrate, fat, and salt components of the 

food product

Typical values of specific heat for foods used in refrigeration and freezing calculations are the fol-
lowing: High-moisture foods above freezing (T > 0°C): 3.5–3.9 kJ/kg K; High-moisture foods below 
freezing (T < 0°C): 1.8–1.9 kJ/kg K; Dehydrated foods: 1.3–2.1 kJ/kg K; Fat (T > 40°C): 1.7–2.2 kJ/kg K; 
Fat (T < 40°C): 1.5 kJ/kg K. The enthalpy of foods, such as fruits and vegetables, meats, and fats, 
are given in the Riedel diagrams as a function of moisture content and temperature (Maroulis and 
Saravacos, 2003; Saravacos and Kostaropoulos, 2002).

6.5.2 moDeling proDuCt heat loaD During Cooling

In designing a refrigeration system, several other sources of heat, in addition to the demand by the 
food itself, should be considered. Table 6.1 summarizes some of the most relevant factors.

taBle 6.1
Basic sources of heat to be Considered in a Cold room design

source of heat Considerations 

Heat transferred by the food material Sensible heat; respiration heat (applied to refrigerated 
fruits and vegetables); latent heat (when freezing occurs)

Heat introduced through ceiling, floor, and walls Conduction of heat through walls and insulation materials

Heat transferred by engines working inside the cold room Working time; number of engines; total power

Heat transferred by illumination bulbs Working time; number of bulbs; total power

Heat transferred by people Working time; number of people

Heat introduced by air renewal Number of times the door is opened; other programming 
activities
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Considering that the air is completely miscible with uniform temperature and the change in air 
density does not change with temperature change, the general form of Equation 6.1 is given for the 
cooling load calculation as (Equation 6.3):

 m C T Q Qp p transferred by∆ −=∑ ∑( ) ( )introduced by  (6.3)

6.5.3 heat transferreD by the fooD material

The heat transferred by the food consists of the sensible heat, the heat of the product mois-
ture evaporation, and the respiration heat (for fresh fruits and vegetables). In cold stores the 
temperature of the food material is reduced, and the heat is transferred by the food material 
to the air. The  temperature of the food varies at different positions in the precooling cabinet. 
The size and shape of the pack or container affects the rate of heat transfer to the cooling air 
(or, in some cases, water). The temperature and speed of the air also affects this. Within the 
pack, the weight, density, water content, specific heat capacity, thermal conductivity, latent heat 
content, and initial food temperature each plays a part. In the case of unpackaged foods, the 
factors leading to rapid cooling also lead to rapid loss of moisture, so it may seem that slow 
cooling is better. Generally, this is not the case as the extended cooling time is also an extended 
drying-out time. More rapid chilling is possible with thinner packs, higher airspeeds, and lower 
air temperatures.

During the precooling stage, the total heat which must be removed to reduce the temperature 
from Tp1 to Tp2 (°C) is given by Equation 6.4:

 
m C T T Qp p p p( )1 2− =  (6.4)

where
mp the mass of product (kg)
Cp the average specific heat in the temperature range from Tp1 to Tp2 (J/kg°C)

The heat transfer rate by the food to the air, without considering water evaporation, is also given by 
Equations 6.5 and 6.6:

 

m C
dT

dt
hA T T T T T T exp

hA t

m C
p p

p
p a p p a pIT a

p

p p

= ( )⇒ = + ( ) 







− − −  (6.5)

 
q hA T Tp p p a= ( )−  (6.6)

This approach is only accurate when the Biot number (NBi) is below 0.1. To improve estimates for 
NBi > 0.1, the use of the half-life or temperature reduced in half was proposed. This time is calcu-
lated for a given h, shape and size of the product, and the value is used to calculate a new value (hAp) 
that can be used in Equations 6.5 and 6.6.

Water evaporation during the precooling stage is considered to have a constant rate since the 
changes of both humidity and water activity of the food is small (Equations 6.7 and 6.8):

 
N kA p pp p a s= −( )  (6.7)

 
q N Levap p=  (6.8)
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If the water evaporation is significant, Equations 6.7 and 6.8 become (Equation 6.9):

 
m C

dT

dt
q q hA T T qp p

p
p evap p a p evap= + = +( )−  (6.9)

During chilled storage, a significant part of the cooling load can be the heat produced during res-
piration of fruits and vegetables. The heat per unit time produced by the respiration is a function of 
temperature (T) and can be calculated by Equation 6.10:

 q aer
bT=  (6.10)

where a and b are constants (Table 6.2).
The heat produced during respiration can be calculated as following if the function of temperature 

by time is known (Equation 6.11):

 

Q ae dtr
bT t

t

= ∫ ( )

0

 (6.11)

The temperature at any point of the food varies exponentially with the cooling time, and there 
is a temperature difference between the surface and the center of the food. In Equation 6.11, the 
average temperature of the food is used and linear change with time is assumed. During chilled 
storage, changes in temperature and food moisture are small and, the sensible heat as well as the 

taBle 6.2
Constants (a and b) of Fruits and Vegetables for respiration heat 
Calculation (equation 6.10, where qr in mW/kg and T in °C)

Food material a b

Apple 19.4 0.108

Beet 38.1 0.056

Broccoli 97.7 0.121

Cabbage 16.8 0.074

Carrot 29.1 0.083

Celery 20.3 0.104

Grapefruit 11.7 0.092

Green beans 861 0.115

Lettuce 59.1 0.07

Onion 6.9 0.099

Orange 13.4 0.106

Peach 14.8 0.133

Pear 12.1 0.173

Peas 111.0 0.106

Pepper 33.4 0.072

Spinach 65.6 0.131

Strawberry 50.1 0.106

Tomato 13.2 0.103

Source: Toledo, R.T., Fundamentals of Food Process Engineering, 2nd edn., The AVI 
Publishing Co. Inc., Westport, CT, 1991. With permission.
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evaporation heat can be vented or offered to the food (Equation 6.12) (Brown and Gould, 1992; 
Heldman and Singh, 1981).

 
m C

dT

dt
hA T T q qp p

p
p a p evap r= ( ) + +−  (6.12)

6.5.4 heat introDuCeD through Ceiling, floor, anD walls

The losses of cooling through cabinets (i.e., ceiling, floor, walls) are calculated for each surface 
separately, when differences in heat transfer exist, and then accumulated. The differences are due 
to different construction and insulating materials, different thicknesses, contact with the outside air 
or with other material, and orientation of the surface. For each side the heat transfer coefficients are 
calculated for the inner wall, through the insulating material of the wall, and from the outer wall 
to the air. Such average coefficients for various conditions and materials are given in the literature. 
The simplest case is to calculate the total heat transfer coefficient for each surface and the heat loss 
without taking into account the temperature variation in the wall:

 q UA T Tw ext a= −( )  (6.13)

where
qw is the heat entering through the wall (W)
U is the overall heat transfer coefficient (W/m2 °C)
A is the wall surface (m2)
Text is the outdoor temperature (°C) (Equation 6.13)

The outside temperature varies during the day and due to weather conditions. For small changes, 
and when the difference (Text − Ta) is large, a mean value of Text can be used. Moreover, for the most 
refrigeration chambers the qw is a small term in Equation 6.13, and its total effect to Ta is not signifi-
cant. A significant amount of heat is introduced by the cracks due to the change in pressure due to 
temperature change. To calculate the required cooling load for the removal of the heat based on the 
difference of temperature and pressure, the volume of air entering the chamber must be calculated 
(Brown and Gould, 1992; Heldman and Singh, 1981).

6.5.5 heat transferreD by engines worKing insiDe the ColD room anD people

The motors inside the rooms produce energy at a rate of 1025 J/s (hp). The bulbs emit energy 
proportional to their power. People entering the cold room emit energy depending on their activ-
ity and the air temperature. However, this can be neglected; it is a common practice to take an 
average heat load, independent of temperature, equal to 300 J/s per person. Incoming water vapor 
by humans has usually a small contribution in Equation 6.3 and is not taken into account. Water 
from other sources is also negligible, unless hot water was used (i.e., in an air-conditioned meat 
processing area). If there is a need to take into account the water from other sources, an estimation 
of the total quantity (Nt) is taken and added to Equation 6.3 (Brown and Gould, 1992; Heldman 
and Singh, 1981).

6.5.6 heat introDuCeD by air renewal (Door openings)

The door opening introduces hot air, and the quantity depends on the size of the door, the density 
difference between the outdoor area and the room, the existence of barriers (plastic curtains), 
and the circulation of the air inside the cold room. Data on the rate of heat transfer through the 
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door of refrigerated chambers are determined empirically and for temperatures between 22°C 
and 66°C Equation 6.14 is used

 qd d
T

dW e H= ⋅ ⋅2126 0 048 1 71∆
 (6.14)

where
qd is the rate of heat transfer (W)
Wd is door width (m)
Hd is the door height (m)
ΔT is temperature difference between the outside area and the chamber (°C)

More precisely, the heat introduced by air renewal can be calculated if the speed of the air was 
measured or estimated (Equation 6.15).

 q Av p C T Td a a a ext a= −0.5 ( )  (6.15)

where
A is the door surface (m2)
va is the average velocity of air through the opening (m/s)
pa is the density of air in the chamber (kg/m3)
ca is the specific heat of air (J/kg°C)
Text is the outdoor temperature (°C)

The vapor flow by air renewal is given by Equation 6.16:

 N Av p W Wd a a ext a= −0.5 ( )  (6.16)

where
Wext is the absolute humidity of the outside air (kg water vapor/kg dry air)
Wa is the absolute humidity in the chamber (kg steam/kg dry air) (Brown and Gould, 1992; 

Heldman and Singh, 1981; Singh and Mannapperuma, 1990)

6.5.7 heat introDuCeD through Ceiling, floor, anD walls

The floor has a regulatory role for the changes of the temperature of the cold room, especially when 
it is solid with substantial thickness. The heat balance and heat transfer from the floor or any other 
material that has a balancing effect on temperature can be expressed as following, by considering 
the temperature of all materials as the same (Equations 6.17 and 6.18):

 
m C

dT

dt
hA T Tb b

b
b a b= ( )−  (6.17)

 q hA T Tb b b a= ( )−  (6.18)

where
mb is the mass of material (kg)
cb is the specific heat of the material (J/kg°C)
Tb is the material temperature (°C)
Ab is the exposed surface of the material (m2)

The surface heat transfer coefficient (h) depends on the average velocity of the air above the material 
surface and the surface itself. The specific heat when using a variety of materials must be calcu-
lated as an average based on the percentage by weight of each material (Brown and Gould, 1992; 
Heldman and Singh, 1981).
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6.5.8 numeriCal moDels

With the advent of computers, numerical methods were introduced into food research, and the whole 
temperature field inside the product could be modeled. The use of computers in plant design stimu-
lated research into the prediction of dynamic heat load from food, and integrated models are being 
developed to take into account the interactions of the food with the processing equipment. Calculation 
of the heat removal process may be complicated by phase change (freezing of foods), during which 
the product’s thermal properties undergo large changes over a small temperature range. The product 
undergoing cooling often has very complex shape and composition. Heat transfer may be coupled with 
moisture transfer, and the equations governing the two processes should be solved simultaneously. 
The heat transfer coefficient is often difficult to determine for the infinite variety of real-life situations, 
such as packaged products, cryogenic cooling, highly turbulent flow, swirling, and nonparallel flow, 
and within the same chiller the heat transfer coefficient will vary greatly from place to place. The heat 
transfer coefficient may also vary along the surface of a product due to the complex turbulent flow 
pattern and the development of the flow boundary layer, a problem still largely unsolved even by the 
most advanced computational fluid dynamics (CFD) packages. Food products often have inconsistent 
compositions, shapes, and sizes, which lead to variable thermal behavior and quality after processing, 
so that it is difficult to quantify accurately the effects of different processing practices.

At the same time, it was quickly realized that numerical methods would enable the prediction of 
many other quantities of interest related to the quality and shelf life of the food. Microbial growth, 
physical change (such as weight loss), biochemical changes (such as those determining the tender-
ness of meat or ripeness and flavor of fruit), and subjective factors (such as surface appearance, 
flavor, and texture) are often highly sensitive to temperature and moisture changes. An ability to 
predict accurately the whole temperature and moisture fields in a product would allow the food 
technologist to optimize the product quality factors as well as the economics. Steady progress 
is being made with recent advances in computer software and hardware (Defraeye et  al., 2014; 
Lijun and Sun, 2002; Lovatt et al., 1993).

6.5.8.1 Computational Fluid dynamics (CFd) models
Numerical methods such as finite differences (FD) and finite elements (FE) have been developed and 
CFD have been applied to calculate the heat transfer (Davey and Pham, 1997; Lijun and Sun, 2002). 
CFD which can be used to study different cooling conditions and package designs can be very useful 
to understand and improve cooling processes (Ambaw et al., 2013; Defraeye et al., 2013) and reduce 
energy consumption (Defraeye et al., 2014). CFD models (Mirade and Daudin, 2006; Nahor et al., 
2005) or simplified models (Wang and Touber, 1990) were developed to predict temperature, humid-
ity, and air velocity in refrigerated cold rooms. However, in most of the cases, only experimental tem-
peratures were used to compare with the numerical values. CFD models can confirm experimental 
results and help correct a dysfunction revealed in the experimental diagnosis as shown in the study 
of industrial chillers of beef carcass carried out by Mirade and Picgirard (2001).

Some disadvantages can make FE and FD inappropriate for many heat load estimation tasks. 
FD may be conveniently used for only a small range of regular shapes. FE can deal with a wider 
range of shapes but is still limited to shapes that can be described using only a few parameters. It 
can be time-consuming to prepare an FD calculation and even more so for an FE calculation. The 
FD model is not completely satisfactory for engineering analysis of biological materials which have 
large variations in properties. FE analysis has proved to be useful on nonlinear heat transfer prob-
lems during cooking, cooling, and thawing processes of foods (Lovatt et al., 1993).

6.5.8.2 ordinary differential equations (ode) models
Simplified methods using ordinary differential equations (ODEs) have been developed. ODE 
models, lumped parameter models, or stirred tank models are those where an object undergoing 
thermal changes is represented by a small number of components, each of which is at uniform 
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temperature. Because of the simplification of the physical situation that this entails, ODE models 
usually have to incorporate empirical parameters to improve prediction accuracy. They are often 
used to calculate the variation of product heat loads with time because they are much faster than 
more rigorous partial differential equation (PDE) models, such as FD. ODE models are not suit-
able for product temperature calculations, except in the case of very low Biot numbers (uniform 
product temperature) (Lovatt et al., 1993; Pham, 2000).

6.6 Chilling time prediCtion

6.6.1 introDuCtion

The food refrigeration literature contains many reports of methods for predicting temperature 
changes in foods undergoing chilling processes (Cleland, 1990; Wang and Sun, 2003). These 
methods range in complexity and applicability from exact analytical solutions, for a small 
number of regular geometries under restricted conditions, to sophisticated numerical methods 
applicable to any geometry under any set of constant or varying conditions. Most of the early 
work methods for predicting chilling time are based on the assumption of constant, uniform 
thermal properties and on the mean or center temperature of the food. More recent efforts 
have concentrated on the properties and geometry of the product. Other researchers  developed 
 models to predict moisture loss from food undergoing refrigeration. Selection of the most appro-
priate chilling time prediction method for a given product depends on the nature of the product 
and the conditions under which it is typically processed (Merts et al., 2007). When the food 
product is placed in a container or package prior to the process, the cooling characteristics are 
described by unsteady-state or transient heat transfer relationships. During  preservation pro-
cesses, the unsteady-state heat transfer relationships provide temperature distribution  histories 
within the product.

6.6.1.1 unsteady-state Cooling
Often, it is vital to know the change in temperature with time during the unsteady-state period of 
cooling of foods. The governing equation describing unsteady-state heat transfer is (Equation 6.19)
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Before considering the solution of the governing equation, it is desirable to determine the relative 
importance of internal versus external resistance to heat transfer. For this purpose, the dimension-
less Biot number, NBi, is useful (Equation 6.20):
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A low Biot number (smaller than 0.2) indicates that the internal resistance to heat transfer is neg-
ligible, and thus, the temperature within the object is uniform at any given instant in time. A large 
Biot number (greater than 40) indicates that the internal resistance to heat transfer is not negligible, 
and thus, a temperature gradient may exist within the object. Between a Biot number of 0.2 and 
40 there is a finite resistance to heat transfer both internally and at the surface of the object undergoing 
cooling (Singh, 2007).

In typical blast cooling or freezing operations for foods, the Biot number is large, ranging from 
0.2 to 20. Thus, the internal resistance to heat transfer is generally not negligible during food cooling 
and freezing, and a temperature gradient will exist within the food item (Cleland, 1990).
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6.6.1.2 negligible internal resistance to heat transfer
The dimensionless temperature ratio, also called the unaccomplished temperature ratio, can be 
expressed with the following exponential equation (Equation 6.21):
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In a completely dimensionless form (Equation 6.22),
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6.6.1.3 negligible surface resistance to heat transfer
The governing Equation 6.19 may be solved analytically for some regular shaped objects, such as 
an infinite plate, infinite cylinder, and a sphere. The following set of equations allows calculation of 
the variable temperature, T, with time at any location within the object, when the initial temperature 
is uniform, T0, and the surface temperature, Ts is constant.

For a plane wall of thickness much smaller than length (L) and height,
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where the wall’s thickness is 2L, and x is the variable distance from the center axis (Equation 6.23).
For a cylinder
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where
a is the radius of the cylinder
r is the variable distance from the axis
α is the thermal diffusivity
t is the time
J0 and J1 are Bessel functions of the first kind of zero and first order, respectively

The discrete values of μn are the roots of the transcendental equation (Equation 6.25).

 J n0 0( )αµ =  (6.25)

For a sphere
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where
a is the radius of the sphere
r is the variable distance from the center

The temperature at the center axis is given by the limit at r → 0.
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6.6.1.4 Finite surface and internal resistance to heat transfer
The preceding equations describe temperature distribution in an object when the surface temperature 
is constant. However, many cases involve convection at the boundary between the solid object and the 
surrounding fluid. The following expressions are useful to calculate the temperature, T, anywhere in 
the object with a uniform initial temperature, T0, when immersed in a fluid of temperature, Tm, and a 
convection boundary condition.

For a plane wall with convection heat transfer at the surface (where thickness is much smaller 
than length and height) (Equation 6.28):

 

T T

T T
N xm

m

n

n n
n Fo n

n

−
−

=
+

−
=

∞

∑
0

2

1

4
2 2

sin
sin( )

exp( )cos( *)
µ

µ µ
µ µ  (6.28)

where NFo = αt/L2, 2L the thickness of plane wall, x* = x/L, at the center line, x* = 0, and the eigenvalues 
are positive roots of the transcendental equation (Equation 6.29)

 µ µn n BiNtan =  (6.29)

For an infinite cylinder with convection at the surface (Equation 6.30)
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where r* = r/R and the discrete values of μn are the positive roots of the transcendental equation 
(Equation 6.31)
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where J0 and J1 are Bessel functions of first kind and order zero and one, respectively.
For a sphere with convection at the surface (Equation 6.32):
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where r* = r/R and the discrete values of μn are the positive roots of the transcendental equation 
(Equation 6.33):

 1− =µ µn n BiNcot  (6.33)

Roots of the transcendental equation are tabulated in mathematical handbooks.

6.6.1.5 use of Charts to estimate temperature history during unsteady-state Cooling
The use of analytical solutions to determine temperature history is cumbersome because of 
the need to evaluate numerous terms in the series. These solutions have been reduced to charts 
that are much easier to use. These charts are presented in Figures 6.6 through 6.8 for infinite 
slab, infinite cylinder, and sphere, respectively (Heldman, 2011). The temperature–time chart in 
Figure 6.6 presents the relationship between the temperature ratio and the Fourier number, NFo, 
at various magnitudes of the inverse Biot number. The Fourier number is defined as given in 
Equation 6.34:

 

at
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2 2=  (6.34)

where a is the thermal diffusivity and m2/s = k/pCp. The dc, for an infinite sphere, is the radius of the 
sphere, for an infinite slab, the half-thickness of the slab, and for an infinite cylinder, the radius of 
the cylinder. When evaluating unsteady-state heat transfer in a finite geometry, several relationships 
have been developed. Singh and Heldman (2009) describe and illustrate the applications of these 
expressions of typical food containers (cans, pouches, brick shapes, and boxes).
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Figure 6.6 Unsteady temperature distributions in an infinite slab. (From Singh, R.P. and Heldman, D.R., 
Introduction to Food Engineering, 4th edn., Elsevier Academic Press, San Diego, CA, 2009.)
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Figure 6.7 Unsteady temperature distributions in an infinite cylinder. (From Singh, R.P. and Heldman, D.R., 
Introduction to Food Engineering, 4th edn., Elsevier Academic Press, San Diego, CA, 2009.)
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Figure 6.8 Unsteady temperature distributions in a sphere. (From Singh, R.P. and Heldman, D.R., 
Introduction to Food Engineering, 4th edn., Elsevier Academic Press, San Diego, CA, 2009.)
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6.6.1.6 predicting temperature during transient heat transfer
In many food preservation situations, the temperature can be predicted when the temperature ratio 
is less than 0.7. For these situations, Ball (1923) and Ball and Olson (1957) recognized a simplified 
approach that has been incorporated into the prediction of temperatures during thermal process 
design. For this approach, two parameters are defined: a time factor (  fh) and a lag factor (  jc). When 
these parameters are introduced into the general solution, the following expression is obtained 
(Equation 6.35):
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After conversion of the logarithms, the expression becomes (Equation 6.36)
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This expression illustrates that the magnitudes of the two parameters ( fh, jc) can be evaluated 
experimentally by the measurement of temperature as a function of time. The heating rate constant 
( fh) is the time required for a one log cycle change in the temperature difference on the linear 
 portion of the temperature–time relationship. The lag constant ( jc) describes the portion of the 
temperature–time curve at the beginning of cooling and prior to the linear portion of the log– linear 
relationship between temperature and time. Pflug et  al. (1965) have analyzed the relationships 
between the parameters in Equation 6.33 and the key factors influencing heating or cooling rates 
for conduction-heating objects. The results of the analysis were presented in a series of charts to 
allow for prediction of heating or cooling times. One of the charts presented a relationship between 
a dimensionless number, incorporating the rate constant ( fh), and the Biot number, as presented 
in Figure 6.9. The relationships presented in Figure 6.4 are for the three standard geometries. The 
range of Biot numbers considered is to conditions of finite internal and surface resistance to heat 
transfer and illustrates that there is negligible change to the magnitude of the time factor ( fh) at 
Biot numbers above 40.
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Figure 6.9 The relationship between the heating rate constant ( fh) and Biot number. (From Pflug, I.J. et al., 
ASHRAE Trans., 71(1), 238, 1965.)
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The cooling lag constant varies with location within the object, and jc represents the influence 
of the Biot number on the magnitude at the geometric center of the object. This relationship is 
presented in Figure 6.5. The relationships in Figure 6.10 are for the three standard geometries and 
indicate that the magnitude of the lag constants are near 1.0 at low Biot numbers before increasing to 
higher constant values at Biot numbers above 40. Equation 6.34 predicts the mass average tempera-
ture within the object by using the appropriate value of the lag constant. The relationships between 
the mass average lag constant ( jm) and the Biot number are presented in Figure 6.11. As indicated by 
Figure 6.6, the mass average lag constant has magnitudes of 1.0 at low Biot numbers and decreases 
as the Biot number increases.

Equation 6.34 can be used to predict temperatures within finite geometries that are more similar 
to food product containers and packages. When the shape of the object is a finite cylinder, the values 
of fh and jc are estimated from Equations 6.37 and 6.38:
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A brick-shaped object gets the relationships (Equations 6.39 and 6.40):
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Although there are limitations to the use of these relationships, estimations of cooling times or 
temperatures after short periods of cooling are acceptable for most situations encountered during 
thermal processes for food (Heldman, 2011).
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Figure 6.10 The relationship between the lag constant ( jc) at the geometric center and the Biot number. 
(From Pflug, I.J. et al., ASHRAE Trans., 71(1), 238, 1965.)
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6.6.1.7 use of Cooling Curves to estimate the Chilling time
One method for obtaining the surface heat transfer coefficient of a food product with an internal 
temperature gradient involves the use of cooling curves. For simple, one-dimensional food geom-
etries, such as infinite slabs, infinite circular cylinders, or spheres, empirical and analytical solutions 
to the one-dimensional transient heat equation can be found. The slope of the cooling curve may be 
used in conjunction with these solutions to obtain the Biot number for the cooling process. The heat 
transfer coefficient may then be determined from the Biot number. All cooling processes exhibit simi-
lar behavior. After an initial “lag,” the temperature at the thermal center of the food item decreases 
exponentially (Cleland, 1990). As shown in Figure 6.12, a cooling curve depicting this behavior can 
be obtained by plotting, on semi-logarithmic axes, the fractional unaccomplished temperature dif-
ference versus time. The fractional unaccomplished temperature difference, Y, is defined as follows 
(Equation 6.41):
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The “lag” between the onset of cooling and the exponential decrease in the temperature of the food 
item is measured by the j factor, as shown in Figure 6.12. From Figure 6.12, it can be seen that the 
linear portion of the cooling curve can be described as follows (Equation 6.42):

 Y j C= −exp( )θ  (6.42)

where C is the cooling coefficient, which is minus the slope of the linear portion of the cooling curve. 
For simple geometrical shapes, such as infinite slabs, infinite circular cylinders, and spheres,  analytical 
expressions for cooling or freezing time may be derived. To derive these expressions, the following 
assumptions are made: (1) the thermophysical properties of the food item and the cooling medium 
are constant, (2) the internal heat generation and moisture loss from the food item are neglected, 
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Figure 6.11 The relationship between the mass average lag constant and Biot number. (From Pflug, I.J. 
et al., ASHRAE Trans., 71(1), 238, 1965.)
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(3) the food item is homogeneous and isotropic, (4) the initial temperature distribution within the food 
item is uniform, (5) heat conduction occurs only in one dimension, and (6) convective heat transfer 
occurs between the surface of the food item and the cooling medium (Bryan and Fricke, 2004).

6.7  Quality deterioration and shelF-liFe 
determination during Chilling storage

6.7.1 quality Deterioration anD shelf life

The quality of food is not a simple property; it depends not only upon the initial integrity of the raw 
materials but also on the changes occurring during processing and subsequent storage that may result 
in potential losses and decreased bioavailability. Foods are physicochemically and biologically active 
systems and their quality is a dynamic state moving continuously to reduced levels. Any food product 
can retain a required level of sensory, quality, and safety characteristics for a finite time after produc-
tion under defined storage conditions. The shelf life of a food can be defined as the time period within 
which the food is safe to consume and/or has an acceptable quality to consumers. The definition of shelf 
life and the criteria for the determination of the end of shelf life are dependent on specific commodi-
ties and on the definition’s intended use (i.e., for regulatory vs. marketing purposes). Practical storage 
life (PSL) is the period of proper storage after processing of an initially high-quality product during 
which the sensorial quality remains suitable for consumption (Taoukis et al., 1997a,b). According to EU 
Regulation 1169/2011 (Article 2, §2), time of minimum durability of a food means the date until which 
the food retains its specific properties when properly stored. Microbiological spoilage, lipid oxidation, 
nonenzymatic browning, enzymatic activity, and vitamin loss are among the most significant quality 
deteriorating factors that signal the end of food shelf life both for chilled and frozen food products. The 
values of these parameters can be correlated to sensory results for the same food, and a limit that cor-
responds to the lowest acceptable sensory quality can be set. The relative contribution of each factor to 
the overall quality may vary at different levels of quality or at different storage conditions.
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Figure 6.12 Typical cooling curve. (From Heldman, D.R., Physical transport models, in: Food Preservation 
Process Design, 2nd edn., The AVI Publishing Co. Inc., Westport, CT, 2011.)
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Chilling storage generally results in effective short-term preservation by retarding the growth of 
microorganisms, pathogenic (i.e., Aeromonas hydrophila, Bacillus cereus, Clostridium botulinum, 
Escherichia coli, Listeria monocytogenes, Salmonella, Vibrio parahaemolyticus, Yersinia entero-
colitica) and spoilage (e.g., pseudomonas, lactic acid bacteria, yeasts, molds), postharvest metabolic 
activities of intact plant tissues and post-slaughter metabolic activities of animal tissues, deteriorative 
chemical reactions, including enzyme-catalyzed oxidative browning or oxidation of lipids, and chemical 
changes associated with color degradation (i.e., fruits and vegetables), lipid hydrolysis associated with 
off-odors and rancidity development (i.e., meat, fish, and dairy products), glycolysis associated with pH 
decline (i.e., fruits, vegetables, meat, and milk), proteolysis associated with the loss/deterioration of 
texture (i.e., bitter flavor development (i.e., meat, fish, milk, and dairy products) and loss of nutritive 
value and moisture loss (Brown and Hall, 2000). Chilling is also used for such non-preservative pur-
poses as  crystallization; aging of beef, wine, and cheese; and to facilitate such operations as pitting of 
cherries and peaches, cutting of meat, and slicing of bread (Drummond and Sun, 2006; Hui et al., 2003).

6.7.2 moDeling of quality Deterioration anD shelf life

A food product starts to degrade once it is produced. The rate and the degree of degradation depend on 
both the composition and the environmental conditions during storage and distribution. Food kinetics is 
based on the thorough study of the rates at which physicochemical reactions proceed. Food quality loss 
and shelf life can be evaluated by monitoring a characteristic quality index, A. The change of quality 
index A with time (dA/dt) can be represented by the following kinetic equation (Equation 6.43):

 
− =dA
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kAn  (6.43)

where
k is the rate constant depending on temperature, product, and packaging characteristics
n is a power factor called reaction order which defines whether the rate of change is dependent 

on the amount of A present

The Arrhenius equation is often used to describe the temperature dependence of deterioration rate 
(Equation 6.44):
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where
k0 is a pre-exponential factor
Ea is the activation energy (Taoukis et al., 1997b)

One may conveniently use this information to get a reasonable estimate of how a temperature change 
may affect the rate of reaction. To simplify the process further, one may get over the need to  evaluate 
k0 by using a ratio between the rates of reaction when the temperature is changed by any arbitrary 
value. The most commonly used value is 10°C, and therefore the ratio between the rate of reactions is 
known as Q10. The value of Q10 may be calculated using Equation 6.43 to express the rate of reaction 
first for a temperature of (T + 10) and then for T and dividing the two, namely (Equation 6.45):
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Thus, by studying a deterioration process and measuring the rate of loss at two or three tempera-
tures (higher than storage temperature), one could extrapolate on an Arrhenius plot with a straight 
line to predict the deterioration rate at the desired storage temperature. This is the basis for acceler-
ated shelf-life testing (ASLT) (Mizrahi, 2000; Taoukis et al., 1997a,b). It should be noted that in 
some cases a straight line will not ensue, especially if a phase change occurs. The most common 
way of accelerating the rate of reaction is by placing the product at elevated constant temperatures. 
However, non-isothermal procedures, using programmed changes in conditions, are necessary to be 
tested. For chilled products the Arrhenius equation cannot be suitable. Instead the use of the square 
root model (Equation 6.46) was proposed.

 r b T T= −( )0  (6.46)

The criterion to define the end of shelf life of a particular food may be variable depending on the 
definition of product quality grade, so the shelf life may also be variable. The shelf life of most perish-
able foods is based mainly on sensorial quality. For example, quality degradation of fresh meat can be 
attributed to microbial activity and chemical oxidations that cause off-flavor development and loss of 
color. These changes are directly identified by consumers. On the other hand, most chilled/frozen food 
and many other longer shelf-life food products degrade mainly by slow chemical reactions correlated 
to nutritional value loss. For instance, vitamin C concentration in chilled/frozen fruits and vegetables 
can fall below the required standards as listed on the label before sensory characteristics become 
inadequate. The criteria for shelf-life determination may also vary depending on the consumer sen-
sitivity. The most obvious sensory characteristics for the consumer are appearance, taste, and odor. 
Sensory evaluation is often correlated with instrumental measurements of a specific quality index 
(i.e., vitamin C). In general, the limits for shelf-life determination of a particular food product depend 
on legal requirements, (e.g., zero tolerance for botulinum toxin), consumer preferences, marketing 
requirements, and cost (Fu and Labuza, 1997).

Traditional methods for the determination of shelf life include storage of the product at different 
temperatures and determining spoilage by sensory evaluation or microbial count. This will involve 
the natural flora of the product, which may vary between batches. Depending on the product, pro-
cess, and storage conditions the microbiological shelf life may be determined by the growth of either 
spoilage or pathogenic microorganisms. For products where the shelf life may be set by the growth 
of pathogenic microorganisms (i.e., Listeria monocytogenes, Clostridium botulinum, Staphylococcus 
aureus, and Bacillus cereus), this may involve challenge testing the product with the organism prior 
to storage and microbial analysis at regular intervals. In recent years, with the increasing capabilities 
and  widespread availability of personal computers, predictive microbiology has become an abundant 
area for research and software development and application. In generic terms there are two categories 
of predictive models. Mechanistic models describe the theoretical basis of the microbial response, but 
owing to the  complexity of microbial physiology and our current level of understanding, these types 
of models are rare. In contrast, there is a plethora of empirical models that mathematically describe the 
data but do not give insight into the underlying process. Empirical models can be further subdivided 
into probabilistic and kinetic models. Probabilistic models describe the probability of a microbiologi-
cal event occurring that is independent of time (i.e., the probability of growth or toxin formation ever 
occurring) or that is time dependent (probability at a given time of an event occurring). Probabilistic 
models are most relevant for determining whether certain microorganisms will grow when they are 
close to their growth boundaries. This type of model is commonly used to predict the growth or toxin 
formation by C. botulinum. Kinetic models describe the rate and extent of growth or inactivation as 
described before. In practice, the different types of kinetic models have included growth, survival 
(conditions at non-lethal temperatures that will not support growth), and thermal inactivation. The 
use of mathematical models can help to reduce the need for storage trials, challenge tests, product 
reformulations, and process  modifications, which are labor intensive, time consuming, and expensive 
(Betts and Everis, 2000).
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7.1 introduCtion

Freezing is one of the ancient methods of preservation, but its commercialization took place later 
than canning due to the lack of commercial refrigeration equipment (Maroulis and Saravacos 2003). 
A rapid increase in sales of frozen foods in recent years is closely associated with increased own-
ership and better conditions of domestic freezers and frequent use of microwave ovens, due to the 
lack of time for preparing a “fresh” meal. Frozen foods, as well as chilled foods and ready-to-eat 
or ready-to-cook foods, give the impression of high quality and “freshness” to the consumer and, 
particularly in meat, fruit, and vegetable sectors, outsell canned or dried products (Fellows 2000).

The first important factor in food freezing is the rate of change of temperature. It is dependent in 
part on external conditions, such as the equipment used, and on the size of the object to be frozen 
(Reid 1998). In recent literature, there is a debate concerning the effect of the freezing rate on dif-
ferent tissues; some researchers suggest that the freezing rate for vegetables is very important for 
maintaining an acceptable quality, while others point out that the freezing rate of animal tissue is of 
little importance. Considering the nature of food, food matrices consist of cell walls and cell mem-
branes that act as barriers that separate the interior of the cell from the external environment. In this 
context, during freezing, due to water gradient, an osmotic phenomenon occurs, leading to water 
transfer from the interior of the cell into the extracellular medium, which results in the formation of 
ice crystals. Depending on the speed of heat removal, either slow freezing, leading only to extracel-
lular ice crystals, or fast freezing, leading to both intracellular and extracellular ice, is chosen.

When addressing the advantages of the freezing process, the effects of both the freezing rate 
(that are related to the freezing process and equipment used) and the conditions of the subsequent 
frozen storage must be studied in a combined way. A very well-designed, effective freezing process 
that gives way to a high-quality frozen product can be easily counterbalanced and obscured by an 
inadequate frozen storage.

In this chapter, the main areas of interest are the freezing equipment used, novel methods pro-
posed for freezing, new approaches for the control and optimization of the current cold chain in 
frozen food distribution, as well as the latest trends in this industry.

7.2 Freezing methods

Various methods and equipment can be used for industrial freezing. Food products can be either 
frozen in a separate processing step during the freezing procedure (as in a cold storage area or in a 
commercial blast freezer) or as part of a continuous process so that the exit line of the manufactur-
ing assembly produces the frozen product (Ramaswamy and Marcotte 2006).

The main criteria used for choosing the most appropriate method/equipment involve the proper-
ties and the packaging requirements of the specific food matrix; the availability of simple, easy to 
clean equipment; the cost of operation; and the effective freezing of the food, combined with the 
least possible quality loss of the final frozen product. Additionally, one should consider the rate of 
freezing required, the type of operation (batch or continuous), the scale of production, and the range 
of products to be processed.

Generally speaking, during freezing, the product to be frozen is brought into contact with a 
medium that can remove heat. This medium, for example, might be cold air in an air-blast freezer, 
or a cryogenic fluid such as CO2 or N2. These cryogenic refrigerants are at temperatures lower than 
the temperatures typically attained by the circulation of mechanically refrigerated air.

The type of equipment chosen will have a significant effect on the profitability of the busi-
ness. Systems that allow for continuous temperature control will minimize product spoilage 
and can increase the shelf life and the value of the product, but if they use more energy to run, 
or if they require frequent maintenance and adjustment, they will add unnecessary costs to the 
production process. Often, there is a trade-off between energy and maintenance in the overall 
operating cost of the plant (Pearson 2008).
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In the literature, there are several ways proposed in order to categorize freezing methods. The most 
popular one groups the different freezing methods as follows (Ramaswamy and Marcotte 2006):

 1. Air freezing
 2. Plate freezing
 3. Liquid immersion freezing
 4. Cryogenic freezing

An alternative classification based on the rate of movement of the ice front is (Fellows 2000)

• Slow freezers and sharp freezers (0.2 cm/h) including still-air freezers and cold stores
• Quick freezers (0.5–3 cm/h) including air-blast and plate freezers
• Rapid freezers (5–10 cm/h) including fluidized-bed freezers
• Ultrarapid freezers (10–100 cm/h), that is, cryogenic freezers

Air freezing, with the use of cold air either by natural or by forced convection, is the most common 
method employed. The cold air is continuously passed over the food product, and in doing so, it removes 
heat. On the other hand, in cryogenic freezing, liquid nitrogen (LN2) or liquid carbon dioxide (LCO2) is 
used by the freezing industry; the cryogen is piped as a liquid into the freezer unit (either by “spraying” 
or by immersing food) (North and Lovatt 2012) and applied directly to the product in a variety of modes, 
depending on the cryogen, freezer type, or food product. As it will be discussed in this section, each 
method has pros and cons that should be taken into account when designing the freezing plant.

7.2.1 air freezing

This method, which is the most popular one, is mainly used for freezing food products of any shape, 
prepackaged or not, and of products containing small independent items of similar size, such as 
green peas.

In this method, the temperature of food is reduced with cold air flowing at a relatively high speed. 
Air velocities between 2.5 and 5 m/s give the most economical freezing. Lower air velocities result in 
slow product freezing, and higher velocities increase unit freezing costs considerably (Rahman and 
Velez-Ruiz 2007). Additionally, in this type of freezing, since convection is the main mechanism of heat 
transfer, the value of heat transfer coefficient, h, is of crucial importance. In still-air (natural convection), 
h is typically 5–10 W/(m2 °C); in blast freezers with very rapid air movement, h may be 20–30 W/(m2 °C) 
(Karel and Lund 2003), and subsequently in this latter case, the rate of freezing is much higher.

Air freezers may be either batch or continuous ones, both using cold air of about −23°C to −30°C, 
that circulates either naturally or with the aid of fans (forced convection). In the latter case, where 
air velocities obtained are much higher, the process is more controllable since the temperature is 
more uniform within the freezer, and the air velocity can be modified so as to obtain the desired heat 
transfer coefficient at the surface of the food product (North and Lovatt 2012).

Batch blast air freezers (Figure 7.1) are mainly used in industrial units of low performance and 
are the simplest common form of forced convection freezers. In this case, food is stacked on trays 
in rooms or cabinets where cold air is circulated with the aid of fans. Products, often packaged, are 
introduced inside the insulated room on trolleys and are usually hung or stacked in racks, so as to 
allow air to pass over the surface of each item. Blast freezing is relatively economical and highly 
flexible in that foods of different shapes and sizes can be frozen. The equipment is compact and has a 
relatively low capital cost and a high throughput (200–1500 kg/h). However, moisture from the food 
is transferred to the air and builds up as ice on the refrigeration coils, and this necessitates frequent 
defrosting. Another important disadvantage of this method is that high dehydration losses of up to 
5% are observed due to the large volumes of recycled air. Other issues to be kept in mind are freezer 
burn and oxidative changes to unpackaged or individually quick frozen (IQF) foods (Fellows 2000).
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Continuous air blast freezers frequently include a system that transports the food products 
through an environment containing air moving at high velocity, meaning that the freezing process 
may constitute a step into the online process of food production.

Food items may be transferred either in tunnels using continuously moving belts or in fluidized-
bed freezers.

7.2.1.1 tunnel Freezers
In this case, the product is usually driven using a belt or a moving chain through an insulated tunnel 
through which cold air is forced to flow at high velocity (Figure 7.2a). The moving speed of the belt 
is specifically calculated in order to obtain complete freezing of the product until the time it emerges 
out of the tunnel. The direction of the air flow may be the same or the opposite of that of the food or 
even vertical to that; usually, a countercurrent flow is employed. In many cases, one can distinguish 
two separate compartments, one used for rapid prefreezing (air temperature −4°C to −10°C) and one 
for the final freezing (air temperature −32°C to −40°C).

An optimized version of this category is continuous spiral conveyor freezer (Figure 7.2b), where 
food products that require long freezing times (generally 10 min to 3 h) can be frozen without need-
ing to use extremely long tunnels. A spiral belt freezer consists of a long belt wrapped cylindrically 
in two tiers, thus requiring minimal floor space. It is also suitable for products that require gentle 
handling during freezing.

7.2.1.2 Fluidized-Bed Freezers
A fluidized-bed freezer forces cold air up under the product at a high enough velocity to “fluid-
ize” the product, as shown in Figure 7.3. Therefore, air acts as cooling medium and the transport 

Refrigeration
evaporators

Temperature −26°C
(48 h freeze)

Axial flow fans

Air flow

PalletCartonsAir gaps to provide
3 m/s air velocity

Figure 7.1 Batch air blast freezers. (Adapted from Bowater, F.J., Design of carton air blast freezing sys-
tems, in Rapid Cooling of Food, Proceeding of Bristol Meeting, The International Institute of Refrigeration, 
Bristol, U.K., 2001.
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Product inflow
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Figure 7.3 Fluidization principle and fluidized bed system. (Michael Boast Associates). (Reproduced 
from Blast and plate freezing, in: Macrae, R., Robinson, R.K., and Sadler, M.J., eds., Encyclopaedia of Food 
Science, Food Technology and Nutrition, Academic Press, London, U.K., 1993.)

Product in

Product out
(b)

(a)

Figure 7.2 Continuous air blast freezers. (a) With a moving belt in a tunnel and (b) spiral conveyor freezer. 
(Adapted from Fikiin, K., Emerging and novel freezing processes, in: Evans, J.A., ed., Frozen Food Science 
and Technology, Blackwell Publishing, Oxford, U.K., 2008, pp. 101–123.)
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medium at the same time, thus products suited to fluidized bed freezing are small and uniform in 
size (to get easily fluidized) and are not susceptible to damage due to the high velocity mixing that 
occurs in a fluidized bed (North and Lovatt 2012). Air also prevents individual particles from unde-
sired aggregation into a uniform mass. Common examples are vegetables, such as peas green beans, 
strawberry slices, corn kernels, and diced carrots.

Parameters that must be controlled in order to obtain complete individual quick freezing (IQF) 
of products are the circulation speed of the cold air that influences the thickness of the bed formed 
as well as the rate of input of the product within the freezer.

The main advantages of this type of freezer are: (1) the low requirements for room space, 
(2) the easy and rapid freezing due to the small sizes and thermal resistance of the IQF products, 
great overall heat transfer surface of the fluidized foods, and high surface heat transfer coefficients 
of small particles of uniform size and shape (IQF freezing) (Fikiin 2008), (3) good quality of the 
frozen products that have an attractive appearance and do not stick together, and (4) minimum pos-
sibility of suffering from freezer burn due to the formation of a layer of ice on the entire surface of 
the product, hindering sublimation.

7.2.2 plate freezing

In these freezers, the refrigerant or the cooling medium is separated from the materials to be frozen by 
a conducting material, often a steel plate. Contact freezing offers several advantages over air cooling, 
that is, much better heat transfer and significant energy savings. However, the need for regularly shaped 
products with large flat surfaces is a major hindrance with plate systems and the need to wrap and wash 
off the immersion liquid in immersion systems (James 2008). The major problem arises from the dif-
ficulty in maintaining good contact between the materials being frozen and the heat exchange surfaces. 
Therefore, this method cannot be applied for all food products; it can be used for flat packages or flat food 
portions (e.g., blocks of fish flesh) by maintaining pressure upon the plates during the freezing process, 
thus, enforcing contact with the packages (Karel and Lund 2003). Overall heat transfer coefficients for 
plate freezers are in the range of 50–100 W/(m2 °C) in systems maintaining good contact.

There are several subcategories of plate freezers of batch or continuous operation, with horizon-
tal or vertical plates (Figure 7.4a and b, respectively). Horizontal plate contact freezers are usually 

Refrigerant
supply

Refrigerant
return

Plate guides

Hydraulic power
and control

Hydraulic ram

Hydraulic ram for raising lifting forks
Ejection forks

Refrigerant hoses

Flexible refrigerant lines

Insulated cabinet
(a)

Refrigerated plates
(b)

Hydraulic ram for freezing plate movement
Hydraulic control panel

Loading stations
Freezing plates

Figure 7.4 Plate freezers with (a) horizontal (Michael Boast Associates) and (b) vertical plates. (From www.
fao.org.)
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used for products already packaged in appropriate regular shapes in order to assure the best contact 
with the metallic surface, and, thus, the most effective heat removal.

Compared to the horizontal plate freezer mainly used for processed fish products, the vertical 
version developed later is appropriate for unpackaged material with a flexible shape, such as fish. 
Due to the vertical openings, the products can be filled in between the plates by weight or volume. 
For most products, bulk product is required, and the products are frozen to the plates (Magnussen 
et al. 2008). Products are fed from the top, and the finished block of frozen products are discharged 
to the side, top, or bottom. Usually, this operation is mechanized. The main advantages of this 
method are the relatively low initial cost and the good quality retention, whereas the main drawback 
stated is the slow freezing rate obtained.

7.2.3 liquiD immersion freezing

In this method, food is immersed in a low-temperature solution to achieve fast temperature reduc-
tion through direct heat exchange (Rahman and Velez-Ruiz 2007). Alternatively, food product, usu-
ally prepackaged, can be sprayed with the cold solution, that remains in a liquid form throughout 
the process. The refrigerating media commonly used are propylenoglycol, glycerol, salt solutions 
(CaCl2 or NaCl), and sugar or alcohol solutions. These solutions are cooled down to low tempera-
tures without being frozen. The solutes used must be safe to the product in terms of health, and 
compatible, as far as sensory attributes are concerned.

The immersion freezing in non-boiling liquid refrigerating media is a well-known method having 
several important advantages: high heat transfer rate, fine ice crystal system in foods, ideal for prod-
ucts of nonuniform shape, easy to introduce in an online continuous procedure, low investments, 
and operational costs (Lucas and Raoult-Wack 1998; Fikiin 2008). Despite the aforementioned ben-
efits, its applicability is rather limited due to technological reasons, such as the uncontrolled solid 
uptake from the refrigerating medium, properties of the liquid per se (high viscosity, etc.), the 
need to protect the food due to direct contact with the refrigerant and high danger of freezer burn. 
Moreover, when immersion in liquid cooling media is used to freeze packaged foods, some of the 
advantages of improved heat transfer are lost because of resistance of the package and additional 
technical difficulties, and costs arise from the need to wash or otherwise remove the media from 
package surfaces (Karel and Lund 2003).

The main areas of application are for freezing orange juice condensates, poultry (especially in 
the initial stages of freezing), and fish tissues (Blucas 2004).

7.2.4 CryogeniC freezing

This type of freezing involves the immediate contact of the food with the refrigerant (or cryogen), 
while the latter changes phase during freezing (e.g., liquid nitrogen changes from a liquid to a 
gas, while solid CO2 changes from the solid to the gas phase). The heat from the food, therefore, 
 provides the latent heat of vaporization or sublimation of the cryogen. Three advantages of cryo-
genic freezers, compared to mechanical systems, are the very rapid freezing obtained (heat trans-
fer coefficients reported in excess of 200 W/(m2 °C)), lower capital cost, and flexibility to process 
a number of different products without important changes to the system (James and James 2003), 
but they are easily counterbalanced by the high cost of cryogens and their environmental impact 
and safety. The setup cost of a cryogenic freezing system is approximately one-fourth of the cost 
of its mechanical counterpart; however, the operating costs are almost eight times. Other ben-
efits include increased production capacity, better quality of food in terms of texture, taste, and 
appearance, reduced losses due to dehydration and drip, and longer shelf life of the processed 
food (Shaikh and Prabhu 2007).

Besides liquid nitrogen and solid carbon dioxide, Freon 12 freezers were used in a number of 
applications in the 1960s and 1970s, including in freezing IQF vegetables and shrimp. However, the 
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recognition that fluorinated hydrocarbons can severely damage the atmospheric ozone layer led to 
the complete abandonment of this method of direct freezing (Karel and Lund 2003).

Cryogenic gases can also be used to produce a hard, frozen crust on a soft product to allow for 
easier handling, packaging, or further processing (Rahman and Velez-Ruiz 2007). Therefore, ini-
tially, cryogenic freezing is applied in order to create a frozen crust on a fluid product, after which 
the product may then be conveyed to a conventional mechanical freezer.

Liquid hydrogen, commonly used, is odorless, colorless, chemically inert, and boils at −195.8°C. 
When a food tissue is brought into immediate contact with this kind of cooling media, there is a high 
risk of food cracking due to the instantaneous heat transfer. Therefore, to avoid this pheno menon, 
in liquid-nitrogen freezers, packaged or unpackaged food travels on a perforated belt through a 
tunnel (Figure 7.5) where there are two separate compartments, one for prefreezing (using gaseous 
nitrogen) and the other for the main freezing process. The use of gaseous nitrogen reduces the ther-
mal shock of the food, and recirculation fans increase the rates of heat transfer. For this method, 
equipment is simple and dehydration losses are significantly limited. Oxygen is removed from food 
tissue, leading to less oxidative phenomena. Moreover, the sensory attributes are better retained, 
and there are not many problems of freezer burn. However, due to the high operational cost, its use 
is limited to high-value products, such as shrimps.

On the other hand, carbon dioxide freezers operate in two ways: either the product is mixed with 
solid CO2 (dry ice) that sublimates and freezes the food, or the food is sprayed with liquid CO2 that 
evaporates and freezes the food. Taking into account the higher boiling point of CO2 (−78.5°C) com-
pared to the corresponding value of nitrogen, it can be assumed that food tissues do not undergo such a 
temperature shock. Nevertheless, gaseous CO2 is toxic and needs to be immediately removed from the 
freezing plant. Other problematic issues are the high cost and the texture loss of sensitive food tissues.

7.2.5 emerging freezing teChniques

Some new freezing techniques or combinations are being developed for their potential benefits, 
technical and economical advantages, and quality enhancements (Rahman and Velez-Ruiz 2007, 
Kennedy 2003).

7.2.5.1 high-pressure Freezing
High-pressure application during the freezing or thawing of diverse food products has been studied. 
The application of high hydrostatic pressure to control and enhance the freezing process has been an 
interesting subject of research in recent decades (Zhu et al. 2005, Otero and Sans 2006, Norton et al. 

Liquid nitrogen

Recirculation

Insulated cabinet Liquid nitrogen
collector

Frozen food out

Food in
Gas

Figure 7.5 Liquid nitrogen freezer. (From Fellows, P., Freezing, in: Fellows, P., Food Processing 
Technology, Woodhead Publishing Limited and CRC Press LLC, Boca Raton, FL, 2000, Chapter 21.)
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2009, Tironi et al. 2010, Kiani and Sun 2011, Kiani et al. 2013). The use of high pressure makes high 
degrees of supercooling possible resulting in an even and fast ice nucleation and growth all over the 
sample on pressure release. As a result, in contrast with the conventional methods in which an ice 
front moving through the sample is produced, fine ice crystals are formed, improving the quality of 
the final frozen product (Kiani and Sun 2011).

According to the phase diagram of water, three different types of high-pressure freezing pro-
cesses can be distinguished in terms of the way in which the phase transition occurs (Fernandez 
et al. 2006): high-pressure-assisted freezing (HPAF), high-pressure shift freezing (HPSF), and high-
pressure-induced freezing (HPIF). Pressure-assisted means phase transition under constant pres-
sure, higher than the atmospheric, pressure shift means phase transition due to a pressure release, 
and pressure-induced means phase transition initiated by a pressure increase and continued at con-
stant pressure (Knorr et al. 1998). In HPSF, releasing the pressure once the temperature of the food 
reduces to the modified freezing point results in a high supercooling effect, and the ice nucleation 
rate is greatly increased. The main advantage is that the initial formation of ice is instantaneous and 
homogeneous throughout the whole volume of the product. Therefore, high-pressure shift freezing 
can be especially useful to freeze foods with large dimensions where the effects of freeze cracking 
caused by thermal gradients can become harmful (Norton et al. 2009).

Additionally, the use of high pressure in freezing may involve the maintenance of nonfrozen 
materials at low temperatures and high pressures (temperature in the range of 0°C to −20°C without 
freezing by maintaining pressure at appropriately high levels of 20–200 MPa).

As shown in Figure 7.6, the freezing point of water and the types of ice formed depend on pres-
sure. Therefore, instead of controlling the temperature, it is possible to affect the ice–water transi-
tion by controlling the pressure (Karel and Lund 2003). The water phase diagram shows that at 
atmospheric pressure, ice crystals will initialize at around 0°C and this water crystallization usually 
leads to significant damage of the biological food tissues. In order to avoid this major drawback of 
the freezing process, very rapid freezing rates are necessary. When freezing is realized at atmo-
spheric pressure, these extremely fast freezing rates can only be achieved for very thin layers of 
5–25 μm; to overcome this problem, the initial freezing (cryoscopic) point of water can be depressed 
by adding chemical cryoprotectants or by increasing the ambient pressure. At a pressure of 200 
MPa, the freezing point drops to about −22°C (see Figure 7.6), which enables a depth of vitrification 
of about 200 μm so that objects with a thickness of up to 0.4–0.6 mm could be well frozen (Fikiin 
2008). The main advantages of this kind of alternative freezing, short freezing times are accom-
plished, better ice structure (microcrystalline or vitreous), less mechanical stress during formation 
of ice crystals, along with much better quality retention.

500400300
Pressure (MPa)

Te
m

pe
ra

tu
re

 (°
C

)

200

Ice I Ice III Ice V

Liquid water

Ice II

100
−50

−40

−30

−20

−10

0

10

0

Figure 7.6 Phase diagram for water and ice.
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The effects of HPSF on the quality of different food tissues has been extensively studied over the 
past years, focusing mainly on comparing this novel technique with conventional ones (Otero and 
Sanz 2012). Most studies investigate the effect of HPSF on ice crystals in matrices, such as food gels 
or vegetables that suffer from a significant drip and shape loss, due to the ice crystals formed. HPSF 
treatment has been also shown to be effective for animal tissue, such as pork (Zhu et al. 2004) or 
lobster (Chevalier et al. 2000), since it produces small, rounded ice crystals, evenly distributed in 
the matrix, protecting in a more adequate way its initial shape and size.

Even if this novel technique sounds quite promising, a lot of extra work is necessary to fully com-
prehend the effect of low temperature/high pressure on food tissue, to improve the corresponding 
equipment, and to design a process that is economically viable for the food industry.

7.2.5.2 ultrasound-accelerated Freezing
It is generally accepted that high freezing rates are beneficial for frozen food quality as it pro-
motes intensive nucleation and leads to the formation of small ice crystals (Delgado and Sun 2012). 
Therefore, optimization of the freezing process in terms of ice crystals formation is of major con-
cern for the current food industry. Among other novel freezing techniques proposed, the use of 
ultrasound, and especially power ultrasound, a kind of ultrasound wave with low frequency (18–20 
to 100 kHz) and high intensity (generally higher than 1 W/cm2) in food processing and preservation 
seems promising as it is found to improve the freezing and crystallization process (Zheng and Sun 
2006, Kiani et al. 2011).

The transmitting of sound waves across the aqueous phase can cause the occurrence of cavita-
tion if its amplitude exceeds a certain level. Briefly, the principles of ultrasound are based on the 
cavitation phenomenon that strongly depends on a number of parameters of the acoustic waves and 
the produced bubbles (frequency, pressure amplitude of the sound field, etc.) as well as on the tem-
perature and dissolved gas content. Cavitation has a double role: it can lead to the production of gas 
bubbles but also the occurrence of microstreaming. The former can promote ice nucleation while 
the latter is able to accelerate the heat and mass transfer process related to the freezing process. Ice 
crystals will fracture when subject to alternating acoustic stress, consequently leading to products of 
smaller crystal size distribution, which is one of the most important targets of the freezing industry 
regarding the retention of high quality of frozen food stuffs (Zheng and Sun 2006).

This technique is already used in accelerating ice nucleation process, but recently it has been 
shown that its applicability can extend to freeze concentration and freeze drying processes in order 
to control crystal size distribution of frozen food products. When applied to fresh food tissues, ultra-
sound can not only increase the freezing rate but also improve the quality of the frozen products. 
An example of effective use of this method is in the ice cream industry, where ice crystal size is 
adequately reduced; high heat transfer rates are accomplished, thanks to the elimination of encrus-
tation phenomena, etc. (Zheng and Sun 2006, Awad et al. 2012).

7.2.5.3 magnetic resonance Freezing
One of the main issues in the freezing process is undesirable cell dehydration and water transfer; 
therefore, retaining water within the cell is one of the most important aspects when designing 
a freezing process, as it ensures good preservation of the initial attributes of the raw material. 
A system for magnetic resonance freezing (MRF) preventing such cellular dehydration could be 
composed of a common freezer and a special magnetic resonance device (Fikiin 2008).

Initially, the food undergoes continuous magnetic wave vibrations, which impedes crystalliza-
tion and obtains supercooling below the initial freezing point. In the next step, after a suitable 
product-specific period of time, the magnetic fields are abruptly removed, and a flash freezing of the 
entire food volume is accomplished with many resulting quality benefits for the frozen end product. 
By applying this technique, the critical zone of water crystallization is passed rapidly, cellular dehy-
dration is significantly reduced, fine ice crystals are formed, tissue damage is minimized, and the 
integrity of food tissue is maintained.
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At present, MRF data are still kept as a confidential know-how of a number of companies, while 
MRF equipment still needs to prove its claimed advantages and capabilities through extensive tests 
within a sufficiently representative industrial environment (Fikiin 2008).

7.2.5.4 hydrofluidization and ice slurries
The hydrofluidization method (HFM) for fast freezing of foods was suggested in order to over-
come the drawbacks and to bring together the advantages of both air fluidization and immersion 
food freezing techniques (Fikiin 2008). This novel technique uses a circulating system that pumps 
the refrigerating liquid upwards through orifices and/or nozzles into a refrigerating vessel, thereby 
creating agitating jets and increasing heat transfer to foods during freezing (Verboven et al. 2003, 
Peralta et al. 2009). These form a fluidized bed of highly turbulent liquid and moving products, 
and thus evoke extremely high surface heat transfer coefficients. The main advantages are: the use 
of equipment of small size and the improved IQF freezing (individual quick freezing of small par-
ticles). HF enhances the transfer coefficients involved. The combination of these high coefficients 
with the use of small food samples leads to processes in which the transport phenomena within the 
food is affected by the fluid flow over the food samples (Fikiin, 2008, Peralta et al. 2010).

Ice slurries are mixtures of microcrystals of ice in a carrier liquid that do not freeze under the 
operating conditions used (Torres de Maria et al. 2005, Fumoto et al. 2013). The liquid can be either 
pure freshwater or a binary solution consisting of water and a freezing point depressant. Sodium 
chloride, ethanol, ethylene glycol, and propylene glycol are the four most commonly used freezing 
point depressants in industry (Kauffeld et al. 2010). The latent heat due to melting of the ice makes 
it possible to improve the superficial coefficients of exchange with respect to those obtained using 
conventional single-phase fluids.

Ice slurries have been only recently used in the food industry in the chilling and freezing of foods, 
using direct contact in fluidized bed systems. Preliminary studies show a dramatic increase in freez-
ing rates compared with alternative technologies. Davies (2005) reports, for example, freezing small 
fish and various vegetables and fruits, freezing times can be as short as 1–10 min compared with 60 
or more minutes for simple immersion cooling. The reason for such a high heat transfer coefficient 
is the high rate of agitation created in the fluidized bed, which constantly supplies fresh slurry to be 
in contact with the surface of the object being cooled.

The ice slurries reveal a great energy potential as hydrofluidization method refrigerating media 
whose small ice particles absorb latent heat when thawing on the product surface (Fikiin 2008). As 
mentioned earlier, the goal of the ice slurry introduction is to provide an enormously high surface heat 
transfer coefficient (of the order of 1000–2000 W/m2/K or more), excessively short freezing time, and 
uniform temperature distribution in the whole volume of the freezing apparatus. Besides the aforemen-
tioned advantages, according to Fikiin (2008), there are more important issues obtained through HFM:

• The critical zone of water crystallization (from −1°C to −8°C) is quickly passed through, 
protecting cellular tissues from damage.

• As the product freezes immediately in a solid crust, appearance is well retained, as osmotic 
transfer is significantly limited.

• By appropriately selecting composition of the HFM media, new attractive products can be 
formulated with extended shelf life and improved sensory characteristics.

• The operation is continuous, easy to maintain, convenient for automation, and further pro-
cessing or packaging of the HFM-frozen products is considerably easier.

• When ice slurry is used as HFM agents, they may easily be integrated into systems for ther-
mal energy storage, accumulating ice slurry during the night at cheap electricity charges.

• The HFM freezers use environmentally friendly secondary coolants (for instance, syrup 
type aqueous solutions and ice slurries), and the refrigerant is closed in a small, isolated 
system, in contrast to the conventional and harmful air fluidization technology of HCFCs 
and expensive HFCs where there is a much greater risk of emission to the environment.
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7.2.5.5 application of antifreeze proteins and ice nucleation proteins
As a part of their protective system or as a source that provides the basic nutrients, antifreeze 
proteins (AFPs) are produced by many cold climate organisms, ranging from plant, to bacteria, 
to animal (Kiani and Sun 2011, Wang and Sun 2012). Antifreeze proteins (AFPs), antifreeze 
glycoproteins (AFGPs), and thermal hysteresis proteins (THPs) have the ability to bind ice and 
modify the normal growth of ice crystals. These proteins are found to inhibit ice crystallization 
at lower concentrations or even to inhibit complete ice growth at higher concentrations over a 
temperature range; the latter is of major importance for the quality of frozen foods, since high 
supercooling during the freezing process leads to fine ice crystals. However, this supercool-
ing does not follow Raoult’s law, meaning that supercooling in this case does not depend on 
concentration, instead proteins interact in an active way with ice. Actually, proteins, bind them-
selves—with their hydrophilic portion—to specific planes of ice crystals when they encounter 
a growing ice front via van der Waals interactions and/or hydrogen bonds (Cruz et al. 2009). 
The basis for adsorption specificity lies in a hydrogen-bonding match between groups on the 
ice-binding site of the AFP and oxygen atoms on the ice lattice. This leads to the suppression 
of growth of ice nuclei and decreases the freezing point, hence inhibiting ice formation and 
changing the growth rate.

Natural antifreeze proteins and glycoproteins have been found to protect from freezing dam-
age and, thus, extend shelf life for many species, such as fish, plants, insects, and bacteria living 
in subzero temperatures (Hassas-Roudsari and Goff 2012). AFPs may inhibit recrystalliza-
tion during freezing, storage, transport, and thawing, thus preserving food texture by reducing 
 cellular damage and also minimizing the loss of nutrients by reducing drip. Besides naturally 
occurring antifreeze proteins, AFPs may be introduced into other food products either by physi-
cal processes, such as mixing and soaking, or by gene transfer (Griffith and Ewart 1995, Zhang 
et al. 2008).

During freezing, ice formation is initiated by ice nucleation, which can be promoted by the 
presence of foreign particles that act as ice nucleation activators (INAs) (Wang and Sun 2012). Ice 
nucleation proteins have been found to be produced by certain gram-negative bacteria that promote 
the nucleation of ice at temperatures higher than the initial freezing point. In other words, they can 
catalyze the formation of ice in undercooled water at high subzero temperatures (Zhang et al. 2008). 
Moreover, INAs have been shown to create large and long ice crystals in ordered directions (Kiani 
and Sun 2011).

As far as their application in the food sector, many INA bacterial cells have been studied for 
their effect on overall quality of frozen foods during cold storage (Li and Lee 1995, Hassas-
Roudsari and Goff 2012). The common species of ice nucleation active (INA) bacteria found to 
produce ice nucleation activator belong to genera Pseudomonas, Erwinia, and Xanthomonas. 
The main advantages of INA are that they elevate the temperature of ice nucleation, shorten 
the freezing time, and change the texture of frozen foods, thus decreasing energy cost and 
 improving the quality (Li and Sun 2002). For example, samples of egg white when frozen 
at −10°C underwent supercooling lower than −6°C, but when INA bacterial cells (Erwinia 
ananas) were added, the samples showed only a slight degree of supercooling (Arai and 
Watanabe 1986).

Despite the very encouraging results concerning the effectiveness of INA bacteria on the 
quality of frozen foods, one major concern to their applications in the food industry is that 
bacterial ice nucleators must be environmentally safe, nontoxic and nonpathogenic, and pal-
atable (Li and Lee 1995). If whole bacterial cells are added, it is necessary to ensure that 
inedible microorganism is completely removed from the food prior to consumption. As an 
alternative, an enzyme-modification procedure has been proposed (Wand and Sun 2012) in 
order to produce small linear peptides with antifreeze activity (enzyme-modified antifreeze 
proteins, EMAFPs).
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7.2.5.6 dehydrofreezing
Dehydrofreezing is a variant of freezing in which a food is dehydrated to a desirable moisture and 
then frozen (Li and Sun 2002). Dehydrofreezing provides a promising way to preserve fruits and 
vegetables by removing a part of water from food materials prior to freezing (Biswal et al. 1991). A 
reduction in moisture content would reduce the amount of water to be frozen, thus lowering refrig-
eration load during freezing. In addition, dehydrofrozen products could lower the cost of packaging, 
distribution, and storage and maintain product quality comparable to conventional products (Biswal 
et al. 1991).

The first part of the process involves partial dehydration of the product by immersion in 
a hypertonic solution in order to decrease the amount of crystals formed during the freezing 
process (Dermesonlouoglou et al. 2007). Minor damage of the cellular membranes occurs, and 
therefore a better conservation of the fruit and vegetable properties is assumed (Marani et al. 
2007, Ramallo and Mascheroni 2010). In this sense, osmotic dehydration was reported as a pre-
treatment in freezing (Giannakourou and Taoukis 2003, Torreggiani and Bertolo 2004), hence 
it will be further detailed in the following section, concerning treatments prior to freezing. 
Briefly, the osmotic step before freezing aims at the lowering of the water activity and the partial 
dehydration of the food matrix; at the same time, by carefully designing the composition of the 
osmotic solution in which the food is immersed, a significant enrichment can be obtained with 
physiologically active components, such as prebiotics, vitamins and minerals, dietary fiber, fish 
oils, and plant sterols, and novel food products with functional properties may be produced (Fito 
et al. 2001).

7.2.5.7 other novel technologies for Food Freezing
Electrostatic field-assisted freezing is a very recent proposal that investigates the impact of electri-
cal disturbance in terms of phase change. Supercooling of several foods with the application of an 
external electric field is studied, and the preliminary results seem really promising regarding the 
area of improvement of the size of ice crystals (Le Bail et al. 2012).

The application of microwave irradiation has also been proposed in order to suppress ice nucle-
ation; in fact, Jackson et al. (1997) found that microwave irradiation results in the formation of an 
ice-free (vitrified) region adjacent to the cooling block (Kiani and Sun 2011). In the same paper, 
it was shown, that the combined use of both microwave and cryoprotectant (ethylene glycol) was 
successfully used to influence ice formation and enhance vitrification even at relatively low cooling 
rates and for relatively low cryoprotectant concentrations.

7.3 treatments prior to Freezing

As discussed in detail in a previous chapter, freezing almost always causes physical and chemi-
cal changes in food due to ice formation and a subsequent loss of quality. In that sense, there is 
an increased interest in using pretreatments prior to the detrimental process of freezing in order 
to enhance the quality of frozen/thawed fruit and stabilize the frozen tissue (Chassagne-Berces 
et  al. 2010). Conventional pretreatments concern washing, blanching, and soaking and treat-
ments such as comminuting, coating, grinding, and packaging. Apart from the traditional ones, 
some of the pretreatments suggested are quite novel and include the addition of different sugars 
(Chiralt et  al. 2001, Marani et  al. 2007) and the addition of calcium or low-methoxyl pectin 
(Buggenhout et al. 2006).

7.3.1 washing

In order to remove soil and other contaminants from vegetable or fruit tissues, washing is 
really important for final product quality. The most crucial role of this step of the process is to 
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reduce substantially the microbial load of the fresh produce. On the other hand, if the wash-
ing treatment has not been applied properly, this step can cause cross-contamination during 
the following steps of the process (Olaimat and Holley 2012). Vegetables are washed typically 
with water that generally contains free chlorine from approximately 0 to 30 ppm. Chlorine 
and chlorinated compounds are still the most widely used sanitizers in the food industry 
(Beuchat et al. 2004), despite scientific data published showing that excessive use of chlorine 
can be harmful due to the formation of carcinogenic disinfection by-products (trihalometh-
anes, chloramines, haloketones, chloropicrins, and haloacetic acids) caused by the reaction of 
residual chlorine with organic matter (Cao et al. 2010, Hernandez et al. 2010). In view of this 
risk, these compounds have been forbidden in many European countries, and there is a trend 
in eliminating chlorine-based compounds from the decontamination and disinfection process; 
instead, innovative and emerging technologies are proposed to be applied in the food industry. 
For example, ultrasound technology can be adapted in the washing tank for decontamination 
of fruit and vegetables where the ultrasonic waves can be generated from the surface of the 
tank (Bilek and Turantas 2013). For more effective application, it is suggested that ultra-
sound be combined with other methods. This multiple hurdle concept constitutes an attractive 
approach to enhance microbial inactivation as previous works have demonstrated the hurdle 
effect in different fruits and vegetables, such as plum fruit (Chen and Zu 2011), strawberries 
(Cao et al. 2010, Alexandre et al. 2012), apples and lettuce (Huang et al. 2006), and red bell 
pepper (Alexandre et al. 2013).

7.3.2 heat treatments: blanChing

Blanching is a very common surface heat treatment of vegetables and fruits prior to freezing. It is 
achieved by immersion in hot water or steaming at temperatures close to 100°C. Steam blanching 
has the advantage of avoiding the leaching out of solids, which is important regarding wastewa-
ter and environmental regulations. At present, blanching continues to pose serious environmental 
issues to the food industry (Torreggiani et al. 2000).

The aim of blanching is the inactivation of enzymes through the denaturation of proteins. 
Since enzymes are responsible for the majority of degradation reactions in food matrices, the 
effect of blanching is crucial for retaining food quality during subsequent freezing and frozen 
storage. This operation is a thermal process designed to inactivate the enzymes responsible for 
generating off-flavors and odors and to achieve the stabilization of texture and nutritional quality 
and the destruction of microorganisms (Olivera et al. 2008). Blanching has also other beneficial 
side effects, such as the enhancement of color of green vegetables and carrots (Patras et al. 2011, 
Martinez et  al. 2013), an initial, low reduction of microorganisms, a decrease in pesticide and 
nitrate levels in spinach, carrots, etc. It may also have specific applications in specific tissues, such 
as in potato, in which it adjusts water content, reduces frying time, and improves its texture (Abu-
Ghannam and Crowley 2006). Especially in vegetables, the effect of blanching consists in inhibit-
ing enzyme activity and, thus, reducing the enzymatic browning effect caused by enzymes, such 
as peroxidase, lipoxygenase, and chlorophyllase, blocking the development of the foul smells for 
which lipoxygenase and protease are responsible, stabilizing the nutritional value of the product, 
and preventing the oxidating activity of ascorbic acid (Barrett and Theerakulkait 1995, Bevilaqua 
et al. 2004).

However, being a mild heat treatment, there are important disadvantages concerning the 
application of blanching, especially on fruit tissue that is more sensitive to texture loss. The most 
prevalent effect is the loss of turgor in cells due to thermal destruction of membrane integrity 
and partial degradation of cell wall polymers (Bahçeci et al. 2005, Petzold et al. 2013). Apart 
from cellular tissue damage, there is also an increased risk of microbial contamination due to the 
removal of natural microflora and absorption of water by the food, which is usually undesirable 
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since it alters the yield. Moreover, some initial quality deterioration is sometimes observed, 
which may however be counterbalanced by protecting the food at the following steps of freezing 
and frozen storage.

In order to assess the effectiveness of blanching, the enzyme of peroxidase is conventionally used 
to monitor and evaluate the blanching extent since it is one of the most heat stable enzymes, occur-
ring in a considerable number of vegetables (Concalves et al. 2007).

Current food industry is interested in designing the blanching step so as to minimize its nega-
tive effect and maximize its beneficial results during the subsequent freezing process and stor-
age (Bevilaqua et  al. 2004). This can be accomplished by using high-temperature short-time 
exposures rather than longer times at milder conditions. Additionally, there are numerous recent 
publications proposing the immersion of foods in aqueous solutions containing specific molecules 
that can improve the effectiveness of blanching (Martinez et al. 2013). Citric acid may be added 
in order to lower the pH value, ascorbic acid or other antibrowning agents to minimize color deg-
radation (for instance, mushroom browning or cabbage yellowing), CaCl2 to enhance and protect 
tissue integrity, etc.

In a number of published articles, a short microwave treatment is proposed prior to the thermal 
procedure of blanching in order to minimize its negative side effects (Dorantes-Alvareza et al. 2011, 
Zheng and Lu 2011).

Due to the negative effect of heat treatment on food quality, a cooling step is strongly advised 
immediately after blanching and before the freezing procedure. Rapid cooling is preferred, 
and higher yields have been observed with immersion blanching-air blast chilling (Torreggiani 
et al. 2000).

7.3.3 partial DehyDration anD formulation pretreatments

Treatments prior to freezing can minimize the damaging effect of texture degradation of fruits at 
thawing (Huxsoll 1982, Maestrelli et al. 2001). Water removal through partial air drying, dewater-
ing–impregnation soaking (DIS) in concentrated solution (Torreggiani et al. 2000) or their combi-
nation has been shown to improve significantly frozen food cell integrity and protect its structure 
even in the case of delicate tissues.

Another technique is immersion chilling and freezing in concentrated aqueous solutions, which 
makes it possible to combine formulation (dewatering and impregnation) with precooling.

7.3.3.1 partial air drying
Partial dehydration is generally achieved by air drying. When followed by freezing, the resulting 
process is termed dehydrofreezing (Kennedy 2000, Torreggiani et al. 2000). The main advantages 
include energy savings (reduced water load for freezing and subsequent transport) and better quality 
and stability (Huxsoll 1982). After partial air drying, water activity of food products remains rela-
tively high, aw > 0.96 since water removal does not exceed 50%–60% of the initial water content. 
Therefore, appropriate pretreatments such as blanching or dipping in antioxidant solutions are nec-
essary to avoid browning (Giangiacomo et al. 1994). Dehydrofrozen fruits may be used as fresh-like 
substitutes in frozen fruit salads, surface garniture or as fillings in pastry. This partial dehydration 
step has been proven effective as a pretreatment to the following freezing process for apple, pear, 
and clingstone peach (Torreggiani et al. 2000).

7.3.3.2 osmotic dehydration or dewatering–impregnation soaking
Instead of conventional air drying (or in combination with this traditional treatment), recently there 
is a lot of interest in applying osmotic dehydration as a prefreeze treatment. This process involves 
immersing the solid food material (as a whole or in pieces) into hypertonic solutions, usually of 
high carbohydrate or salt concentration and the type of solute used depends on the desired purpose 
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(Rahman and Velez-Ruiz 2007). This kind of treatment is recently proposed as a preliminary pro-
cedure prior to numerous subsequent preservation methods, following the principles of hurdle tech-
nology (Figure 7.7).

During the osmotic procedure, there are two main countercurrent flows that take place through 
the food membrane due to mass gradients: water flows out of the food into the concentrated solution 
and an opposite transfer of solute towards the interior of the food matrix. Apart from these main 
mass transfer flows, other secondary exchanges take place, such as loss of water soluble food com-
ponents, which may significantly alter food sensory attributes.

This method, when applied prior to freezing, leads to concentration of the intracellular mate-
rial, reduces significantly the “unbound” water, reduces the freezing point, and has a lot of 
advantages that make it a very effective pretreatment. The main advantages are (Pinavaia 1988, 
Torreggiani 1995):

• Reduction of the total latent heat of freezing
• Less energy required to freeze the osmosed food tissue
• Higher freezing rates and improved crystallization, favoring the formation of small ice 

crystals
• Significant reduction of volume and weight of frozen food that, in the case of high initial 

water content (i.e., in fruit tissues), may reach 50%
• Better sensory attributes, such as texture, taste, and flavor after thawing
• Less drip loss during subsequent thawing
• Control of food consistency

In addition to obtaining reduction of the energy load, costs of packaging and transport are also 
significantly reduced at the same time (Huxsoll 1982). Final products that occur by this combined 
procedure (osmotic dehydration-freezing) are called “osmo-dehydrofrozen.”

The most interesting feature of this treatment is the uptake of solutes that modifies food tis-
sue depending on the composition of the osmotic solution decided (Kennedy 2000). Therefore, 

Intermediate
moisture food

Humidity = 16%–25%
aw = 0.650–0.900

Osmotically
treated food
m = 50 g
Humidity = 50%
aw = 0.900–0.930

Food tissue
m = 100 g
Humidity = 80%
aw = 0.995–1.000

Osmotic dehydration

Solution pasteurization
(after some cycles of use)

Solution reconstitution
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Dried food
Humidity = 2%–15%

aw = 0.995–1.000

Minimally processed
fruits and vegetables

Drying
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Jam/spread
manufacturing

Other treatments ....

Partial
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Figure 7.7 Representative flow chart for the application of osmotic dehydration as a pretreatment.
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after DIS, a new, improved product, with optimized functional, sensory, and nutritional attri-
butes may occur by:

• Adjusting the composition of food by reducing water activity or by adding water activity 
lowering agents

• Introducing ingredients into the food tissue with antioxidant, antimicrobial, or other pre-
servative properties

• Incorporating in the osmotic solution additives with well-established nutritional, health, or 
sensory benefits (Fito et al. 2001)

• Providing increased consistency to the food tissue due to dewatering (Torreggiani et al. 2000)

Recently, there is a lot of interest in a new approach that relates frozen food stability with the glass 
transition theory (Giannakourou and Giannou 2015), which is based mainly on kinetic instead of 
energetic criteria to study a number of changes. In this context, during osmotic dehydration, due 
to the solute uptake, the kinetic hindering of diffusion-controlled reactions and molecular mobility 
should have also been considered. According to the glass transition theory (Slade and Levine 1991, 
Levine and Slade 1992), chemical and physical stability is related to the molecular mobility of the 
unfrozen phase, which in turn is strongly related to the glass transition temperature. Numerous stud-
ies have been published that focus on the effect of the osmotic step to the change of the glass transi-
tion temperature of the modified tissue (Tg′) that significantly affects its overall quality and stability.

Due to the increased interest of the application of an osmotic pretreatment prior to conventional 
freezing, in Table 7.1, some representative literature data is summarized, mainly for vegetative tis-
sues (fruits and vegetables). Additionally, there are many important publications concerning the 
modeling of the procedure based on mass and thermal balances (Agnelli et al. 2005, Goula and 
Lazarides 2012) and/or diffusion kinetics (Dermesonlouoglou et al. 2008).

7.4 post-Freezing proCesses

7.4.1 frozen fooD paCKaging

As in all preservation processes, post-procedure treatments are of increased importance in order 
to maintain the quality and stability of the final product. Therefore, the main aim of packaging is 
to protect processed food from after-freezing contamination and to ensure its integrity through-
out the frozen chain from the producer to the final consumer. Additionally, since the product will 
be exposed to very low temperatures, the packaging material needs to withstand these conditions 
and protect food tissue from quality problems, such as freezer burn or color fading (Cooksey and 
Krochta 2012). An important issue is that the packaging material chosen should meet certain mini-
mum technical, legislative, and environmental requirements. Other required attributes are conve-
nience and health safety to the consumer, simplicity and attractiveness to the producer, all combined 
to minimum environmental impact and sensory modification of the product.

The basic requirements a material should meet in order to be used for frozen food packaging are 
(George 2000):

• Chemical and physical stability in a wide temperature range (−40°C up to almost room 
temperature) or even at higher temperatures if it is designed to be cooked inside its packag-
ing, as in ready-to-cook meat products.

• Adequate barrier attributes, considering mainly permeability to air, water, light, and 
vapors. The packaging material must be chosen in order to minimize moisture loss, that 
usually leads to weight and quality loss. If packaging is designed so as to practically elimi-
nate free space around the food, frost formation, desiccation, and formation of off-flavors 
can be significantly minimized.
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taBle 7.1
representative publications on the application of osmotic dehydration prior to Freezing

Food tissue-
parameters 
measured 

parameters of the 
osmotic treatment 

temperature Conditions 
of Freezing 

(and thawing) 

Combination 
with other 
technique reference 

Mango, kiwi, and 
strawberry— 
mechanical 
properties

30°C, in sugar syrup 
35°Brix, 45°Brix, 
55°Brix, 60°Brix, and 
65°Brix

−18°C for 1 and 30 days 
(also after thawing)

Vacuum Chiralt et al. 
(2001)

Green peas—color, 
texture, hardness, 
and sensory 
attributes

8°C, 20°C and 40°C, in a 
solution of 5%, 10%, 
and 17% NaCl

−17°C for 10 days — Biswal et al. 
(1991)

Kiwi—color and 
mechanical 
properties

30°C, in sugar syrup 
35°Brix, 45°Brix, 
55°Brix, and 65°Brix

−18°C for 1 and 30 days 
(also after thawing)

Vacuum Talens et al. (2002)

Melon—texture, 
color, flavor, and 
sensory attributes

25°C for 1 h, in sugar 
syrup 60% w/w

−20°C for 48 months Combination 
with air drying

Maestrelli et al. 
(2001)

Apricots—color, 
vitamin C, and ′Tg

25°C for 45 and 120 min 
(atm. pressure), in a 
solution 65% w/w 
saccharose, maltose, 
and sorbitol + 0.1% 
ascorbic acid + 0.1% 
NaCl

−20°C for 8 months Vacuum Forni et al. (1997)

Strawberry—
texture, 
visualization with 
microscope of 
thawed samples

25°C, 37.5°C, and 50°C 
for 0.25, 7.625 και 15 h 
in solutions of sugar and 
CaCl2

−20°C for 2 months and 
subsequent thawing

— Suutarinen et al. 
(2000)

Strawberry—drip 
loss after thawing

5°C for 21 h, in solutions 
of glycerol, glucose and 
saccharose 
(10%–60% w/v)

−20°C for 1 day — Garrote and 
Bertone (1989)

Strawberry, 
apricots, and 
cherries—texture 
and sensory for 
thawed samples

25°C for 8 and 16 h, in 
corn syrup + 1% NaCl

−20°C and thawing Pinnavaia et al. 
(1988)

Apples—color, 
microscopy, and 
texture after 
thawing

50°C for 40 min, in 75% 
corn syrup, 52% 
saccharose, and 50% 
sorbitol

−35°C and thawing Vacuum Tregunno and Goff 
(1996)

Apples—drip loss 
of thawed samples

50°C for 5 h, in 55% corn 
syrup (38DE)

−40°C for 1 h and thawing — Lazarides et al. 
(1995)

Kiwi—texture and 
color of thawed 
samples

30°C, in sugar syrup 
60οBrix and 72οBrix

−40°C for 1 h and thawing Combination 
with air drying

Robbers et al. 
(1997)

(Continued)
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• Another important prerequisite is to maintain as long as possible low food temperature, 
when being distributed or transported in the cold chain. Thus, the packaging material 
needs to own good insulation properties.

• Attractiveness to the consumer is very important. The key issue is the ability to print onto the 
surface of the product, which means that the appropriate outer layer should be chosen, based on 
its smoothness, wettability, absorbency, and compatibility to the ink used, Additionally, newer 
forms of presenting products to the consumer make frozen food items quite appealing, such 
as shrink-wrap films that combine good gas barrier properties with the desired transparency.

taBle 7.1 (continued)
representative publications on the application of osmotic dehydration prior to Freezing

Food tissue-
parameters 
measured 

parameters of the 
osmotic treatment 

temperature Conditions 
of Freezing 

(and thawing) 

Combination 
with other 
technique reference 

Pineapple—
mechanical 
properties, ascorbic 
acid, and drip loss 
of thawed samples

40°C, in sucrose syrup 
60°Brix for 30–240 min 
(kinetic study)

−31.5°C for 2 h and 
thawing at 20°C for 2 h

— Ramallo and 
Mascheroni 
(2010)

Pears, kiwi, 
strawberry, and 
apples—color, 
texture, and drip 
loss of thawed 
samples

30°C, in solutions of 
sucrose, fructose, HMW 
(high molecular weight 
sugars), 
47°Brix–69°Brix for 
1–24 h (kinetic study)

Freezing at −40°C 
(conventional air-blast 
tunnel)

Marani et al. 
(2007)

Carrots—texture, 
microscopy (and 
after thawing)

10°C for 5 h, in a 50% 
w/v sucrose solution

−18°C for 7 days and 
thawing at 25°C for 1 h

Ando et al. (2012)

Green peas—color, 
texture, DCS 
(glass transition 
temperature 
measurement)

35°C for 4 h or 5°C for 
12 h, in a 56.5% w/w 
oligofructose or maltitol 
or oligofructose/
trehalose solution, 
adding NaCl and CaCl2

Freezing at −40°C for 2 h.
Kinetic study at −3°C to 
−24°C

— Giannakourou and 
Taoukis (2003b)

Tomatoes—color, 
texture, lycopene, 
ascorbic acid, and 
sensory evaluation

35°C for 1 h, in a 56.5% 
w/w high DE 
maltodextrin solution, 
adding NaCl and CaCl2

Freezing at −40°C for 2 h.
Kinetic study at −5°C to 
−20°C

Dermesonlouoglou 
et al. (2007)

Cucumber—color, 
texture, and 
sensory evaluation

15°C for 360 min or 
35°C for 300 min or 
55°C for 180 min, in a 
56.5% w/w high DE 
maltodextrin or 
oligofructose solution, 
adding NaCl and CaCl2

Freezing at −40°C.
Kinetic study at −5°C to 
−15°C

Dermesonlouoglou 
et al. (2008)

Strawberry—phenol 
content, volatiles, 
and consumer 
acceptance

30°C for 4 h, in sucrose 
solution (50% w/w)

Stored at −18°C for 
1 month

Vacuum Blanda et al. 
(2009)
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Compatibility to packaging equipment, since in most cases, packaging is an additional step in a 
continuous automated production line. There is a compromise between food packaging material 
attributes and existing machinery, including filling lines, conveyors, sealing systems, etc.

The main material categories used for frozen foods include plastics, paperboard, metals (alumi-
num), and corrugated paperboard. Usually, depending on special requirements of frozen food tissue, 
food packaging is a combination of different materials, each of them meeting a different require-
ment. Briefly, the most common materials used are:

• Plastics: Polyethylene is available in different densities (LDPE, low density and HDPE, 
high density), usually used in vegetable bags. Other polymers used are polypropylene 
(PP) and polyester (PET) that have good moisture resistance but lack toughness and heat 
resistance (Cooksey and Krochta 2012). Trays of polyester are suitable for reheating in 
conventional and microwave ovens, with stability at high temperatures, exceeding 250°C. 
Polystyrene (PS), polyamide (PA), and polyvinyl chloride (PVC) are also used in different 
applications. However, the most common practice is to combine films of different poly-
mers with different properties in order to tailor the packaging materials and gain the spe-
cific attributes required through laminates and co-extrusions.

• Metals: Aluminum properties make it suitable for packaging frozen food. Aluminum trays 
or pans are common for frozen foods that are designed to be immediately heated in an 
oven by the consumer at home, such as pizzas and pies (Hasselman and Scheer 2012). 
Aluminum foil can also be used laminated to plastic films and paperboard due to its supe-
rior light and moisture barrier properties.

• Paperboard: It is often used either in the form of dual ovenable trays for susceptor materi-
als or as a secondary packaging in the form of boxes. Depending on their thickness, the 
materials used can be paper (thickness up to 3 mm), board (thickness between 3–11 mm), 
or fiberboard, all made from wood pulp. A basic advantage of this packaging material is 
that it is made from a renewable source. When paperboard is used in the primary packag-
ing and food is designed to be cooked within its package, paperboard is commonly coated 
with polyester (PET) to provide heat resistance for microwave and conventional oven heat-
ing (referred to as dual ovenable).

Paper and board can also be laminated with PE or waxed to reinforce water barrier properties or 
used in a laminate as a surface coating to provide a smooth surface for ink and printing of superior 
quality.

• Corrugated paperboard is often used as a tertiary packaging of frozen foods, and the 
basic designing parameters are the weight of linerboard, corrugating medium used, and 
the height of the flutes, as well as the number of flutes used per unit length of the board 
(Robertson 2012).

Finally, the choice of the packaging material is limited and often detected by legislative and envi-
ronmental regulations. There are detailed directives that involve all sectors of the food chain in 
order to protect the environment from packaging waste and ensure minimum energy and raw mate-
rials’ consumption for packaging.

As far as developments and future trends are concerned, active packaging, designed to perform 
a specific function while acting as a physical barrier, seems a really promising area for the frozen 
food sector. Recently, the application of modified atmosphere packaging (MAP) has obtained sig-
nificant extensions to the quality shelf life of fresh and chilled agricultural and horticultural produce 
(George 2000). Other alternative forms of packaging are edible films and coatings, usually made of 
natural constituents. Such films and coatings are applied directly on to the food product surface and 
become an integrated part of the product enclosed.
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Intelligent or smart packaging is another development in food packaging; intelligent systems are 
capable of providing information about the time–temperature history and the properties of a pack-
aged food and can provide evidence of pack integrity, tamper evidence, product safety and qual-
ity. These systems include time–temperature indicators (TTIs), gas sensing dyes, microbial growth 
indicators, and physical shock indicators. A lot of studies have been recently published focusing on 
the effectiveness of TTI use as a part of food packaging in order to assess product quality status and 
therefore optimize the existing inventory systems. The use of TTIs in the frozen food cold chain 
will be further discussed in the following section that presents the current frozen food life cycle 
from production to consumption level.

The recent application of vacuum packaging in frozen food has the aim of minimizing deterio-
rative reactions, including microbiological and chemical changes and is especially used in ready 
meals (Rachtanapun and Ractanapun 2012). This technique is actually a form of modified atmo-
sphere packaging since food is placed in a gas-permeable, heat-stable pouch or film, most of the 
oxygen in the vicinity of the food item is removed, and the package is hermetically sealed. These 
sous vide packed foods are usually cooked under controlled conditions of temperature and time 
(low temperature–long time). After cooking, the products are rapidly chilled and kept frozen and 
reheated according to specific instructions before final consumption (ready-to-cook). Vacuum pack-
aging inhibits the growth of aerobic microorganisms, however, favoring at the same time the growth 
of anaerobic ones, which means that the thermal process of sous vide procedure must be carefully 
designed so as to inactivate vegetative pathogens and botulinum spores.

7.4.2 thawing

Thawing is not the adverse process to freezing due to the different physicochemical properties of 
water and ice. Thawing is a substantially longer process than freezing when temperature differences 
and other conditions are similar (Fellows 2000). Water has a significantly lower thermal conductiv-
ity and a lower thermal diffusivity than ice; therefore, as heat is induced and the food starts thawing, 
surface ice melts and the surface layer of water reduces the rate at which heat is conducted to the 
frozen interior.

During thawing, there are significant drip losses, which can offer an ideal substrate for enzyme 
activity and microorganism growth, a risk that makes the thawing process of crucial importance for 
final food safety and quality. Commercially, foods are often thawed just below the freezing point, to 
retain a firm texture for subsequent processing.

Some foods are cooked immediately and are therefore heated rapidly to a temperature which 
is sufficient to destroy microorganisms. Others (e.g., ice cream, frozen cakes) are not cooked and 
should therefore be consumed within a short time after thawing (Fellows 2000).

Food thawing is typically undertaken in the air, in cold water, in tap water, and in hot water 
(Eastridge and Bowker 2011); techniques that are time and energy consuming, leading to sub-
stantial food quality degradation. Novel methods include high-pressure thawing, microwave thaw-
ing, ohmic thawing, acoustic thawing (Li and Sun 2002), and high voltage electrostatic thawing 
(He et al. 2013).

7.5 monitoring and Control oF the Current Cold Chain

Handling of frozen food after its packaging in the industry until it reaches its final destination, 
that is, consumer’s freezer is of major importance for its overall quality. The most common stages 
in a frozen product lifecycle are depicted in Figure 7.8 and include storage at special areas in the 
industry, the distribution center, the retail and the consumer domestic freezer, as well as various 
transport steps.

Knowledge of the real time–temperature conditions at each stage would be an important tool 
to assess the shelf life of frozen products, while there is also an obligation to meet all legislative 
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requirements described in detail in both national and European laws (in EU Directives 89/108, 
92/1, FDA, Codex Alimentarius, etc.).

The success and applicability of effective low-temperature preservation depends strongly on 
the capacity to integrate distinct operational steps and facilities in order to maintain storage condi-
tions from food production to consumption. In particular, the storage temperature should be kept 
as invariable as possible, since fluctuations can have potentially serious consequences for product 
quality and safety. Therefore, “cold chain” relates to the maintenance, monitoring, and control of 
low- temperature storage conditions from initial freezing to product consumption, including product 
transport and display (Woolfe 1992, Wright and Taub 1998, Drummond and Sun 2010). According 
to a definition provided by the Concerted Action FAIR-CT 96-1180 sponsored by the European 
Commission “the cold chain is the part of the Food Industry, which deals with the transport, stor-
age, distribution, and selling of frozen foods. It includes equipment and the operation of that equip-
ment to maintain frozen food in a fully frozen condition at the correct temperature.” Alternatively, 
according to the International Institute of Refrigeration, the “cold chain” refers to the continuity of 
frozen distribution, that is, the means successively employed to ensure the frozen preservation of 
perishable foodstuffs from the production to the consumption stage (Taoukis et al. 2012).

Several studies have been recently carried out to assess the importance of low temperature han-
dling of frozen food, focusing on the effect of temperature fluctuations or temperature abuses during 
handling on product quality (Gormley et al. 2002, Giannakourou and Taoukis 2003, Hansen et al. 
2004, Tsironi et al. 2009, Phimolsiripol et al. 2011). When temperature fluctuations occur during 
frozen storage, while the amount of ice in a system will generally remain constant, the number of 
ice crystals will reduce and the average size will increase (Bogh-Sorensen 2002). Especially when 
the temperature is not constant, recrystallization takes place, increasing the size of ice crystals. 
The growth in size of ice crystals can significantly influence the quality loss during frozen storage 
and handling of perishable foods. Additionally, temperature variation within a product can cause 
moisture migration, relocating the water within the product so as to move toward surfaces and to 
leave the denser regions of the product. Consequently, when there is void space around a product 
in a package, moisture will transfer into this space and tend to accumulate on the surface of the 
product and the internal surface of the package. When looking into the literature, most studies are 
performed under constant temperature conditions, and the effect of temperature fluctuations is only 
theoretically addressed (Skrede 1996).

In this context, the required temperature conditions need to be maintained all the way from the 
producer to the consumer, assuring a maximum low temperature of –18°C, a limit set by the major-
ity of international and national regulations. Any increase in the temperature of the environment in 
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Figure 7.8 Representative stages of frozen food distribution chain and representative temperatures in the 
current cold chain.
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which the product is held above that marginally accepted temperature is proven to have a significant 
adverse effect on the quality, and sometimes even on the safety of the product. Especially when the 
food is inadvertently thawed, microbiological issues become serious and may lead to food rejection 
(Devine et al. 1996, Mandigo and Osburn 1996). To put that in practical perspective, when a frozen 
product is held, even for a few minutes, in warmer than –18°C air, it will start to thaw, despite its 
“frozen-like” appearance. Restoring the temperature at the appropriate levels will lead the product 
to slower freezing because the equipment in the cold chain is designed to maintain product at –18°C 
and not freeze product down to that temperature (Taoukis et al. 2012).

Considering the multiple parameters that affect the efficiency of the current cold chain and 
the importance of a steady and adequately cold logistic path for the product acceptance, in terms 
of both safety and quality, it becomes evident that monitoring and control of the cold chain is a 
prerequisite for reliable quality management and optimization (Browne and Allen 1998, Dubelaar 
et al. 2001, Tijkens et al. 2001). Good temperature control is essential in all sections of the frozen 
food chain and can be obtained through improved equipment design, quality assurance systems 
application, and by an increased operator awareness. The current philosophy, however, for food 
quality optimization is to introduce temperature monitoring in an integrated, structured quality 
assurance system, based mostly on prevention, through the entire lifecycle of the product (Panozzo 
et al. 1999, Taoukis 2001).

7.5.1 requirements, ConDitions, anD Control of the stages of the ColD Chain

7.5.1.1 Cold store
When referring to “cold store” this describes an enclosed chamber or box, completely insulated 
(meaning that walls, ceiling, and floor are fully insulated), fitted with an insulated door. In order 
to maintain a prefixed temperature inside the chamber, refrigerating machinery is required. Some 
important parameters regarding the function of this cold store are its size (that depends on what 
facility it belongs to, i.e., industry, hypermarket, small retail facility, etc.), the products that will be 
stored inside (amount-nature), the temperature required, the temperature/humidity of the surround-
ings, and whether its purpose is only to maintain a certain temperature or it will be also used to 
lower the food temperature.

As far as frozen foods are concerned, the frozen product is stored at different points of the chain 
inside chambers of different characteristics and performance during its marketing route to the home 
freezer and its final consumption. As mentioned earlier, the size of the cabinet, initial temperature 
of the incoming food, temperature required, temperatures of the surroundings, mechanical charac-
teristics (location of refrigeration machinery, compressors, ventilation, and insulation), and energy/
cost matters are issues of first priority when considering cold store requirements. In this context, an 
effective stock rotation and a safe inventory management within any storage area are of significant 
importance for an optimized frozen food chain control. Until now, most systems typically rely on 
time-based criterion such that items within a cold storage area are scheduled for distribution accord-
ing to the length of time that an item has been in storage (Wells and Singh 1998). The two most 
common stock rotation policies used to assess the priority in which an item will be promoted to 
the following stage of the cold chain are the first-in, first-out (FIFO) policy, and the last-in first-out 
(LIFO) policy. Both policies are based on the age of an item (e.g., the time that a product is retained 
in storage), not taking into account the real conditions that the product was subjected to, that is, 
FIFO policy requires the oldest item within a stock to be issued first, and the LIFO policy allows the 
youngest item on hand to take highest priority. That means that the only criterion is the production 
date or the lot number and not the real quality state of the product that depends on the real time–
temperature conditions of its storage, which could even render a product unsuitable for distribution.

As the most traditional one, it is always stated that the “first-in, first-out” management approach 
must be strictly adhered to in all stages of the freezer chain through fully automatic handling pro-
cedures in the freezer storage rooms (Taoukis et al. 2012).
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As a more effective alternative to these conventional stock management systems, Wells and 
Singh (1989), Taoukis et al. (1991), Giannakourou et al. (2001, 2002) proposed a different issue 
policy based on the real quality status and the maximum expected remaining shelf life of a prod-
uct. These innovative systems, usually called the least shelf-life, first-out (LSFO) or shortest 
remaining shelf-life (SRSL) inventory issue policy, are based on giving priority to the items with 
the shortest (but still acceptable) remaining shelf life. The development of LSFO is based on vali-
dated shelf life models of the monitored food, specification of the initial value of the quality index, 
the value of the selected quality index at the limit of acceptability, and constant time–temperature 
monitoring in the distribution chain with TTIs. TTI application to improve the existing cold chain, 
reduce the out-of-date stock, and lead to a cost-effective product management will be discussed in 
a following section.

Regarding temperature requirements during frozen storage, according to EU Directive 89/108 
(Quick Frozen Food Directive, QFF), after quick freezing, the product temperature should be main-
tained at –18°C or colder after thermal stabilization. Some frozen foods, for example, beef, broilers, 
and butter, have a fairly long storage life even at –12°C, while foods such as lean fish require storage 
temperature around –28°C in order to reduce quality loss and prolong their storage life (Bogh-
Sorensen 2002).

In the United States, a temperature of –18°C or colder is recommended, adding that some prod-
ucts, for example, ice cream and frozen snacks require –23°C or colder.

The EU Directive 92/1 requires that a temperature recording device must be installed in each 
storage facility in order to register and store for at least a year the temperature data of air surround-
ing perishable food.

7.5.1.2 transport
The different points of transport, from the cold store to the retail outlet and then to the consumer 
frozen storage, are critical points for a product’s overall quality and safety. A significant factor is 
the temperature inside the transport vehicles and the fluctuations occurring during transit. Inside 
the transport vehicles, proper temperature conditions are more difficult than in large cold stores due 
to several factors:

 1. Supplementary heat is introduced during loading and unloading the vehicle.
 2. Defrosting has a more severe effect on foods compared to refrigerated stores (more 

restricted space for the coils, more humid air inlet).
 3. Possible close contact between the foods and the lateral walls, through loading and dis-

placements of the cargo, connected to the forces that the road circulation generates in the 
cargo (Panozzo 2008).

The vehicle must be provided with a good refrigerated system, operating constantly during trans-
portation to maintain the product frozen. The most widely used system to refrigerate the inlet of the 
vehicle is a vapor compression mechanical system. Another important issue is to avoid undesirable 
heat infiltration, which may occur due to hot weather, sunny conditions, inadequate insulation, or 
air leakage. Additionally, caution should be given during the loading/unloading procedure (as short 
as possible), as well as to the protection needed to the cargo during these processes. When taking 
precautions to avoid the above, it should be possible to achieve good quality, healthy, and safe frozen 
food products.

Legislation on control of transport equipment and temperatures during transport has been increas-
ingly stricter, especially for intra-European transports of frozen foods (Taoukis et al. 2012, Agreement 
on the International Carriage of Perishable Foodstuffs). The QFF Directive requires that the tempera-
ture of quick frozen food must be maintained at –18°C or colder at all points in the product, with 
possible brief upward fluctuations of not more than 3°C during transport (Article 5). Directive 92/1 
requires that transport equipment must have an appropriate temperature recording device installed, 
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which should be approved by the authorities in the EU member state where the vehicle is registered. 
The temperature data should be dated and stored for at least a year by a responsible person.

The Agreement on Transport of Perishables, the so-called ATP agreement, has been ratified by 
about 30 countries, mainly in Europe, but also by Russia, the United States, and other countries. In 
cold transport between countries participating in the ATP agreement, special equipment must be used 
which should be inspected and tested for compliance with the standards in Annex 1, Appendices 1, 2, 
3, and 4. In ATP, Annex 2, it is stated that “for the carriage of frozen and quick frozen foodstuffs, the 
transport equipment has to be selected and used in such a way that during carriage the highest temper-
ature of the foodstuff in any point of the load does not exceed −20°C (for ice cream), −18°C (for quick 
frozen food, frozen fish, etc.), −12°C (for all frozen foodstuffs, except butter), and −10°C (for butter).”

The ATP agreement includes precise and strict requirements on the technical properties of trans-
port equipment (quality of insulation, construction, etc.). In most EU countries, these rules are not 
enforced, allowing for the transport and distribution of frozen foods to occasionally take place in 
unsuitable equipment, that is, inadequate insulation, insufficient cooling capacity of the refrigera-
tion machinery, etc. In France, however, ATP certified equipment must be used for the transport of 
frozen foods, prescribing the exact ATP category for different groups of foods.

The United States Code of Recommended Practices (Frozen Food Roundtable 1999) suggests 
that temperature should be measured in an appropriate place and recorded in vehicles used for 
frozen food transport.

According to a definition assigned by the UK authority, local distribution is the part of the distri-
bution chain in which the product is delivered to the point of retail sale, including sale to a catering 
establishment (Bogh-Sorensen 2002). In France, local distribution is limited to 8 h, and the United 
States Code of Practice recommends that a frozen food measured with a temperature above −12°C 
should be rejected, or, at least, examined for acceptable quality prior to being offered for sale.

As far as modes of transport in the cold chain are concerned, this assumes

• Road transport, where the road tracks are divided according to DIN 8959/2000 as short-, 
medium-, and long-distance.

• Rail transport: for rail transport the wagons are refrigerated by either mechanical or stored 
energy. Mechanical refrigeration for each single wagon is the predominant technology 
(Panozzo 2008).

• Water transport: the most usual form of water transport is sea transport. In this case, ships 
can be insulated and refrigerated or can be container ships.

• Intermodal transport: intermodal transport can be carried out using standard vehicles that 
can be carried on rail wagons (e.g., the piggyback system) or ships. Most intermodal trans-
port uses insulated boxes that can be transferred easily from ships to rail wagons to road 
vehicles, without interrupting the continuity of the cold chain. However, these systems are 
heavy and not easy to use (Panozzo 2008).

Finally, one should not overlook the fact that one of the weakest links in the distribution chain is the 
transport period from the product purchase to the consumer domestic freezer. When this time period 
is not part of the thawing process, meaning that the product will not be immediately consumed but 
it will be stored in a home freezer, the effect of this time might be significant for product quality and 
wholesomeness. According to the results of a consumer survey conducted in Greece, 26% of people  
need more than 20 min to carry food from the point of purchase to the home freezer, with 2% 
exceeding 45 min. Considering the usual temperatures during summer months (>32°C), this temper-
ature abuse might lead frozen food to significant thawing and consequently to major deterioration.

7.5.1.3 retail display
Display cabinets are intended to be used for displaying frozen foods to consumers but not for 
lowering their temperature. For display at the stage of the retail sale of frozen foods, specially 
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designed refrigerated cabinets are employed, aimed mainly at an effective display—from the 
consumer point of view—and, at the same time, correct and safe storage of food. Unfortunately, 
the two functions required are contradictory. For effective display, a cabinet with high prod-
uct visibility and wide front opening, possibly in the absence of any kind of door or lid, and 
equipped with a bright lighting system is required (Rigot 1990). However, this design can 
cause a significant heat load on the cabinet, often leading to an unacceptably high tempera-
ture for the product, usually in excess of the recommended values for the storage of the goods 
(Cortella 2008).

In current practice, several types of cabinet are used. Numerous criteria can be adopted for 
the classification of this equipment (Cortella 2008), for example, the load temperature, the cabi-
net geometry, the presence of doors or lids, the type of air distribution, the type of refrigerating 
equipment, etc. Based on geometrical criteria, they can be classified as (Taoukis et al. 2012): (1) 
vertical multi-deck with or without glass doors, using refrigerated air circulated by fans throughout 
the cabinet, (2) open top cabinets, which lower food temperature by forced air circulation and/or 
natural convection, and (3) combined, for example, consisting of a horizontal and a vertical cabinet. 
A common display cabinet consists of a thermally insulated body that will bear the food load and 
the cooling equipment. The refrigeration unit may be totally within the cabinet (integral cabinet) or 
partially situated in a remote location, with only the heat-exchanging coils and the fan being inside 
the cabinet.

As far as regulation is concerned, according to QFF EU Directive (Article 5.2(b)) “tolerances 
in the product temperature in accordance with good practice are permitted. These tolerances may 
reach 3°C (to a product temperature of –15°C), if and to the extent that the Member States so decide. 
The Member State shall select the temperature in the light of stock or product rotation in the retail 
trade. The Commission shall be informed of the measures taken.” According to Directive 92/1, tem-
perature recording is not mandatory, and the temperature is measured by at least one clearly visible 
thermometer, which in open (gondola type) cabinets must indicate the temperature of the return air 
at the load line level.

Cooling equipment is certified by the manufacturer to comply with European Standard EN441 for 
a specific “climatic class.” Direct exposure to sunlight and draughts must be avoided. The required 
cabinet performance will only be achieved if the ambient conditions are cooler and less humid than 
limits specified for the climatic class shown in the nameplate. Air conditioning is advisable if proper 
conditions cannot be guaranteed.

It is important that the cabinet is only loaded with products at −18°C or below, following the 
maker’s instructions and within the load limit line clearly marked on the equipment. If this line 
is violated, products outside this limit will be kept in a higher, inappropriate temperature and will 
disturb air circulation, warming all food.

Most countries maintain that the temperature for frozen products in retail cabinets should be 
−20°C with a possible temporary tolerance up to −18°C or −15°C (Jul 1982). In a recent survey 
carried out in the context of the temperature database of the FRISBEE project (Food Refrigeration 
Innovations for Safety, Consumers’ Benefit, Environmental Impact and Energy Optimization Along 
the Cold Chain in Europe, FP7, Food, Agriculture and Fisheries, and Biotechnology) at almost 
320 retail display points for frozen foods, it was shown that the aforementioned temperature require-
ment is not met. As shown in Figure 7.9, in almost 36% of retail storage the temperature was higher 
than −18°C, with 8% exceeding the −14°C.

As discussed by Jul (1984), a systematic stock rotation and maintenance of the first-in, first-out 
principle could contribute more to product quality than expensive cabinet modifications. Going fur-
ther, as it was mentioned earlier, an innovative stock management system, based on product actual 
time–temperature history (LSFO) and the response of TTIs, could further optimize the distribution 
chain, minimizing the unacceptable products (Giannakourou and Taoukis 2002). Similarly, load-
ing procedures and handling of products before stocking in freezer cabinets are points of potential 
improvement.
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7.5.1.4 home storage
In spite of technological progress, energy efficiency, and environmentally friendly alternatives 
assumed at equipment level, domestic refrigeration, which is not covered by regulations, is still 
a source of concern; some indications show that food is stored at temperatures that are too high 
(Laguerre et al. 2002); for instance, the findings of James et al. (2008) and many other studies show 
that domestic refrigerators throughout the world operate above the recommended temperatures and 
are not properly maintained (Johnson et al. 1998, Ovka and Jevsnik 2009, Taoukis et al. 2012).

A consumer survey, mentioned by Laguerre (2008), published in the Grand Froid magazine 
showed that the freezer has several uses within the family: to preserve purchased frozen products 
(74.5% of surveyed people), to produce frozen food from purchased fresh food (51.8%), to produce 
frozen food from personal production (18%), and to preserve left-overs (14.7%). The products which 
the consumer freezes at home are primarily meats, chicken (72% of surveyed people), and veg-
etables (60.5%).

Unfortunately, the last stage of the freezer chain is the least studied, probably due to dif-
ficulties in data collection, concerning temperature conditions in domestic freezers, consumer 
habits, and approximate storage periods before consumption. However, when addressing the 
quality issue of frozen foods from production to final consumption in an integrated and struc-
tured way, such a period should be included in the overall assessment of quality degradation 
in the cold chain. In a survey conducted in 100 Greek households, not only almost 25% of 
freezers were found to operate at temperatures >−14°C, but also significant fluctuations were 
observed, possibly due to door opening, product replenishment, or inefficient refrigeration 
system (Taoukis et al. 2012).

Although there has been a significant improvement in technological aspects regarding house-
hold freezing equipment, as well as better information/education concerning appropriate treat-
ment of frozen foods, recent findings were not optimistic; from data collected by the temperature 
database of the FRISBEE project (Food Refrigeration Innovations for Safety, Consumers’ Benefit, 
Environmental Impact and Energy Optimization Along the Cold Chain in Europe, FP7, Food, 
Agriculture and Fisheries, and Biotechnology), at almost 200 household freezers, more than 30% 
was found to operate at temperatures inappropriate to preserve frozen foods. In Figure 7.10a and 
b, results from both surveys are shown. Furthermore, when assessing the performance of a freez-
ing module, averages are not sufficient; in many cases, fluctuations may be detrimental for food 
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Figure 7.9 Temperature distribution in retail display of frozen foods from the database of the FRISBEE 
project (2013) based on 320 cases.
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quality and safety. In Figure 7.11, two temperature profiles are shown, where average temperature 
was almost the same, very close to the ideal condition for preserving frozen food quality (at −18°C). 
However, it is obvious that in the case of scenario b (open circles with solid line), food is not equally 
well preserved due to significant fluctuations when compared to scenario a (closed triangles with 
solid line).

Another issue of major concern is the energy consumption in the household environment, 
especially in refrigerators and freezers (Bansal and Kruger 1995). Taking into account the 
global concern for energy saving, there is a lot of study done aiming at the establishment of 
minimum energy performance standards (MEPS) and various utility objectives to encourage 
consumers to use more efficient units. MEPS are the mandatory levels of energy efficiency for 
household appliances required to be met by all the models on sale to ensure overall product 
quality.
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Figure 7.10 Temperature distribution in domestic freezers from (a) a previous survey in 100 households 
(Giannakourou and Taoukis 2002) and (b) the database of FRISBEE project (2013).
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Figure 7.11 Indicative temperature distribution in domestic freezers with the same average value (from the 
database of FRISBEE project).
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As an example given by Bansal and Kruger (1995), the classification of freezer compartments 
according to their storage temperatures is based on the “star system”

 1. “One-star” compartment (*): compartment in which the storage temperature is not higher 
than −6°C.

 2. “Two-star” compartment (**): compartment in which the storage temperature is not higher 
than −12°C.

 3. “Three-star” compartment (***): compartment in which the storage temperature is not 
higher than −18°C.

In this context, studies on more efficient appliances have led to the widespread proliferation of intel-
ligent control of domestic appliances. Most modern appliances now are fully controlled by micro-
processor-based sensors (Bansal et al. 2011). Concerning domestic freezers, the latest advances refer 
to adaptive defrost sensor, automatic control of anti-condensation heaters, door open alarm sensor, 
sensor to control temperatures under different operating regimes for energy savings, and smart grid 
interoperability. Other improvements concern door sealing materials, gasket design, alternative, 
environmentally-friendly refrigerants, improved insulation, improved fan motors, etc.

7.5.1.5 transfer points
Transfer points, that is, points where frozen products are moved from a cold area to another, are 
known to be responsible for temperature abuse, mishandling, and significant fluctuations. At these 
points, since personnel responsibility is not clearly defined, temperature recording does not take 
place, leading to a possible “break” of the cold chain (Taoukis et al. 2012). As Jul (1984) describes, a 
frequent occurrence is that a truck has to be emptied completely in order to gain access to a particu-
lar shipment, due to ineffective loading. It is then almost certain that there will be an undue delay 
in placing the rest of the shipment back and restoring the appropriate temperature conditions. There 
are also a lot of cases where, frozen products transported by sea are left on the pier due to delays, 
subjected possibly to abusive temperature conditions.

A first necessary step for minimizing the negative effect of these points is the identification, 
the control, and the assessment of the potential hazard that transfer points may represent. The 
personnel involved should be trained to record temperatures, minimize the delay time, and ensure 
the continuity of the freezer chain. Finally, these points should be part of an integral, continuous 
recording system of the cold chain (perhaps with the use of TTIs attached on the food item) so that 
any temperature abuse is reflected on the final quality status of the product at its final destination 
(retailer or consumer).

7.5.1.5.1 Monitoring Temperature
In order to obtain a full record of product history, the temperature of both the food and its surround-
ings should be monitored. Additionally, multiple measurements at different locations should be 
taken in case of a large batch or varying conditions in the chamber. Measurements can be realized 
either by a mechanical or an electronic equipment, with or without the potential of recording and 
maintaining an electronic file of data (Taoukis et al. 2012).

A common way to continuously measure temperatures, either inside food or inside freezer compart-
ments, is by using sensors. The three principal types of sensors commercially available are thermo-
couples, platinum resistance, and semiconductors (thermistor). The choice depends on requirements for 
accuracy, speed of response, range of temperatures to be monitored, robustness, and cost. The predomi-
nant types of thermocouples are of type K (with nickel–chromium and nickel–aluminum alloy wires) 
and type T (with copper–nickel alloy). The main advantages of the thermocouples are their low cost, 
facility to be hand-prepared, and a very wide range of temperatures measured (from −184°C to 1600°C).

Another category includes read out and recording systems; the most common device is the 
electronic digital readout instrument, which is powered by batteries and allows for storing and 

© 2016 by Taylor & Francis Group, LLC

  



288 Handbook of Food Processing: Food Preservation

printing out, or even an alarm notification when the temperature goes outside a preset limit. The 
recent miniaturization of circuit systems has produced some compact and powerful data logging 
systems, which can potentially follow the food within the food case or pallet throughout all stages 
of the cold chain (e.g., COX Tracer™, Cox recorders, Belmont, NC; “Diligence”™, Comark, 
Hertfordshire, England; KoolWatch™, Cold Chain Technologies, MA, United States; DL200-T, 
Telatemp, California, United States; i-Button, Dallas semiconductor, Maxim, TX; Dickson TK-500, 
and Dickson Addison, IL). The development in this area is oriented in further decrease of data 
 loggers’ size in order to have the opportunity to monitor the actual temperature of foods by placing 
the logger between food packs (Taoukis et al. 2012).

A recent advance in this area is the use of TTIs; they are an alternative, cost-effective way to 
individually monitor the temperature conditions of food products throughout the chain. Actually, 
TTIs are simple devices with an easily measurable response that reflect the accumulated time– 
temperature history of the product on which they are attached. The principle of TTI application lies 
in the use of a physicochemical mechanism and a measurable change to display (1) the current tem-
perature, (2) the crossover of a preset temperature, or (3) the integrated time–temperature history 
of the frozen food. Their operation is based on irreversible reactions that are initiated at the time 
of their activation and proceed with an increasing rate as the temperature is elevated in a manner 
that resembles the temperature dependence of most quality loss reactions of foods (Taoukis 2001, 
Taoukis and Labuza 2003). These devices are attached on the food itself or outside the packaging 
and actually follow the food during its circuit from manufacturer to final consumption. The ultimate 
purpose of their application is the “translation” of their reading to the quality status of the food 
through the appropriate algorithm as discussed previously. Such TTI devices are MonitorMark™, 
FreezeWatch™ (3M, St. Paul, Minnesota), Fresh-Check® and Transtracker (Temptime, previously 
Lifelines, Morristown, NJ), ColdMarkTM and WarmMark (Cold Ice Technologies, MA, United 
States), VITSAB (Malmo, Sweden), OnVu (Bizerba GmbH & Co, KG, Balingen, Germany), 
Timestrip® (Timestrip UK Ltd), and Freshpoint (Tel Aviv, Israel) (Figure 7.12).

A clear colorless bulb indicates no
exposure to freezing conditions.

Violet means your product has been
exposed to freezing conditions.

Figure 7.12 Examples of time temperature indicators used in the current cold chain to monitor the real 
time temperature history of frozen and chilled products.
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Considering the difficulties and the prolonged time periods needed for a thorough kinetic study 
of frozen foods, there are few studies published correlating frozen food quality with TTI (Schubert 
1977, Dolan et al. 1985, Singh and Wells 1985, Yoon et al. 1994, Giannakourou et al. 2001, 2002, 
2003). In these studies, TTIs of different type were found to be effective monitoring, controlling, 
and quality predictive tools for the real distribution of frozen food products.

Taking into account the real conditions of the cold chain (Figures 7.9 and 7.10) and the occurrence 
of inappropriate temperatures during the distribution of frozen foods, as described in the previous 
section, it is obvious that the final quality of frozen foods is not identical for all items when reach-
ing the final consumer; therefore, the existence of a single, uniform expiration date is not adequate 
when aiming at precisely assessing the remaining shelf life of a product. Thus, TTI considered as 
temperature history recorders could be reliably used to indicate quality and remaining shelf life, 
and potentially to introduce an optimized cold chain management system. This improved system, 
coded as LSFO, which has been previously assessed by Taoukis et al. (1998) for chilled products 
has been also evaluated for frozen vegetables (Giannakourou and Taoukis 2002, 2003). This novel 
approach proposed as an alternative FIFO policy is based on the assortment of products according 
to their quality status, as it is predicted by the attached TTI at designated points of their marketing 
route. The key point in LSFO implementation is the estimation of each product time–temperature 
history through the reading of the attached TTI at the predefined points of the cold chain, in order to 
classify products and forward the ones closer to their actual expiration. Overall, this system would 
optimize the current inventory management system leading to products of more consistent quality 
and nutritional value at the time of consumption.
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8 Microwave Heating 
Technology

M. Benlloch-Tinoco, A. Salvador, 
D. Rodrigo, and N. Martínez-Navarrete

8.1 introduCtion

Thermal technologies have been at the core of food preservation and production for many years. 
However, despite the fact that heat treatments provide the required safety profile and extension 
of shelf life (Osorio et  al., 2008), some more recent thermal technologies, for example, micro-
wave energy, are being explored in an attempt to find alternatives to conventional heating methods 
that essentially rely on conductive, convective, and radiative heat transfer and lead to dramatic 
losses of both desired sensory properties and nutrients and bioactive compounds (Picouet et al., 
2009). Currently, given the recent increased demand for health-promoting foods with fresh-like 
characteristics (Elez-Martínez et al., 2006), the industrial sector is showing a greater interest in the 
development and optimization of novel food preservation processes, intending to meet consumer 
expectations by marketing a variety of high-quality, minimally processed food products in which 
the required safety and shelf-life demands are achieved but the negative impact on quality attributes 
is minimized (Señorans et al., 2003).

Microwave energy might replace traditional heating methods, at least partially, providing food 
products of superior quality with extended shelf life (Elez-Martínez et  al., 2006; Picouet et  al., 
2009; O’Donnell et al., 2010). This technology can be considered as a key factor in food innovation 
to successfully differentiate products (Deliza et al., 2005) or to find new uses for foods by helping 
to develop novel ways to process them.

In this chapter, the fundamental mechanisms of microwave heating are presented, followed by 
a review of the microwave systems and equipment used at an industrial level and the applications 
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of this technology in unit operations in the food industry. This chapter also deals with the kinetic 
data analysis of microwave processes and describes the impact of microwaves on microorganisms, 
enzymes, nutrients, and bioactive compounds, and also on the shelf life of a fruit-based product. 
Finally, conclusions and future improvements for the application of microwave energy to industrial 
food processing are discussed.

8.2 prinCiples oF miCroWaVe heating

Microwave energy is transported as an electromagnetic wave (0.3–300 GHz). When intercepted 
by dielectrical materials, microwaves produce an increase in product temperature associated with 
dipole rotation and ionic polarization (Schubert and Regier, 2010). Molecular friction of permanent 
dipoles within the material takes place as they try to reorient themselves with the electrical field of 
the incident wave, generating heat that is dissipated throughout the food material (Salazar-González 
et  al., 2012). Additionally, microwave interaction with polar molecules results in the rotation of 
molecules in the direction of the oscillating field and, in turn, collisions with other polar mol-
ecules occur, a fact that also contributes to heat generation (Salazar-González et al., 2012). All these 
molecular movements occur to a greater extent in a liquid than in a solid medium. Microwaves are 
nonionizing, and their quantum energy is several orders of magnitude lower than other types of 
electromagnetic radiation, meaning that microwave energy is sufficient to move the atoms of a mol-
ecule but insufficient to cause chemical changes by direct interaction with molecules and chemical 
bonds (Vadivambal and Jayas 2007; Schubert and Regier 2010).

Typically, microwave food processing uses a frequency of 2450 MHz for home ovens, and 915 
and 896 MHz for industrial heating in the United States and Europe, respectively (Wang and Sun, 
2012). This type of technology involves volumetric heating, which means that the materials can 
absorb microwave energy directly and internally. For this reason, in comparison with conventional 
heating methods, microwaves lead to a faster heating rate, thus reducing process time (Huang et al., 
2007; Queiroz et al., 2008; Igual et al., 2010).

8.3 miCroWaVe heating systems and eQuipment

Microwave technology has been steadily gaining importance in the food processing area. Evidence 
of this is the enormous sales rates of household ovens and the increase in the spread of microwave 
ovens throughout the industrialized world. In the last few years, approximately 10 million micro-
wave ovens have been sold annually in the United States and Europe (Schubert and Regier, 2006).

Basically, a microwave system consists of three parts: (1) the microwave source, (2) the wave-
guide, and (3) the applicator. The magnetron tube is by far the most commonly used microwave 
source for industrial and domestic applications (Schubert and Regier, 2005). A magnetron consists 
of a vacuum tube with a central electron-emitting cathode with a highly negative potential. This 
cathode is surrounded by a structured anode that forms cavities, which are coupled by the fring-
ing fields and have the intended microwave resonant frequency (Schubert and Regier, 2006). The 
waveguides are elements that are used to guide the electromagnetic wave, consisting principally of 
hollow conductors, normally with a constant cross section, rectangular and circular forms being of 
most practical use. Within the waveguide, the wave may spread out in so-called modes which define 
the electromagnetic field distribution within the waveguide (Schubert and Regier, 2005). The appli-
cator is basically the element that contains and distributes the microwave energy that surrounds the 
food product to be heated. Common applicators can be classified by type of field configuration into 
three types: (1) near-field, (2) single-mode, and (3) multi-mode applicators. Multi-mode applicators 
play by far the most important role in industrial and domestic uses because of the typical dimen-
sions of microwave ovens (Schubert and Regier, 2005).

To date, microwave heating has not been used as successfully in the food industry as in house-
holds. The development of a nonhomogeneous field distribution has been one of the main factors 
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that is limiting the exploitation of this technology to its fullest potential in the food industry. Despite 
the fact that the number of working installations increases every year, it is still considered to be 
quite low (Hebbar and Rastogi, 2012). Inhomogeneous field distribution may lead to an undesired 
inhomogeneous heating pattern, producing hot spots that damage the item being heated and cold 
spots where the item may be under-heated or under-processed, thereby compromising product qual-
ity, stability, and repeatability (IMS, 2014). Bearing in mind that the homogeneity of the electro-
magnetic field distribution depends strongly both on microwave equipment features and on food 
properties, improvement of industrial microwave systems design could be a key factor to promote a 
greater spread of this technology in the industrialized world.

In fact, it could be claimed that microwave systems design has shown a spectacular evolu-
tion over the years. Early operational systems included batch processing of, for example, yogurt 
in cups (Anonymous, 1980), their primary drawback being their inability to heat materials in 
a predictable and uniform manner. Then continuous microwave applicators were developed in 
an attempt to solve these problems, which allowed continuous processing to improve heating 
uniformity and at the same time accomplish the high throughputs desired by the food indus-
try (Hebbar and Rastogi, 2012). Since then, microwave equipment has improved remarkably. 
Figure 8.1 shows a model of the industrial microwave equipment currently used by American and 
European companies to heat, cook, and pasteurize different kind of food products. Nowadays, 
there is a variety of continuous microwave systems with features that address the major obstacles 
to the commercialization of microwave heaters for many industrial applications. For example, the 
fact that microwave energy can optionally be irradiated in modern industrial ovens by one high-
power magnetron or by several low-power magnetrons, or be used under vacuum conditions, as 
in microwave-assisted air-drying and microwave-assisted freeze-drying operations, in order to 
improve the efficiency of the process, can be taken as proof of this substantial evolution (Schubert 
and Regier, 2005; Vadivambal and Jayas, 2007).

Cold product out

Applicators

Product heating
tubes

Power
supply

Control
system

Magnetron
(microwave

energy)

Hot
product out

Water
load

Figure 8.1 Major components of a model microwave heating system currently used in the food industry.
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However, the applicator must be considered the essence of these novel systems, given that the 
unique structures and geometries of the applicators employed in the currently used operational sys-
tems may be considered as the key factor that allows the target material to pass through a uniform 
microwave field and efficiently absorb the available microwave energy, thereby providing evident 
competitive advantages (IMS, 2014).

8.4 industrial appliCations in Food proCessing

Microwave energy has been extensively used in the area of food processing for various commer-
cial purposes (Vadivambal and Jayas, 2007). On one hand, microwave heating has become very 
popular at the level of household applications, there being a very large number of microwave ovens 
in households. In fact, the success of household microwave ovens is such that some products have 
been developed especially for them, for example, microwave popcorn (Schubert and Regier, 2006). 
On the other hand, this technology is also widespread in the industrialized world. Although micro-
wave heating has not been as effectively used in the food industry as in  households (Hebbar and 
Rastogi, 2012), industrial applications for both fluids and solid foods do exist (Salazar-González 
et al., 2012). Nevertheless, in the case of solid or frozen foods, it is normally combined with con-
vective heating. Drying, cooking, blanching, pasteurization, thawing and tempering, microwave 
vacuum-drying, and microwave freeze-drying are some of the commercially proven applications 
of this technology (Vadivambal and Jayas, 2010; Hebbar and Rastogi, 2012; Salazar-González 
et al., 2012).

Among the aforementioned food processing operations in which microwave energy may be used 
competitively, some specific applications are worth highlighting. First, the finish drying of potato 
chips was one of the first large-scale applications of microwave heating in the food processing 
industry. In this case, microwaves helped significantly to overcome the difficulties found in conven-
tional potato chip processing by accelerating the dehydration step. Potato chips can be dried con-
ventionally to a moisture content of 6–8 g water/100 g product and then microwaved to the desired 
final moisture level in the product (Salazar-González et al., 2012). Nowadays, however, tempering 
of meat for further processing, precooking of bacon, pasta drying, and microwave vacuum drying 
of fruit juice concentrates are considered to be the most important industrial applications of micro-
wave heating (Vadivambal and Jayas, 2010; Salazar-González et al., 2012). Microwave tempering of 
meat results are particularly profitable because microwaves can easily penetrate the frozen product, 
reaching the inner regions in a short time, whereas conventional tempering leads to a large tempera-
ture gradient and takes several days (Vadivambal and Jayas, 2010). Recently, microwave technology 
has also been proven to be suitable for industrial sterilization of food products. In this respect, FDA 
(Food and Drugs Administration) acceptance has been newly granted for a sweet potato puree prod-
uct sterilized using continuous flow microwave processing and aseptic packaging. This first indus-
trial implementation of continuous flow microwave sterilization for low-acid products was carried 
out by Yamco in Snow Hill, NC (Salazar-González et al., 2012) and several microwave-sterilized 
products, such as pasta dishes, pasta sauces, and rice dishes are currently being marketed in Europe 
by companies such as Top’s Foods.

8.5  estaBlishing a noVel thermal preserVation 
proCess: KinetiC data analysis

Designing a sound thermal treatment, either novel or conventional, requires extensive understand-
ing of the process, the heating behavior of the product, and its impact on a target microorganism, 
the establishment of thermal processes being based on two premises: (1) the heat resistance of 
microorganisms for each specific product formulation and composition and (2) the heating rate of 
the specific product (Awuah et al., 2007).
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Since safety must always be the primary concern, thermal treatments are constrained by the 
requirement to achieve the target lethality, but lethality is not the only aspect to be considered; 
quality loss must also be taken into account. Thermal processes tend to be optimized to maximize 
microbial and enzyme inactivation and minimize degradation of sensory attributes and loss of nutri-
tional value (Awuah et al., 2007; Wang and Sun, 2012). To perform this optimization, knowledge of 
the processing parameters and of the inactivation kinetics of target microorganisms, enzymes, and 
quality attributes is of utmost importance (Valdramidis et al., 2012).

The calculations involved in the kinetic studies used to design and optimize conventional heat 
processes are well established. However, when it comes to microwave processes, the issue becomes 
more complicated, and the main concern lies in the particular form of heating that takes place dur-
ing microwave exposure (Banik et al., 2003). In conventional heating, a holding period is expected, 
but in case of microwaves, the heating that takes place is exclusively non-isothermal (Matsui et al., 
2008). Furthermore, it is usually not possible to fix the parameters that affect the heating process, 
such as (1) the heating rate, (2) the range of temperatures at which the samples are exposed, or 
(3) provision of appropriate sample homogenization. At present, little is known kinetically about the 
general basic relationship between microbial and enzyme inactivation and quality retention in foods 
and microwave exposure.

More specifically, focusing on microbial inactivation, Fujikawa et al. (1992), Tajchakavit et al. 
(1998), Cañumir et al. (2002), Yaghmaee and Durance (2005), and Pina-Pérez et al. (2014) have 
conducted some of the few studies regarding the kinetics of destruction of foodborne pathogens and 
spoilage microorganisms by microwave irradiation. According to their results, microbial inactiva-
tion due to microwave processing can be fitted using first-order kinetics, which has been success-
fully employed to describe destruction of Cronobacter sakazakii, Saccharomyces cerevisiae, and 
Lactobacillus plantarum under microwave processing (Fujikawa et  al., 1992; Tajchakavit et  al., 
1998; Pina-Pérez et al., 2014).

When first-order kinetics models are used to describe the inactivation process, the existence 
of a linear relationship between the logarithm of the microbial population and time is assumed. 
Two key parameters (D and z values) are then determined from the survival and resistance curves, 
respectively (Awuah et al., 2007; Tajchakavit and Ramaswamy, 1997). The D-value represents the 
heating time required to reduce 90% of the existing microbial population under isothermal condi-
tions (Equation 8.1). The z-value represents the temperature change that results in a 90% reduction 
of the D-value (Equation 8.2).
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where
N is the survivor counts after treatment (CFU/g)
N0 is the initial microorganism population (CFU/g)
t is the processing time (s)
D is the D-value at the temperature studied (s)
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where
D is the D-value at each temperature studied (s)
Dref is the D-value at reference temperature (s)
T is the processing temperature
Tref is the reference temperature (s)
z is the z-value or temperature sensitivity (°C)
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As previously mentioned, one of the main aspects to take into consideration when performing kinetic 
data analyses in microwave processes is the fact that, as opposed to conventional heat treatments, the 
heating that takes place is exclusively non-isothermal. This can be seen in Figure 8.2, which shows 
temperature profiles of a kiwifruit puree sample subjected to different conventional and microwave 
treatments. Accordingly, correction of processing time values for come-up periods is essential prior 
to kinetic data analyses. Time–temperature profiles have to be used to calculate the effective time (te) 
(Equation 8.3), which represents the isothermal holding time at the selected reference temperature 
that causes the same level of microbial destruction as the heating actually applied, as if the micro-
wave treatments had been performed under isothermal conditions (Tajchakavit and Ramaswamy, 
1997; Awuah et al., 2007; Matsui et al., 2008; Latorre et al., 2012). Since no holding period at a 
preset temperature is expected in microwave processes, the maximum temperature reached during 
the treatment is considered as Tref (reference temperature) (Matsui et al., 2008; Latorre et al., 2012).
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where
te is the effective time (s)
T(t) is the processing temperature at each processing time
Tref is the reference temperature (s)
z is the z-value or temperature sensitivity (°C)
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Figure 8.2 Mean kiwifruit puree temperature profile for conventional thermal processing (a) at 60°C (–), 
55°C (– –·), and 50°C (-----) and microwave processing (b) at 1000 W (–), 900 W (– –·), and 600 W (-----).
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Matsui et al. (2008) proposed a method for calculating D and z-values under microwave heating by 
nonlinear regression. According to their reports, the predicted surviving microbial population for 
each microwave experimental run can be calculated from Equation 8.4. Then a nonlinear estima-
tion procedure can be used to minimize the sum of squared errors (SSE) between experimental and 
predicted surviving microorganisms, defined in Equation 8.5.
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where
N is the survivor counts after treatment (CFU/g)
N0 is the initial microorganism population (CFU/g)
te is the effective time (s)
DTref

 is the D-value at reference temperature (s)
Tref is the reference temperature (s)
T(t) is the processing temperature at each processing time
z is the z-value or temperature sensitivity (°C)
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where
N is the survivor counts after treatment (CFU/g)
N0 is the initial microorganism population (CFU/g)
N is the number of experimental runs

A further aspect to be taken into consideration is that the ability to properly understand and carry 
out kinetic data analysis in microwave heating is important not only for the accurate design of pres-
ervation processes but also for the establishment of appropriate comparisons between microwave 
and conventional heat treatments (Latorre et al., 2012). A comparison of microwave and conven-
tional heating has been the basis of many studies dealing with microwave process applications, such 
as those performed by Gentry and Roberts (2005) or Igual et al. (2010). Nevertheless, poor correc-
tion of processing time values for come-up periods prior to kinetic data analysis owing to the non-
isothermal nature of microwave processes may lead to mistaken interpretations, hinder comparison 
of different research works, and cause conflicting opinions regarding the superiority, of microwave 
technology over conventional heat treatments.

8.6  miCroWaVe preserVation oF Fruit-Based 
produCts: appliCation to KiWiFruit puree

As mentioned previously, microwave energy could potentially replace conventional heating for 
some specific purposes, and commercially proven applications of this technology in several food 
processing operations are a matter of fact (Awuah et  al., 2007; Vadivambal and Jayas, 2010). 
Nevertheless, microwaves have not yet been exploited to their fullest potential in the food industry 
(Picouet et al., 2009).

Nowadays, there is still a gap in knowledge concerning fundamental understanding of the 
interactions of microwaves when applied to food, and published information on the impact of this 
technology on food safety, stability, and quality aspects is currently both scarce and inconsistent. 
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Bearing in mind that the application of microwave heating would be justified only from the stand-
point of obtaining high-quality products (Vadivambal and Jayas, 2007), in-depth research work on 
the impact of microwaves on microorganisms, enzymes, bioactive compounds, and sensory prop-
erties of a variety of foods might make an important contribution to expanding the use of this 
 technology on an industrial level.

In the present chapter, the particular case of a kiwifruit puree has been selected as a model 
fruit-based product to evaluate the impact of a microwave preservation process on some safety and 
quality issues.

8.6.1 miCrobial DeContamination

Thermal preservation treatments are particularly designed to minimize public health hazards and 
to extend the useful shelf life of food products, information regarding thermal resistance of micro-
organisms, pathogenic or otherwise, being crucial to a correct understanding of their lethal effect.

In the present study, the safety of a ready-to-eat kiwifruit puree subjected to microwave heating 
was investigated by checking how effective microwaves are at inactivating Listeria monocytogenes, 
taken as the pathogen of greatest concern in the product (Figure 8.3). Although fruit products of 
an acidic nature, such as kiwifruit (pH = 3.4), have not been recognized as being potentially the 
main vehicles for foodborne illnesses, there has been increasing concern because some outbreaks 
have been caused by consumption of unpasteurized juices contaminated with Escherichia coli or 
Salmonella spp. (Buffler, 1993; Picouet et al., 2009) or of salad vegetables or mixed salads with 
L. monocytogenes (EFSA, 2013). L. monocytogenes is currently recommended by the National 
Advisory Committee on Microbiological Criteria for Foods as an appropriate target organism to 
be used for fruit juices. Despite the fact that the minimum pH allowing growth of this pathogen in 
food products has been reported to be pH 4.6 (Carpentier and Cerf, 2011), ready-to-eat fruit-based 
acidic products may still represent a potential hazard to health, given the well-known ability of 
L. monocytogenes to proliferate in products stored under refrigeration for long periods.

Microwave inactivation of L. monocytogenes in the kiwifruit product (Actinidia deliciosa var. 
Hayward) was determined by using the following experimental procedure. The puree was inocu-
lated by adding 1 mL of a concentrated suspension of the microorganism so as to give an initial 
L. monocytogenes concentration of 107 CFU/g. The product was then processed in a microwave 
oven (model: 3038GC, Norm, China) provided with a turntable plate and a fiber-optic probe 
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Figure 8.3 Survival of L. monocytogenes under microwave processing at 1000 W (experimental (•), model 
(–)), 900 W (experimental (□), model (----)) and 600 W (experimental (▴), model (–·–)). The plotted values and 
error bars represent the average of three replicates and the corresponding standard deviation.
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(CR/JP/11/11671, OPTOCOM, Germany) which was connected to a temperature datalogger (model: 
FOTEMP1-OEM, OPTOCOM, Germany) to continuously record the time–temperature history at 
different points in the sample. The safety of the process was evaluated on a sample placed in the 
coldest spot, previously identified (data not shown), since contaminating pathogenic microorgan-
isms may survive in cold spots (Nicolaï, 1998). For each treatment, a 500 g sample was tempered 
to an initial temperature of 25°C and then heated in the microwave oven in a standard glass beaker 
(9 cm inner diameter and 12 cm height) (BKL3-1K0-006O, Labbox, Spain). Treated samples taken 
from the coldest spot were immediately cooled in ice-water until the puree reached 35°C (for 10–15 s). 
Then, immediately after they had been inoculated or subjected to different MW power–time pro-
cesses, respectively, serial decimal dilutions of the treated and untreated samples were performed 
in 0.1% (w/v) sterile peptone water (Scharlab Chemie S.A., Barcelona, Spain). The medium used 
for enumerating viable cells was tryptic soy agar (Scharlab Chemie S.A., Barcelona, Spain). The 
selected dilutions were incubated at 37°C for 48 h, after which the counting step was carried out. 
The reduction of viable cells was expressed as the decimal logarithm of the quotient of the treated 
and untreated cells.

Survival curves were obtained at three power levels (600, 900, and 1000 W) with process-
ing times varying between 50 and 340 s (Figure 8.3). Since L. monocytogenes inactivation under 
microwave heating was close to linearity, as previously reported by other authors for S. cerevisiae 
and L. plantarum (Fujikawa et al., 1992; Tajchakavit et al., 1998), the data obtained were fitted to 
first-order kinetics (see Section 8.5). As mentioned previously, in order to make it possible to com-
pare the kinetic parameters (D-values) obtained under microwave processing at the preset power 
levels, kinetic data transformation was performed. Treatment times were corrected, and effective 
time  values were obtained. Calculated effective times represented the equivalent holding time at 
each processing temperature as if the treatments had been performed under isothermal conditions 
(Awuah et al., 2007; Matsui et al., 2008; Latorre et al., 2012).

From the inactivation data presented in Figure 8.3, it can be claimed that in the kiwifruit puree 
samples subjected to effective times higher than 75 and 82 s at 900 and 1000 W, respectively, the 
pasteurization objective of 5D established by the FDA (2004) was accomplished. To the best of our 
knowledge, the only published study on microwave Listeria spp. inactivation in fruit-based prod-
ucts is the one conducted by Picouet et al. (2009). They found a 7-log10 cycle reduction of Listeria 
innocua in an apple puree subjected to 900 W for 35 s. However, conventional heat inactivation of 
L. monocytogenes in different fruit substrates has been evaluated by several authors. For example, 
Hassani et al. (2005) reported that 5-log10 cycles of L. monocytogenes were inactivated in a refer-
ence medium (pH = 4) when it was subjected to 58°C for 84 s, and Fernández et al. (2007) found a 
4-log10 cycle reduction when a sucrose solution (pH = 7, aw = 0.99) was maintained at 60°C for 60 s.

The effect of the processing parameters, power (W) and time (s), on inactivation of L. monocyto-
genes was evaluated statistically. Both factors were shown to affect the L. monocytogenes reduction 
level achieved significantly (p < 0.05), although no significant differences were found between 1000 
and 900 W. Both higher power level and higher effective time led to significantly higher L. mono-
cytogenes inactivation (p < 0.05) (Figure 8.3). In this respect, the higher the microwave power, the 
lower the effective time necessary to reach the same level of inactivation. For example, in order to 
achieve the FDA recommendations for pasteurized products (5-log10 cycle inactivation), a consider-
ably longer effective time was required at 600 W (te = 116 s) than at 1000 W (te = 82 s).

Kinetic parameters describing L. monocytogenes inactivation under microwave processing were 
calculated (see Section 8.5), providing the following D-values: D60°C = 42.85 ± 0.13 (R2-adjusted = 
0.992) at 600 W, D60°C = 17.35 ± 0.34 (R2-adjusted = 0.993) at 900 W, and D60°C = 17.04 ± 0.34 at 
1000 W (R2-adjusted = 0.996). Although the kinetics of L. monocytogenes inactivation by thermal 
treatment has been studied extensively in various foodstuffs such as beef, milk, chicken, carrot, 
cantaloupe, and watermelon juice (Chhabra et al., 1989; Bolton et al., 2000; Sharma et al., 2005), 
in reference medium (Hassani et al., 2005, 2007) and in sucrose solutions (Fernández et al., 2007), 
there is no information available about the survival behavior of this pathogen in fruit-based products 
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under microwave heating. Cañumir et al. (2002) reported higher D-values for microwave apple juice 
pasteurization when the inactivation kinetics of E. coli was evaluated, ranging between D70.3°C = 
25.2 s to D38.3°C = 238.8 s for 900 and 270 W, respectively. Yaghmaee and Durance (2005) found 
similar D-values for microwave inactivation of E. coli in peptone water at 510 W, with D55.6°C = 30 s 
and D60.5°C = 18 s. Once more, the power level effect can be evaluated by comparing the D60°C-
values. Microwave processing performed at 900 and 1000 W led to considerably faster bacterium 
reduction than processing at 600 W.

Like the results of other authors (Fujikava et al., 1992), the results obtained in this study proved 
the effectiveness of microwave heating against foodborne pathogens of concern, such as L. mono-
cytogenes, showing that safety can be properly ensured in fruit-based products by means of this 
technology.

8.6.2 enzyme inaCtiVation

Enzymes are naturally present in fruit and vegetables and can cause product deterioration in 
many ways (Whitaker et al., 2003). Enzymes such as peroxidase (POD) and polyphenol oxidase 
(PPO) are principally responsible for the degradation of color and nutritive value of most food 
products of vegetable origin (Queiroz et al., 2008), while pectin methylesterase (PME) causes 
changes in the rheological properties of foods by means of pectin de-esterification (Jolie et al., 
2010). In view of the very negative impact that enzymes of this kind could have on kiwifruit-
based products, POD, PPO, and PME were selected to check how effective microwave heating 
is at inactivating enzymes in the product. To study the effect of microwave power and process 
time on the inactivation of POD, PPO, and PME in the product using the minimum number of 
experimental trials (Beirão-da-Costa et al., 2006), an experimental design based on a central 
composite design was applied (Cochran and Cox, 1957). Power and time were designed to vary 
between 300 and 900 W and between 100 and 300 s, respectively. Each microwave treatment 
was carried out as described in Section 8.6.1. The temperature of the sample was recorded con-
tinuously, in this case in the hottest spot, previously identified (data not shown). Enzyme activity 
was measured in all the treated samples and also in the untreated sample, which was used as the 
control, following the methods described by De Ancos et al. (1999) for POD and PPO and by 
Rodrigo et al. (2006) for PME. The percentage of enzyme inactivation (I) was then calculated 
by using Equation 8.6.
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where
AF is the enzyme activity of fresh kiwifruit puree
AT is the enzyme activity of treated kiwifruit puree

The results obtained showed that the inactivation of POD, PPO, and PME in the kiwifruit puree 
produced by processing in the desired range of microwave power (300–900 W) and time (100–300 s) 
varied from 43% ± 6% to 88.0% ± 0.7%, from 11.4% ± 0.5% to 81% ± 2%, and from −19.0% ± 
1.3% to 57% ± 6%, respectively. These results indicate that, in kiwifruit, PME and POD were the 
enzymes that were most resistant and most sensitive to microwaves, respectively, while PPO showed 
an intermediate behavior. Similar results have been reported by other authors for this fruit as well 
as for strawberry when subjected to conventional heat processes (McFeeters et al., 1985; De Ancos 
et al., 1999; Beirão-da-Costa et al., 2008; Terefe et al., 2010). Despite the fact that POD was the 
most sensitive enzyme in this case, it could still be considered as a suitable indicator of treatment 
efficiency since it has been reported to be very important in kiwifruit because of its high activity and 
extensive contribution to the quality of this fruit (Fang et al., 2008).
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One of the microwave treatments applied (300 W–100 s) led to a promotion of PME activity. This 
might be related with the low temperature reached by the sample in this case, around 43°C, and the 
short exposure time. A similar phenomenon was observed by Beirão-da-Costa et al. (2008), who 
found a significant (p < 0.05) increase in PME activity in kiwifruit slices subjected to mild heat 
treatment prior to inactivation. Another sample subjected to 300 W reached 45°C, but the treatment 
time was 300 s. Under these conditions, inactivation of PME was only 4.3% (standard deviation 0.7). 
The temperature reached by the other samples was in the range of 60°C–100°C.

The results obtained from the enzyme inactivation study were also analyzed by means of the 
Response Surface Methodology, yielding 3D plots for POD, PPO, and PME inactivation (Figures 8.4 
through 8.6). As can be observed in Figure 8.4, there was a significant (p < 0.05) increase in POD 
inactivation up to a power of 800 W, decreasing slightly when a higher microwave power was 
applied. De Ancos et al. (1999) observed that inactivation of papaya POD behaved similarly under 
microwave heating. They reported an increase in peroxidase inactivation when the microwave 
power increased from 285 to 570 W for 30 s of processing time. Thereafter, a higher power level 
(800 W) did not increase POD inactivation. In accordance with other authors, as the process time 
increased, there was a linear increase in POD inactivation (Matsui et al., 2008).

Figure 8.5 shows the PPO inactivation behavior as related to microwave power and process 
time. As can be observed, the level of PPO inactivation rose significantly (p < 0.05) as the micro-
wave power increased. However, the increase in the PPO inactivation observed was smaller at 
greater powers. Process time also had a significant (p < 0.05) effect, leading to a greater inactiva-
tion of this enzyme. Latorre et al. (2012) and Matsui et al. (2008) found that there was a greater 
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Figure 8.4 Response surface plot for the percentage of peroxidase (POD) inactivation in kiwifruit puree 
as a function of microwave power and process time.
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Figure 8.5 Response surface plot for the percentage of polyphenoloxidase (PPO) inactivation in kiwifruit 
puree as a function of microwave power and process time.
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level of PPO inactivation in red beet and green coconut water, respectively, after longer micro-
wave exposure. De Ancos et al. (1999) observed that PPO inactivation in kiwifruit and straw-
berry was controlled better by prefixing the power rather than the exposure time. In addition, an 
interactive effect on PPO inactivation was observed between microwave power and process time. 
As expected, as greater microwave power was applied, the level of PPO inactivation rose faster 
in samples subjected to longer treatment times than in kiwifruit puree subjected to shorter treat-
ment times.

From Figure 8.6, it can be said that PME inactivation increased significantly (p < 0.05) as 
the microwave power level rose and the processing time lengthened. Similarly, Tajchakavit and 
Ramaswamy (1997) reported a linear relationship between time and PME inactivation during 
microwave heating of orange juice, and Kratchanova et al. (2004) found, when microwaving orange 
peel, that as microwave power increased, PME inactivation also increased.

Summarizing, in accordance with what has been reported by other authors, the results of the 
present study highlight the suitability of microwave heating for enzyme inactivation (De Ancos 
et al., 1999; Matsui et al., 2008; Latorre et al., 2012), which means that stability and quality can be 
properly ensured during the shelf life of fruit-based products by means of this technology (Igual 
et al., 2010; Zheng and Lu, 2011).

8.6.3 impaCt on sensory properties

Despite the fact that sensory assessment must be considered as an essential tool to guide any modifi-
cation of the food processing step (Di Monaco et al., 2005), there still seems to be a need for sensory 
analyses that focus on the impact that alternative technologies, such as microwaves, have on food 
product characteristics (Da Costa et al., 2000).

In the present work, the following experimental procedure was performed to evaluate the impact 
of microwave processing on the most important sensory characteristics of kiwifruit puree. The 
effect of the two processing variables (microwave power and process time) was investigated simul-
taneously by means of a rotatable central composite design (Section 8.6.2). Each microwave treat-
ment was carried out as described in Section 8.6.1. Cooked purees were then cold stored (4°C) for 
24 h before sensory assessment.

A sensory panel with 11 assessors (four men and seven women), recruited from students 
and employees of the Food Technology Department (Universitat Politècnica de València) aged 
between 25 and 50, was trained over a period of 2  months (12 training sessions). Samples 
were tempered at 25°C and served in disposable standard-size plastic containers identified with 
three-digit codes. In all cases, training and formal assessment were performed in a normalized 
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Figure 8.6 Response surface plot for the percentage of pectin methylesterase (PME) inactivation in kiwi-
fruit puree as a function of microwave power and process time.
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tasting room. The selection of descriptors was made over two 1 h sessions using the checklist 
method (Table 8.1) (Lawless and Heymann, 1998). During the training period, all the treated 
and untreated samples were tasted. Tests of three different samples in each session were used 
by the panelists for each descriptor until the panel was homogeneous in the ranking of the 
samples. Panel members were then trained in the use of scales by using reference samples 
(10 cm unstructured scales for all the attributes). Panel performance was checked by an analysis 
of variance (ANOVA) for the discrimination ability of the panelists and the reproducibility of 
their assessments. Once the training period was over, the formal assessment was performed. 
To this end, a balanced complete block experimental design was carried out in duplicate (two 
 different sessions), using the Compusense® program release five 4.6 software (Compusense Inc., 
Guelph, Ontario, Canada) to evaluate the samples. The intensity of the sensory attributes was 
scored on a 10 cm unstructured line scale. Samples were selected randomly and served with a 
random three-digit code. All the treated samples were subjected to formal analysis, as well as 
the untreated sample.

The results obtained from the sensory assessment indicated that significant differences 
(p < 0.05) among samples were only found in the sensory descriptors “typical kiwifruit color,” 
“tone,” “visual consistency,” “lightness,” and “atypical taste.” As a general rule, for these five 
descriptors (Figure 8.7), noticeable differences increased in treated samples compared with 
untreated samples when heating intensity increased. In fact, significant differences were not 
found (p > 0.05) between fresh kiwifruit puree and samples processed at 200 W–200 s, 300 
W–100 s, and 600 W–60 s as the lines in the spider plot nearly overlapped (Figure 8.7a). Figure 
8.7b shows greater differences in each significant attribute between treated samples and fresh 
kiwifruit puree, except in “visual consistency.” Panelists considered that samples 600 W–200 s 
and 900 W–100 s had less lightness and a lower “typical kiwifruit color intensity” than fresh puree 
(p < 0.05). These samples and also the 300 W–300 s one seemed to be significantly (p < 0.05) 
browner, or rather less green, than the fresh kiwifruit puree. Figure 8.7c shows greater differ-
ences in the assessments given to samples 600 W–340 s, 900 W–300 s, and 1000 W–200 s as 
compared with fresh kiwifruit puree. In general, the panelists considered that the three processed 
samples had significantly (p < 0.05) less lightness and greenness, with a lower typical kiwifruit 
color intensity and higher atypical taste intensity; however, they had the same visual consistency 
as fresh kiwifruit puree.

taBle 8.1
attributes, scale extremes, and evaluation technique used in descriptive sensory 
assessment of Kiwifruit puree treated with microwaves

attribute and scale extremes technique 

Kiwi odor intensity (low/high) Observe

Atypical odor (low/high) Observe

Typical kiwi color (low/high) Observe

Tone (green/brown) Observe

Lightness (light/dark) Observe

Granularity (low/high) Evenness of the sample’s surface. Take a spoonful of the sample and observe its surface.

Visual consistency (low/high) Take enough quantity of kiwi puree with a spoon and drop it to evaluate its visual consistency.

Sweetness (low/high) Taste the necessary quantity of kiwi puree to notice the intensity of sweetness.

Acidity (low/high) Taste the necessary quantity of kiwi puree to notice the intensity of acidity.

Astringency (low/high) Taste the necessary quantity of kiwi puree to notice the intensity of astringency.

Kiwi taste intensity (low/high) Taste the necessary quantity of kiwi puree to notice the intensity of typical kiwi taste.

Atypical taste (low/high) Taste the necessary quantity of kiwi puree to notice the intensity of typical kiwi taste.

Aftertaste (low/high) Assess the persistence of taste after ingesting kiwi puree.

Mouth consistency (low/high) Taste the sample and evaluate its consistency during ingestion.
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Additionally, the XLSTAT 2009 program was employed to make a principal component anal-
ysis (using a correlation matrix), with the aim of studying the correlation between the various 
microwave treatments applied in the present study and the sensory attributes of kiwifruit puree. 
Figure 8.8 shows the first two component maps of the principal component analysis constructed 
using the sensory data. Two components were extracted that explain 80.59% of the data variability. 
The first component explained most of this variance (63.83%); for this reason, it has been used to 
describe all the kiwifruit puree characteristics. This component showed a positive correlation with 
the sensory attributes “typical kiwifruit color intensity,” “kiwifruit odor intensity,” “lightness,” 
“acidity,” “astringency,” and “kiwi taste intensity” and a negative correlation with the sensory 
attributes “atypical odor,” “tone,” “atypical taste,” “visual consistency,” and “mouth consistency.” 
Samples 200 W–200 s, 300 W–100 s, and 600 W–60 s were characterized by a similar acidity, 
astringency, color, odor, and taste to the fresh kiwifruit, owing to the less intensive treatments that 
were applied to these samples. On the other hand, when the most severe treatments were applied 
(600 W–340 s, 900 W–300 s, and 1000 W–200 s), the samples were characterized by a higher 
 atypical odor and taste, higher visual and mouth consistency, and more browning. Finally, the 
granularity and consistency of samples 300 W–300 s, 600 W–200 s, and 900 W–100 s were higher 
than those of the other samples.

On the whole, it can be said that the application of intense treatments of high microwave power 
mainly affected the color and taste of the kiwifruit puree. Significant perceivable differences 
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Figure 8.7 Average values (on a 0–10 scale) of panel member assessments of kiwifruit color, tone, light-
ness, visual consistency, and atypical taste of treated samples: 200 W–200 s, 300 W–100 s, and 600 W–60 s 
(a); 300 W–300 s, 600 W–200 s, and 900 W–100 s (b); and 600 W–340 s, 900 W–300 s, and 1000 W–200 s 
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between kiwifruit puree samples were only found in the five descriptors mentioned earlier, and 
they increased when microwave power increased. As expected, the most severely treated samples 
showed the highest variation in these parameters.

8.6.4 impaCt on nutrients anD funCtional CompounDs

Epidemiological studies suggest that the consumption of fruit and vegetables may play an important 
role in the protection against many chronic diseases. In addition to the well-established benefits 
of the essential vitamins and minerals found in these products, they also provide the diet with a 
good source of fiber and a diverse array of phytochemicals (Barret and Lloyd, 2012). More specifi-
cally, kiwifruit has high vitamin C and E contents and marked antioxidant activity; its vitamin C 
content being even higher than that found in grapefruit and orange (Igual et al., 2010), citric fruits 
that are widely recognized as good sources of this bioactive compound. In fact, given its excellent 
nutritional and functional characteristics, Fiorentino et al. (2009) defined kiwifruit as a unique and 
precious cocktail of protective phytochemicals.

The main goal of fruit processing is to create microbiologically safe products and to extend their 
shelf life so that they can be consumed all year round and transported safely to consumers all over 
the world. However, processors also strive to produce the highest-quality food, attempting to mini-
mize losses of nutritional and functional value (Barret and Lloyd, 2012).

In the present work, the impact of microwaves on the nutritive and functional value of kiwifruit 
was investigated by evaluating changes produced in the main bioactive compounds of this fruit by 
microwave pasteurization treatment. Processing conditions for puree pasteurization were chosen 
(1000 W–340 s) on the basis of preliminary experiments, considered in terms of the enzyme (90% 
of POD) and microbial (5D of L. monocytogenes) inactivation to be achieved. Then the  microwave 
treatment was carried out as described in Section 8.6.1. Vitamin C, A, and E contents, total phenols, 
total tannins, total flavonoids, and antioxidant activity were measured in the treated sample and also 
in the untreated sample, which was used as the control, following the methodology described by 
Taira (1995), Djeridane et al. (2006), Igual et al. (2010), and García-Martínez et al. (2012).

210
PC1 (63.83%)

900–300

200–200
300–100

600–60
Lightness

Acidity
Kiwi taste intensity

Kiwi odor intensity
Typical kiwi color

Astringency

Fresh
300–300

600–200

900–100

1000–200

600–340

Sweetness Aftertaste

Mouth consistency
Visual consistency

Atypical taste
Atypical odourTone

Granularity

PC
2 

(1
6.

76
%)

−1−2
−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

Figure 8.8 Plot of the first two components of the Principal Component Analysis carried out on fresh and 
treated samples and sensory attributes.
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The bioactive compound contents of the microwaved and control samples are summarized in 
Table 8.2. Unexpectedly, vitamin C was not shown to be the compound that was most sensitive to 
microwaves in kiwifruit, given that all the components analyzed in the puree decreased significantly 
(p < 0.05) as a result of the microwave pasteurization treatment except vitamin C and total tannins, 
which remained significantly (p > 0.05) unchanged after processing. Variations in the other compo-
nent contents due to processing were calculated as the difference in each compound in the treated 
puree in comparison with the fresh puree, with reference to 100 g of fresh puree. The calculated 
values are −100% of vitamin A, which was shown to be the compound that was most sensitive to 
microwaves, −36.2% of total flavonoids, −21.8% of total phenols, −9.4% of vitamin E, and −65.7% 
of antioxidant activity. The losses observed in the pasteurized kiwifruit are in the range typically 
expected for pasteurization processes, which are considered as treatments severe enough to reduce 
the levels of most bioactive compounds present in fruit, with vitamins found to be among the most 
heat-sensitive food components (Awuah et al., 2007; Rawson et al., 2011). In both microwave and 
conventional heat processes, simple thermal decomposition would appear to be the most likely 
cause for these losses, but this degradation may be a complex phenomenon that is also dependent 
on oxygen, light, pH, water solubility, and the presence of chemical, metal, or other compounds that 
could catalyze deteriorative reactions (Awuah et al., 2007). On the other hand, it is worth highlight-
ing that the concentration of vitamin C, one of the most important bioactive compounds in kiwifruit 
because of its particularly high amount and its attributable antioxidant activity, was significantly 
(p < 0.05) unaffected by microwaves. Barrett and Lloyd (2012) reviewed the effect of microwave 
processing on bioactive compounds in products of vegetable origin and reported that the use of 
microwaves leads to a higher retention of vitamin C in most fruits and vegetables than the applica-
tion of conventional heating.

8.6.5 shelf life of fruit-baseD proDuCts

To date, many comparative studies have been conducted on the effect of microwaves and conven-
tional heating on various quality aspects of fruits (Barrett and Lloyd, 2012), pointing out advantages 
of microwave heating (Huang et  al., 2007). However, it should be taken into consideration that, 
although published data on the effect of microwaves on safety and quality are available for various 
food systems, little still seems to be known about the impact of microwaves on the shelf life and 
post-processing quality loss of fruit products. Marketing of these products frequently involves a 
storage step, which might also contribute considerably to their final quality, the evolution of their 
properties and the growth of microorganisms (pathogens or otherwise) during shelf life being an 
important issue to study (Rodrigo et al., 2003).

taBle 8.2
mean Values and standard deviation of the Vitamin C, Vitamin a, and Vitamin e Contents, 
total phenols, total Flavonoids, and total tannins of Fresh and microwaved Kiwifruit puree

Fresh microwaved
Vitamin C (mg/100 g) 75.9 ± 1.3a 75.5 ± 1.1a

Vitamin A (mg/100 g) 0.057 ± 0.007b NDa

Vitamin E (mg/100 g) 2.45 ± 0.06b 2.22 ± 0.07a

Total phenols (mg GAE/100 g) 22 ± 2b 17.2 ± 0.5a

Total flavonoids (mg RE/100 g) 1.16 ± 0.05b 0.74 ± 0.06a

Total tannins (mg GAE/100 g) 14.40 ± 0.10a 10.6 ± 0.8a

Antioxidant activity (mM Trolox/g) 5.81 ± 0.05b 1.99 ± 0.06a

a ND, not detected.
b In rows, different letters denote significant differences ( p < 0.05) according to the Tukey test.
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Having shown the suitability of microwave energy for effective inactivation of microorganisms 
and enzymes without strongly affecting the nutritive and functional value of the kiwifruit puree, 
it was proposed to investigate whether microwaves could potentially replace conventional heating 
for pasteurization purposes. To this end, the shelf life of a microwave-pasteurized kiwifruit puree 
was compared with that of a conventionally heat-pasteurized kiwifruit puree, on the basis of their 
microbial stability and the impact on the bioactive compounds and antioxidant activity of the prod-
uct when stored at 4°C.

Accordingly, a microwave pasteurization treatment designed on the basis of the enzyme (90% of 
POD) and microbial (5D of L. monocytogenes) inactivation to be achieved was applied (1000 
W–340  s) in the same way as described in Section 8.6.1. Additionally, a conventional thermal 
pasteurization treatment, which was equivalent to the microwave process in terms of POD and 
L. monocytogenes inactivation, was carried out to establish a comparison between the two tech-
nologies. The conventional thermal treatment consisted in heating the sample at 97°C for 30 s in a 
thermostatic circulating water bath (Precisterm, Selecta, Barcelona, Spain). After the kiwifruit had 
been triturated, 20 g of puree was placed in TDT stainless steel tubes (1.3 cm inner diameter and 
15 cm length) and closed with a screw stopper. A thermocouple that was connected to a datalogger 
was inserted through the sealed screw top in order to record the time–temperature history of the 
sample during treatment. Prior to this heating step, the samples were preheated to 25°C to shorten 
and standardize the come-up time (150 s). Treated samples were immediately cooled in ice-water 
until the puree reached 35°C. The treated and untreated kiwifruit purees were then packaged in 
clean, sterile plastic tubes (1.7 cm inner diameter and 11.8 cm length) and then stored in darkness at 
4°C for 188 days. The microbial population and the concentrations of the main bioactive compounds 
and antioxidant activity were measured in the samples during storage. Survival of L. monocyto-
genes was evaluated as previously explained in Section 8.6.1. The total mesophilic bacteria (TMB) 
and yeast and mold (Y&M) counts were examined by diluting the uninoculated samples in 0.1% 
(w/v) sterile peptone water (Scharlab Chemie S.A., Barcelona, Spain) and enumerating the viable 
cells in plate count agar (PCA, Scharlab Chemie S.A., Barcelona, Spain) and potato dextrose agar 
(PDA, Scharlab Chemie S.A., Barcelona, Spain) acidified with tartaric acid (10%) (Sigma-Aldrich, 
Germany) by adding 1 mL of tartaric acid per 10 mL of PDA, respectively. The selected dilutions 
were incubated at 30°C for 48 h for TMB and at 25°C for 5 days for Y&M. Additionally, the vita-
min C content, total phenols and flavonoids, and antioxidant activity were determined as previously 
described (see Section 8.6.3).

The shelf life of the treated products was determined, taking into account the acceptable limit 
established by EU legislation (L. monocytogenes ≤ 2.0 log10 CFU/g, and TMB and Y&M ≤ 3.0 log10 
CFU/g) (EU, 2005). On this basis, the shelf life of the microwaved and conventionally pasteurized 
purees was found to be 123 and 81 days, respectively (Figure 8.9). These results are in the range 
of those published by other authors for various fruits subjected to conventional thermal processes. 
The shelf life of heat-pasteurized orange and carrot juice (98°C for 21 s) stored at 2°C, thermally 
pasteurized pomegranate (90°C for 5 s) stored at 5°C, and conventionally heat-pasteurized orange 
juice (90°C for 50 s) stored at 4°C was found to be 70, 120, and 105 days, respectively (Leizerson 
and Shimoni, 2005; Rivas et al., 2006; Vegara et al., 2013). Picouet et al. (2009) reported that an 
apple puree preserved by gentle microwave heating (652 W–35 s) had a shelf life of at least 14 days 
under refrigeration conditions.

The nutritional and functional value of the microwaved and conventionally heat-treated kiwi-
fruit purees at the beginning and end of their shelf life is presented in Table 8.3. Variations in the 
components due to the combined effects of processing and storage were calculated as the difference 
in each compound in the treated puree at the end of its shelf life in relation to the fresh puree, with 
reference to 100 g of fresh puree. Losses of 43%, 23%, and 62% in vitamin C, total phenols, and 
total flavonoids were found for the microwave-pasteurized sample (123 days at 4°C), while losses of 
61%, 58%, and 56% in vitamin C, total phenols, and total flavonoids were observed for the conven-
tionally thermally pasteurized puree (81 days at 4°C), respectively. However, antioxidant activity 
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was reduced by 62% in both cases. These results clearly indicate the superiority of microwaves to 
preserve the nutritional and functional value of the product. Igual et al. (2010, 2011) found losses 
of similar magnitude and reported that microwave-pasteurized grapefruit juices stored at −18°C 
preserved total phenols, individual flavonoids, and antioxidant capacity better when compared with 
fresh or conventionally pasteurized ones.

taBle 8.3
mean Values and standard deviation of the Vitamin C Content (mg/100 g), total phenols 
(mg gae/100 g), total Flavonoids (mg re/100 g), and antioxidant activity (mm trolox/100 g) 
of microwaved and Conventionally heated Kiwifruit puree, at the Beginning and at the 
end of their shelf life at 4°C

Beginning of shelf-life end of shelf-life
0 days 123 days 81 days

microwaved
Conventionally 

heated microwaved
Conventionally 

heated

Vitamin C 64.2 ± 0.7a 62.3 ± 0.7a 37.2 ± 0.6b 25.4 ± 1.5c

Total phenols 25.50 ± 0.07a 22.2 ± 0.3b 13.92 ± 0.08c 9.3 ± 0.3d

Total flavonoids 0.825 ± 0.004a 0.67 ± 0.02b 0.437 ± 0.013c 0.505 ± 0.010d

Antioxidant activity 1211 ± 37a 1117 ± 27b 478 ± 35c 463 ± 41c

Note: In rows, different letters (a, b, c or d) denote significant differences (p < 0.05) according to the Tukey test.
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Figure 8.9 Survival of (a) L. monocytogenes, (b) total mesophilic bacteria, (c) and Y&M in the kiwifruit 
puree (F, fresh; MW, microwaved; C, conventionally heated) during storage at 4°C.

© 2016 by Taylor & Francis Group, LLC

  



315Microwave Heating Technology

In view of the results obtained in the present study, microwave heating not only seems to pro-
vide greater microbial stability than conventional heat processing, allowing longer preservation of 
kiwifruit puree, but also maintains the bioactive compound contents and antioxidant activity of the 
product to an equal or greater extent.

8.7 ConClusions and Future trends

Microwave heating is an interesting technique for processing fruit-based products and preserv-
ing their safety and quality during storage. The use of this technology represents a good alter-
native to conventional heating methods, allowing efficient inactivation of both microorganisms 
and enzymes to be achieved, while it does not greatly affect product quality. Considering the 
increased demand for high-quality foods as well as cost competitiveness, microwave technol-
ogy might be taken as an innovative tool to help consumer expectations to be addressed by the 
marketing of safe, high-quality, minimally processed fruit-based products. Currently, with the 
rapidly changing scenario, the future prospects of microwaves in food processing are bright. 
However, the use of microwave technology is still limited at present to selected categories 
of high-value food products. Some of the key issues that should be adequately addressed to 
make microwave processing more attractive are improvement in equipment design, reduction in 
equipment cost, and improvement in process control. Moreover, in general terms, there is a need 
for further studies to bridge the gap between laboratory research and industrial applications.
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9.1 introduCtion

Food additives have been used for centuries to improve food quality. Smoke, alcohols, and spices have 
been extensively used for the last 10,000 years as additives for food preservation. The above- mentioned 
additives as well as a restricted number of additives comprised the main food additives until the Industrial 
Revolution. The latter brought so many changes in foods and asked for improved quality as well as 
quantity of manufactured foods. For this reason, many chemical substances have been  developed either 
for preservation and for color and/or odor enhancement. In the 1960s, over 2500  different chemical 
substances were used toward food manufacturing. In the United States, over 2,500 different additives 
were used to manufacture over 15,000 different foods. The desire for nutritional, functional, and tasty 
foods is an on-going process. An additive is used to improve the shape, color, aroma, and extend the 
shelf life of a food. The following categories of additives have been described:

• Acids
• Coloring agents
• Aromatic substances
• Toxic metals
• Biocides
• Preservatives

There has been an intense skepticism regarding the safe use of additives in foods. In the 1960s and 
1970s, the increase of toxicological information caused an increase in the knowledge of possible 
risks derived from the consumption of foods containing additives. It was observed that the use of 
food additives has toxicological effects in humans. It is for this reason that in this chapter the limits 
of food additives use as well as pesticide residues control have been mentioned. It is well known that 
there is a plethora of risks derived from additives but also benefits from their use in food production. 
Additives will continue to play a significant role in food production since consumers continue to 
desire healthier, tastier, and occasionally functional foods and the population of the earth continues 
to increase.
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9.2  sWeeteners-general philosophy oF direCtiVe 
94/35/eC on sWeeteners For use in FoodstuFFs

For sweeteners to be included in this directive, they first had to comply with the general criteria 
set out in Annex II of the Food Additives Framework Directive 89/107/EEC (OJL 40, 11,2,89, 
pp. 27–33). Under these criteria, food additives may only be approved if it has been demonstrated 
that they perform a useful purpose, are safe, and do not mislead the consumer. The recitals of 
Directive 94/35/EC on sweeteners for use in foodstuffs further explain that the use of sweeteners to 
replace sugar is justified for the production of

 1. Energy-reduced foods
 2. Noncarcinogenic foods (i.e., foods that are unlikely to cause tooth decay)
 3. Foods without added sugars, for the extension of shelf life through the replacement of 

sugar and for the production of dietetic products

9.2.1 struCture Definition of sweetener (fsa, regulation 2(1))

For the purposes of these regulations, a sweetener is defined as a food additive that is used or intended 
to be used either to impart a sweet taste to food or as a table-top sweetener. Table-top sweeteners are 
products that consist of, or include, any permitted sweeteners and are intended for sale to the ultimate 
consumer, normally for use as an alternative to sugar. Foods with sweetening properties, such as sugar 
and honey, are not additives and are excluded from the scope of this legislation. Food Regulations 
in 1995 report that when a substance listed as a permitted sweetener, cannot be used for purposes 
other than sweetening, for example, where sorbitol is used as a humectant in accordance with the 
Miscellaneous Food Additives Regulations 1995 and parallel Northern Ireland legislation.

9.2.2 permitteD sweeteners

(Regulations 2(1), 3(1), 4(a), and Schedule 1)

The only sweeteners permitted for sale to the ultimate consumer or for use in or on food are those 
listed in Schedule 1 to the Regulations whose specific purity criteria are in compliance with that 
stated in the Annex to Directive 95/31/EC.

9.2.3 fooDs alloweD to Contain permitteD sweeteners

(Regulations 3(2), 3(3), and Schedule 1)

Permitted sweeteners are only allowed to be used in or on foods that fall within one of the categories 
listed in Schedule 1 to the Regulations. A maximum usable dose for each permitted sweetener, vary-
ing according to the food category, is also specified within Schedule 1, and this must be respected. 
The use of two or more sweeteners in a single food is permitted, provided suitable categories exist, 
and the maximum level for each individual sweetener is observed. The sale of foods that do not 
comply with these provisions is illegal.

9.2.4 sweeteners in CompounD fooDs—Carry-oVer

(Regulation 2(1) (Amended 1997) and Regulation 5A)

The regulations have been amended to include provisions on carry-over (Regulation 5A) to bring 
them into line with the GB Regulations on Colors and Miscellaneous Food Additives. These pro-
visions allow the presence of a permitted sweetener in a compound food, to the extent that the 
sweetener is allowed by the Regulations in one of the ingredients of the compound food. However, 
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the definition of “compound foods” in Regulation 2(1) means that permitted sweeteners are only 
allowed in the following compound foods:

 1. Those with no added sugar or that are energy-reduced
 2. Dietary foods intended for a low-calorie diet (excluding those specifically prepared for 

infants and young children)
 3. Those with a long shelf life

The regulations also provide for what is commonly known as “reverse carry-over.” This means 
permitted sweeteners can be present in foods (such as intermediary products) in which they would 
not otherwise be permitted, provided that these foods are to be used solely in the preparation of a 
compound food that will conform to the regulations.

9.2.5 fooDs not alloweD to Contain sweeteners

(Regulation 3(4) (Amended 1997) and Regulation 5)

The use of sweeteners in any foods for infants and young children is prohibited. This is specified 
in Council Directive 89/398/EEC on the approximation of the laws of the member states relating 
to foodstuffs intended for particular nutritional uses (OJL 186, 30.6.89, pp. 27–32), and this pro-
hibition now includes foods for infants and young children not in good health. The sale of such 
products containing sweeteners is also prohibited. Foods for infants and young children, generally 
known as “baby foods,” include foods specially prepared for infants and young children who are 
in good health; or whose digestive processes or metabolism are disturbed; or who have a special 
physiological condition where they would be able to obtain benefit from controlled consump-
tion of certain substances in foods. For the purposes of this prohibition, Regulation 2(1) defines 
“infants” as children under the age of 12 months and “young children” as children aged between 
1 and 3 years. These definitions reflect those given in Article 1(2) of Directive 91/321/EEC on 
infant formulae and follow-on formulae (OJL 175, 4.7.91, pp. 35–49) that are made under Directive 
89/398/EEC.

The terms “maximum usable dose” and “quantum satis”

(Regulations 2(3)(c) and 2(3)(d))

These expressions are explained in general guidance notes, section 1, paragraphs 19 and 15, 
respectively.

The terms “with no added sugar” and “energy-reduced”

(Regulations 2(3)(a) and 2(3)(b))

Many of the categories listed in Schedule 1 to the Regulations are described as “with no added 
sugar” or “energy-reduced.” The final product must comply with the definitions of these terms, and 
the effect is to further restrict the type of foods in which sweeteners may be used. However, the 
actual terms “with no added sugar” or “energy-reduced” are not required by these regulations to be 
used in the labeling of such products. Whatever description is used for those products must be in 
accordance with the Food Labeling Regulations 1996.

“Energy-reduced” foods are foods with an energy value reduced by at least 30% compared with 
the original or a similar food. The legislation does not define the precise basis for this comparison, 
but wherever possible it should be by reference to one or more products that are currently on the 
market. If it is not possible to identify a comparable product that is currently on the market, the 
comparison could be made on the basis of previously marketed products. In an extreme case where 
it is not possible to identify an actual product, the comparison might be made with a hypothetically 
equivalent product, the composition of which is based on the use of sucrose rather than permitted 
sweeteners.
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9.2.6 aDDitional labeling requirements for table-top sweeteners

(Regulation 4(b))

The Regulations include labeling requirements that apply to table-top sweeteners only, in addition 
to the requirements contained within existing UK labeling legislation; table-top sweeteners must 
include on their labels the phrase:

“[Name of sweetener(s)]-based table-top sweetener”

Furthermore, where table-top sweeteners contain polyols and/or aspartame, the following phrases 
must also be included on their labels:

For polyols—“excessive consumption may induce laxative effects”

For aspartame—“contains a source of phenylalanine”

For the purposes of these regulations, polyols are considered to be sorbitol and sorbitol syrup (E420 
(i) and (ii)), mannitol (E421), isomalt (E953), maltitol and maltitol syrup (E965(i) and (ii)), lactitol 
(E966), and xylitol (E967).

The Additive and Food Contaminants (AFC) Panel of the European Food Safety Authority1 
(EFSA) has evaluated the new long-term study on the carcinogenicity of aspartame conducted by 
the European Ramazzini Foundation (ERF) (European Foundation of Oncology and Environmental 
Sciences) in Bologna, Italy. In its opinion, the panel concluded, on the basis of all the evidence cur-
rently available, that there is neither need to further review the safety of aspartame nor to revise 
the previously established Acceptable Daily Intake (ADI) for aspartame (40 mg/kg body weight).

The panel also noted that intakes of aspartame in Europe, with levels up to 10 mg/kg body 
weight/day, are well below the ADI.

Aspartame, an intense sweetener, has been authorized for use in foods and as a table-top sweet-
ener for more than 20 years in many countries throughout the world. Extensive investigations have 
been carried out on aspartame and its breakdown products through experimental animal and human 
studies, intake studies, and post-marketing surveillance.

In addition to a number of safety evaluations conducted in the past, the Scientific Committee on 
Food (SCF) carried out a review of all original and more recent studies on aspartame in 2002 and 
reconfirmed that aspartame is safe for human consumption.

9.3  sWeeteners-ClassiFiCations, uses, saFety, manuFaCturing, 
Quality Control, and regulatory issues

9.3.1 oVerView

According to World Health Organization (WHO), approximately 1 billion people in the planet are 
overweight and 300 million obese. Obesity is closely related to diabetes type II, heart failure, and 
cancer. It is required to take measures to improve population health and reduce health costs. Hence, 
people follow a balanced diet, low in calories.

Health professionals try to reduce the weight of their patients by reducing their caloric intake 
and advising them to use sweeteners in their diet especially when they have to control their weight 
or they are diabetic. However, media frequently argue on their safety, the effect of sweeteners on 
appetite and the appearance of neurological problems as well as cancer and mood disorders.

We currently consume foods that are in stake. Consumers ask for certified organic foods, nonge-
netically modified with no herbicides, pesticides, etc. They do not want to face more scandals such 
as BSE or adulterated olive oils or hear more food recalls.

Consumers do not want to hear published studies such as those by the ERF, according to which 
there is a close relation between aspartame consumption and cancer in rats. On the other hand, 
EFSA reviewed the studies of the institute and concluded that data showing that aspartame causes 
cancer was not sufficient.
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According to Professor Ragnar Lofstedt of King’s College, London, the ERF data refer to a 
pseudo-terror and was based on no documented evidence; however, media coverage was high at the 
world-level raising concerns to consumers and health professionals regarding the safety of aspartame.

The same happened in the early 1970s with saccharin when it was found that it causes cancer in 
male rats. Recent research has not proved that correlation even when consuming large quantities.

EFSA assures that all approved sweeteners in food and drinks are safe to use.
Health professionals and consumers should read peer-reviewed articles in reputable journals and 

consult the scientific committees of their national food and drug authorities which consult with 
EFSA (www.efsa.europa.eu).

Sweeteners are defined as food additives that are used or intended to be used either to impart a 
sweet taste to food or as a table-top sweetener. Table-top sweeteners are products that consist of, or 
include, any permitted sweeteners and are intended for sale to the ultimate consumer, normally for use 
as an alternative to sugar. Foods with sweetening properties, such as sugar and honey, are not addi-
tives and are excluded from the scope of official regulations. Sweeteners are classified as either high 
intensity or bulk. High-intensity sweeteners possess a sweet taste but are noncaloric, provide essen-
tially no bulk to food, have greater sweetness than sugar, and are therefore used at very low levels.

9.3.2 sugars

Sugar is a carbohydrate found in every fruit and vegetable. All green plants manufacture sugar 
though photosynthesis, but sugar cane and sugar beets have the highest natural concentrations. Beet 
sugar and cane sugar—identical products that may be used interchangeably—are the most common 
sources for the sugar used in the United States. Understanding the variety of sugars available and 
their functions in food will help consumers determine when sugar can be replaced or combined with 
nonnutritive sweeteners.

Sugar comes in many forms. The following includes many different sugars, mostly made from 
sugar cane or sugar beets such as table sugar, fruit sugar, crystalline fructose, superfine or ultrafine 
sugar, confectioner’s or powdered sugar, coarse sugar, sanding sugar, turbinado sugar, brown sugar, 
and liquid sugars.

9.3.3 ClassifiCation of sweeteners

Sweeteners can be categorized as low calorie, reduced calorie, intense calorie, bulk calorie, caloric 
alternative calorie, natural sugar-based calorie, sugar polyols calorie, low calorie nonnutritive calorie, 
nonnutritive calorie, nutritive calorie, natural calorie, syrups, intense  sweeteners, and others.

Caloric alternative calorie sweeteners characterize crystalline fructose, high fructose corn 
syrup, isomaltulose, trehalose.

Intense sweeteners include acesulfame K, alitame, aspartame, brazzeine, cyclamate, glycyrrhi-
zin, neohesperidine, neotame, saccharin, stevioside, sucralose, thaumati.

Bulk sweeteners include crystalline fructose, erythritol, isomalt, isomaltulose, lactitol, maltitol, 
maltitol syrup, mannitol, sorbitol, sorbitol syrup, trehalose, xylitol, crystalline fructose.

Nonnutritive, high-intensity sweeteners include acesulfame K, aspartame and neotame, saccha-
rin and cyclamate, sucralose.

Reduced-calorie bulk sweeteners include erythritol, isomalt, lactitol, maltitol and maltitol syr-
ups, sorbitol and mannitol, tagatose, xylitol.

Low-calorie sweeteners include acesulfame K, alitame, aspartame, cyclamate, neohesperidin 
dihydrochalcone, tagatose, teotame, saccharin, stevioside, sucralose, less common high-potency 
sweeteners.

Reduced-calorie sweeteners include erythritol, hydrogenated starch hydrolysates and maltitol 
syrups, isomalt, maltitol, lactitol, sorbitol and mannitol, xylitol.
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Caloric alternatives characterize crystalline fructose, high fructose corn syrup, isomaltulose, 
trehalose.

Other sweeteners characterize brazzeine, glycyrrhizin, thaumatin, polydextrose, sucrose, poly-
ols, dextrose, fructose, galactose, lactose, maltose, stafidin, glucose, saccharoze, d-tagatose, thau-
matin, glycerol, glycerizim.

High-intensity sweeteners (also called nonnutritive sweeteners) can offer consumers a way to 
enjoy the taste of sweetness with little or no energy intake or glycemic response, and they do not 
support growth of oral cavity microorganisms. Therefore, they are targeted toward treatment of 
obesity, maintenance of body weight, management of diabetes, and prevention and reduction of 
dental caries. There are several different high-intensity sweeteners. Some of the sweeteners are 
naturally occurring, while others are synthetic (artificial) or semisynthetic. For example, acesul-
fame K and saccharin are not metabolized and are excreted unchanged by the kidney. Sucralose, 
stevioside, and cyclamate undergo degrees of metabolism, and their metabolites are readily 
excreted. Acesulfame K, aspartame, and saccharin are permitted as intense sweeteners for use in 
food. High-intensity sweeteners are often used as mixtures of different, synergistically compatible 
sweeteners.

Bulk sweeteners are disaccharides and monosaccharides of plant origin delivered in solid or liq-
uid form and used in sweeteners per se or in foods in quantities greater than 22.5 kg. Sucrose from 
sugarcane and sugar beet and starch-derived glucose and fructose from maize (corn), potato, wheat, 
and cassava are the major sweeteners sold in bulk to the food and beverage manufacturing industry 
or packers of small containers for retail sale.

Unrefined sweeteners include all natural, unrefined, or low-processed sweeteners. Sweeteners 
are usually made with the fruit or sap of plants but can also be made from the whole plant or any 
part of it; some sweeteners are also made from starch with the use of enzymes. Sweeteners made 
by animals, especially insects, are put in their own section as they can come from more than one 
part of plants.

From sap: The sap of some species is concentrated to make sweeteners, usually through drying 
or boiling.

Cane juice, syrup, molasses, and raw sugar are all made from sugarcane, sweet sorghum syrup 
made from Sorghum spp., maize, agave syrup made from the sap of Agave spp., birch syrup made 
from the sap of birch trees, maple syrup made from tapped maple trees, palm sugar and sweet resin 
from sugar pine.

From roots: The juice extracted from the tuberous roots of certain plants is concentrated to make 
sweeteners, usually through drying or boiling. For example, sugar beet syrup and yacon syrup.

9.3.4 suCrose anD fruCtose

Sucrose, or table sugar, has been the most common food sweetener. In the late 1960s, a new 
method was introduced that converts glucose in corn syrup to fructose. High fructose corn 
syrup is as sweet as sucrose but less expensive, so soft-drink manufacturers switched over to 
using it in the mid-1980s. Now it has surpassed sucrose as the main added sweetener in the 
American diet.

However, fructose has many disadvantages such as its metabolism is carried out almost exclusively 
in the liver. It is more likely to result in the formation of fats which increase the risk for heart disease.

9.3.5 sugar alCohols

Sugar alcohols are used in candies, baked goods, ice creams, and fruit spreads. They do not affect 
blood-sugar levels as much as sucrose, a real advantage for people with diabetes, and they do not 
contribute to tooth decay.
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9.3.6 sweeteneD beVerages

Sweeteners added to sports and juice drinks are problematic with adverse health outcomes. Not 
surprisingly, they are found to lead to excess weight.

When children regularly consume sweetened beverages, they are getting used to a level of sweet-
ness that could affect their habits for a lifetime.

9.3.7 artifiCial sweeteners

The Food and Drug Administration (FDA)-approved artificial, calorie-free sweeteners include ace-
sulfame K (Sunett), aspartame (NutraSweet, Equal), neotame, saccharin (Sweet’N Low, others), and 
sucralose (Splenda). All are intensely sweet.

Some fears regarding aspartame are based on animal experiments using doses many times 
greater than any person would consume. Lack of long-term studies in humans supports the fear 
regarding their safety.

9.3.8 new sweeteners stuDy shows no linK with CanCer

A study of more than 16,000 patients has found no link between sweetener intake and the risk of 
cancer. More recent research in rats found that sweetener intakes similar to those consumed by 
humans could increase the risk of certain types of cancer. These findings were not replicated in 
studies of humans. After evaluating these and other studies in 2006, EFSA concluded that no fur-
ther safety reviews of aspartame were needed and that the ADI of 40 mg/kg body weight should 
remain.

Professor Carlo La Vecchia from the Institute of Pharmaceutical Research Mario Negri in Milan, 
according to the research conducted by Silvano Gallus et al. analyzing more than 11,000 cases over 
a period of 13 years, concluded that consumers of low-nutritive sweeteners such as saccharin and 
aspartame did not show any signs of cancer.

Finally in the States, a study conducted with the support of National Research Institute for 
Cancer, sampling approximately 450 volunteers, did not show any statistically significant change 
between aspartame consumption and leukemia or lymphoma or brain tumors.

9.3.9 sweeteners anD Diabetes

Low-calorie sweeteners can help in the nutrition of diabetics. Sweeteners exert no effect on insu-
lin, and sugar levels could help in the control of weight of people suffering from diabetes type ΙΙ. 
These people continue to enjoy food with pleasure when consuming foods supplemented with 
sweeteners.

9.3.10 sweeteners anD appetite

Recent research has shown that consumption of sweeteners does not cause changes in appetite.
Appetite is affected by calorie intake and volume of the consumed food/drink.
A zero-calorie drink will suppress appetite for an hour but will not affect the quantity of food 

consumed next.
In a study published by the American Journal of Clinical Nutrition analyzing 224 studies on 

the effect of low-caloric sweeteners on appetite, it was reported that these ingredients can reduce 
energy value. They also concluded that sweeteners replacing ingredients of high calories can help 
in weight control.
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9.3.11 sweeteners, pregnanCy, anD ChilDren

Worldwide organizations have carried out toxicological studies and have concluded that low-calorie 
sweeteners are safe for human consumption during pregnancy; however, the recommended daily 
intake dose should not be exceeded.

Regarding children, studies have shown that aspartame use has no neurological or behavioral 
effects on adults and children.

9.3.12 sweeteners anD neurologiCal problems

There is no scientific evidence to conclude that consumption of aspartame or other sweeteners is 
related to Parkinson’s or Alzheimer’s disease.

9.3.13 sweeteners anD weight Control

Replacement of sugar by sweeteners in food and drinks reduces calorie intake, hence it acts syner-
gistically. More specifically, soft drinks produced with the addition of sweeteners have a negligible 
nutritional value. Sweets still maintain their high calories since a large number of them come from 
lipids or proteins and replacement by sweeteners reduces total calories by only a small percentage.

According to Professor Drewnowski of Washington State University and recent clinical and 
epidemiological studies, nonnutritive sweeteners can be a powerful tool for management of weight, 
obesity, and diabetes. Of course all these should be used in the context of a balanced diet.

9.3.14 safety of low-Calorie sweeteners

All low-calorie sweeteners are subjected to comprehensive safety evaluation by regulatory authori-
ties; any unresolved issues at the time of application have to be investigated before they are approved 
for use in the human diet. Definitive independent information on the safety of sweeteners can be 
obtained from the websites of the European Food Safety Authority (EFSA) (http://www.efsa.europa.
eu/EFSA/efsa_locale-1178620753812_home.htm), the European Scientific Committee on Foods 
(SCF) (http://ec.europa.eu/food/fs/sc/scf/reports_en.html), and Joint WHO/FAO Expert Committee 
on Food Additives (JECFA, http://www.who.int/ipcs/food/jecfa/en/).

The safety testing of food additives involves in vitro investigations to detect possible actions on 
DNA and in vivo studies in animals, to determine what effects the compound is capable of produc-
ing when administered at high doses, or high-dietary concentrations, every day.

The daily dose levels are increased until either some adverse effect is produced or until 5% of the 
animal’s diet has been replaced by the compound. The dose levels are usually very high because a 
primary purpose of animal studies is to find out what effects the compound can produce on the body 
irrespective of dose level (hazard identification). The dose–response data are analyzed to determine the 
most sensitive effect (the so-called critical effect). The highest level of intake that does not produce the 
critical effect, the no-observed-adverse-effect level (NOAEL), is used to establish a human intake with 
negligible risk, which is called the ADI. The NOAEL is normally derived from chronic (long-term) 
studies in rodents. The ADI is usually calculated as the NOAEL (in mg/kg body weight per day) divided 
by a 100-fold uncertainty factor, which is to allow for possible species differences and human variability.

Low-calorie sweeteners are often added to foods as mixtures or blends because mixtures can 
provide an improved taste profile, and in some cases the combination is sweeter than predicted from 
the amounts present. The only property that is common to all low-calorie sweeteners is their activity 
at the sweet-taste receptor. They do not share similar metabolic fates or high-dose effects.

Therefore, no interactions would arise if different low-calorie sweeteners are consumed together 
in a blend, and each sweetener would be as safe as if it were consumed alone.
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9.3.15 manufaCturing of sweeteners

Sweeteners can be manufactured by hydrolysis; for example, digestion of maltitol requires hydroly-
sis before absorption.

Hydrolysis phenomena in organic chemistry are ester, polysaccharide, glucosides, proteins, or 
amides hydrolysis.

Another method is by evaporation concentration. Concentration is carried out by cooling or by 
pressure increase. This is used in the production of isomaltose, maltitol, mannitol, sorbitol, and xylitol.

Discoloration is another manufacturing method of sweeteners. It is a type of adsorption during 
which undesired substances in some liquids that give them color are removed. It is carried out by 
active carbon and natural hydrosilicic derivatives of aluminum, activated by acid.

Active carbon can be manufactured by steam and carbonic anhydrate at 900°C–1000°C. 
Discoloration is used to neutralize free radicals of glucose, sorbitol, and citric acid.

Crystallization is also used in the manufacture of sweeteners. It is the most difficult step to con-
trol during all stages of maltitol preparation, and to be able to control the size distribution and the 
purity of the produced crystals is the important task. Crystallization is an important unit of opera-
tion for the manufacture of many sugars, polyols, salts, etc.

The presence of impurities in industrial sugar syrups leads to important modifications in the 
crystal shape. Indeed, the presence of maltotriitol in the crystallization medium has been shown to 
control the formation of bipyramidal or prismatic maltitol crystals.

Sorbitol is a natural sugar–alcohol (polyol) and is abundant in nature, and its commercial pro-
duction depends on catalytic hydrogenation of the appropriate reducing sugar where the reaction 
of aldehyde and ketone groups is replaced by stable alcohol groups. Maltitol, maltitol syrups, and 
polyglycitols are manufactured in the same way.

Manitol production from algae is a cost effective and large entrepreneurial activity in China and 
is not comparable to the traditional chemical way of extraction.

The raw materials for sorbitol and mannitol production are mainly manufactured from either 
starch or sugar. Starches could arise from maize, wheat flour, or tapioca starch.

Sorbitol and maltitol are sold in liquid and solid forms. Mannitol is available in crystallic form 
due to its low solubility.

Lactitol is a synthetic alcohol belonging to polyols. It is manufactured by the catalytic hydroge-
nation of galactose found in whey milk. Lactitol is crystallized in different anhydrous and hydrated 
forms. It is also well known as lactate, lactositol, and lactobiosite.

Xylitol is also a polyol found in many plants. It is used as a sweetener since 1960. It is commer-
cially manufactured from xylan, a fraction of polysaccharides found in wood pulp.

Catalytic hydrogenation was discovered in 1920 by Senderens, a French food chemist. He and 
his professor Paul Sabatier founded the modern process of hydrogenation used in lactitol produc-
tion. Karrer and colleagues made the first preparation, and lactitol is commercialized since 1980. 
Lactitol is a disaccharide made from sorbitol and galactose, produced from lactose, a milk sugar, 
with catalytic hydrogenation using Raney nickel as an enzyme. A solution of 30%–40% lactose 
is heated at 100°C. Reaction is carried out in a sterilized equipment under hydrogen pressure at 
40 bars or higher. Sedimentation of the catalyst follows and then hydrogenated solution is filtered 
and purified from ion resins and active carbon. The clean solution of lactitol is then crystallized. 
Hydrogenation under strict conditions (130°C, 90 bar) ends in sectional separation to lactulose, 
partial hydrolysis in galactose and glucose, and hydrogenation to reaction alcohol sugars of lactitol, 
sorbitol, and galactitol.

Acesulfame K (6-methyl-1,2,3-oxathiazin-4(3H)-one-2,2-dioxide) was an accidental discovery 
in 1967 from studies at Hoechst Corporation in West Germany on novel ring compounds. Its full 
name is potassium acesulfame and consists of a 1,2,3-oxathiazine ring, a six-heterocyclic system in 
which oxygen, sulfur, and nitrogen atoms are adjacent to each another.
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The ADI has been defined by the World Health Organization (WHO) as “an estimate by JECFA 
of the amount of a food additive, expressed on a bodyweight basis, that can be ingested daily over 
a lifetime without appreciable health risk” and is based on an evaluation of available toxicological 
data. For example, in Europe the ADI is set at 9 mg/kg of bodyweight/day for acesulfame K. For 
aspartame there is a safety margin, even in high consuming diabetics. The FDA has set the ADI for 
aspartame at 50 mg/kg of body weight/day. An ADI of 40 mg/kg body weight/day set by the com-
mittee of experts of the Food and Agriculture Organization (FAO) and the WHO is not likely to be 
exceeded, even by children and diabetics.

Aspartame (N-l-a-aspartyl-l-phenylalanine-1-methylester) is a dipeptide. This sweetener was dis-
covered accidentally in 1965 by James M. Schlatter at G.D. Searle Co. This nutritive sweetener pro-
vides 4 cal/g, but the amount required to give the same sweetness as sugar is only 0.5% of the calories.

Ajinomoto company developed many methods and processes for the commercial production 
of aspartame. Then new processes were developed to replace the initial process. In the late 1970s, 
Toyo Soda Company finalized new techniques with the aid of enzymes to connect the Ν-protected 
aspartate with β-phenylalanine methylester and followed crystallization and purification steps. This 
biocatalytic method shows better results.

The raw materials for aspartame production are l-phenylalanine (produced by fermentation) and 
l-aspartate. Toyo soda process can use dl-phenylalanine, manufactured synthetically and can offer 
better costs compared to the cleaner optical form of l-phenylalanine. Aspartate is manufactured 
chemically. Crystallization methods could be either static or sterilized, and the technique depends 
on type, size, and shape of the crystallized form.

Neotame is a derivative of the dipeptide composed of the amino acids aspartic acid and phenylala-
nine Neotame (NTM) is the generic name for N-[N-(3,3-dimethylbutyl)-l±a-aspartyl]-l-phenylalanine-
1-methyl ester. NTM is conveniently prepared from aspartame and 3,3-dimethylbutyraldehyde, in 
a one-step high-yield reduction process through purification, drying, and emulsification. NTM is 
an odorless white crystalline compound which may be obtained anhydrous or, more usually, as a 
hydrate.

Saccharin (1,2-benzisothiazol-3(2H)-on-1,1-dioxide) is the oldest high-intensity, nonnutritive 
sweetener discovered in 1879 by Fahlberg and cyclamate in 1937. It is commercially available in 
three forms: acid saccharin, sodium saccharin, and calcium saccharin.

Until the end of 1950s, these two sweeteners were used as sugar substitutes in patients suf-
fering from diabetes. In 1957 Helgren from Abbott laboratories discovered that the mixing of 
cyclamate with saccharin at a ratio of 10:1, since saccharin is 10 times more intense than cycla-
mate, improves quality in taste of the final product. Soft drinks were thus produced without any 
deterioration in taste.

However, at low pH, saccharin and its salts can slowly hydrolyze to 2-sulfobenzoic acid and 
2- sulfoamylobenzoic acid. Saccharin was initially produced by the synthesis-oxidation of toluene 
derivatives.

Cyclamate (cyclohexyl sulfamic acid monosodium salt) is an artificial sweetener that is 35 times 
sweeter than sugar. The ADI value for cyclamate has been set at 11 mg/kg body weight by the 
JECFA and 7 mg/kg body weight by the SCF. Cyclamate is used in foods either as sodium or cal-
cium salts.

Sucralose, 1,6-dichloro-1,6-dideoxy-β-d-fructofuranosyl 4-chloro-4-deoxy-α-d-galacto-pyranoside 
or 4,1′,6′-trichloro-4,1′,6′-trideoxy-galacto-sucrose, is a chlorinated derivative of sucrose, derived from 
a patented multistep process, involving selective chlorination of sugar at the 4, 1′, and 6′ positions 
substituting three hydroxyl groups on the sucrose molecule. It was discovered in 1976 by carbohydrate 
research chemists at Queen Elizabeth College and Tate and Lyle, United Kingdom. The basic process 
of its production focuses on the selective protection of main hydroxyl groups followed by chlorination 
and purification. Sucralose can be crystallized from an aqueous solution and can be produced at a high 
purity and stability level.

© 2016 by Taylor & Francis Group, LLC

  



330 Handbook of Food Processing: Food Preservation

Fermentation of naturally occurring yeast Moniliella pollilnis is used to manufacture erythri-
tol ((2R,3S)-butane-1,2,3,4-tetraol). This yeast was first isolated from fresh pollen found in hon-
eycombs. Then, it was concluded that under oxygen conditions this yeast produced erythritol at 
relatively high concentrations.

Except for erythritol, which is a four-carbon symmetrical polyol and exists only in the meso 
form, the majority of sugar alcohols are produced industrially by hydrogenation in the presence 
of Raney nickel as a catalyst from their parent reducing sugar. Both disaccharides and mono-
saccharides can form sugar alcohols; however, sugar alcohols derived from disaccharides (e.g., 
maltitol and lactitol) are not entirely hydrogenated because only one aldehyde group is available 
for reduction.

Erythritol is an acyclic carbohydrate consisting of four carbon atoms, each carrying a hydroxyl 
group. Since it exhibits a meso structure, the molecule is achiral, although exhibiting two asym-
metric carbon atoms (2R,3S).

Osmotolerant microorganisms ferment the d-glucose resulting from hydrolyzed starch. As a 
result, a mixture of erythritol and minor amounts of glycerol and ribitol is formed. Cell material, 
polyols, and other dirt are removed by purification and separation steps. Erythritol then crystallizes 
from the concentrated solution and gets dried in crystals with a purity higher than 99%.

During fermentation process, the microorganisms have the characteristics of tolerating high-
sugar concentrations resulting in high-erythritol yields.

Isomalt is a mixture of the diastereomers 6-O-α-d-glucopyranosyl-d-sorbitol (isomaltitol, 1,6-
GPS) and 1-O-α-d-glucopyranosyl-d-mannitol (GPM; the 1-O and 6-O-bound mannitol derivatives 
are identical because of the symmetry of the mannitol part of the molecule) obtained by hydrogenat-
ing isomaltulose, which is enzymatically derived from sucrose.

Isomalt is manufactured in a two-stage process in which sugar is first transformed into iso-
maltulose, a reducing disaccharide (6-O-α-d-glucopyranosido-d-fructose). During this step, α-(1–2) 
glycosidic chain between glucose and fructose is repositioned by enzymes to the α-(1–6) glycosidic 
chain. Isomaltulose is then hydrogenated, using a Raney nickel catalytic converter. The final prod-
uct—isomalt—is an equimolar composition of 6-O-α-d-glucopyranosido-d-sorbitol (1,6-GPS) and 
1-O-α-d-glucopyranosido-d-mannitol-dihydrate (1,1-GPM-dihydrate).

d-Tagatose ((3S,4S,5R)-1,3,4,5,6-Pentahydroxy-hexan-2-one) is a ketohexose C-4 fructose epimer 
potentially obtainable by the oxidation of the corresponding hexitol d-galactitol. It is obtained from 
d-galactose by isomerization under alkaline conditions in the presence of calcium. Tagatose is a sugar 
naturally found in small amounts in milk. It can be produced commercially from lactose, which is 
first hydrolyzed to glucose and galactose. Glucose gives glucose syrup as a final product. Galactose is 
isomerized under alkaline conditions to d-tagatose by calcium hydroxide and a catalyst. The resulting 
mixture can then be purified and solid tagatose produced by crystallization in white, crystallic form.

Alitame [l-α-aspartyl-N-(2,2,4,4-tetramethyl-3-thioethanyl)-d-alaninamide] is an amino acid-based 
sweetener developed by Pfizer Central Research from l-aspartic acid, d-alanine, and 2,2,4,4- 
tetraethylthioethanyl amine.

The final product is purified by crystallization with a methylbenzenesulphonic acid followed by 
an extra purification step in order to get recrystallized from water.

9.3.16 quality Control of sweeteners

Quality control of sweeteners involves 

 (a) The control of relative sweetness of the sweetener (RS).

In the calibration of sweetness of different sugars, it is acceptable to rate saccharose as 100. 
Sugars that are sweeter than saccharose are ranked in numbers higher than 100 and those with a less 
sweet taste are ranked lower than 100.
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 (a) FPA—Flavor Profile Analysis is a technique that identifies the taste and odor of a sample. 
This is estimated through consumer research techniques. However, techniques such as 
FPA are used to predict quality in taste. According to this technique, calibration of the 
intensity of food ingredients is carried out. More specifically, calibration starts from sweet 
followed by bitter, sour, salty, metallic, cold, and licorice taste. Every taste or flavor has a 
unique characteristic and has its own rating intensity.

 (b) FPA differs from Threshold Odor Test (TOT). This test is used to evaluate the quantity 
of odor in the water. During this test, water is dissolved in water that has no odors and is 
then smelled. Dilutions continue until no odor is detected. The last dilution in which odor 
is detected from water determines the threshold odor number (TON).

 (c) Another parameter of control of sweetening taste is the sweetening power (P). This differs 
from RS. P is defined by the ratio of the concentration of sweetener in the food and the 
reaction of the sweetener in equivalent solutions of sucrose.

 (d) Temporal Profile (TP) of the sweetener is the main factor contributing to the difference 
in taste between products containing a nonnutritive sweetener and those containing 
sucrose. Hence, a method was created to compare the temporal profiles of nonnutritive 
sweeteners. In this method, the time needed for a sweetener to reach the power of an 
equivalent solution of 10% sucrose is defined as appearance time (AT) of sweet taste 
and is equal to 4 s. Another parameter defined by this method is the time required to 
reduce the perceived intensity of sweetness from the intensity equivalent to a solution 
of 10% sucrose to that equivalent to 2% sucrose. This is defined as extinction time (ET). 
A 10% sucrose solution has an ΕΤ equal to 14 s. ΑΤ and ΕΤ values for saccharin are 
similar to those of sucrose; hence saccharin is like sucrose. ΑΤ values for aspartame are 
slightly higher than those of sucrose, and ΕΤ aspartame values are significantly higher 
showing that aspartame is sweeter with a slight delay in the start of sweetness and with 
a noteworthy relative sweetness. Temporal profile of monoamine glycorrhizins is inter-
esting since it delays sweetness; hence it is not used in foods and soft drinks.

9.3.17 eu regulatory issues for use of sweeteners in fooD proDuCts

The use of sweeteners in the EU is regulated by (Council Directive 89/107/EEC of December 
21, 1988 on the approximation of the laws of the Member States concerning food additives 
authorized for use in foodstuffs intended for human consumption, as amended by Directive 
94/34/EC) and a specific directive, European Parliament and Council Directive 94/35/EC of 
June 1994 on sweeteners for use in foodstuffs, amended by Directives 96/83/EC and 2003/115/
EC. The annexes to the specific directives provide the information on which sweeteners are 
permitted in different foodstuffs or groups of foodstuffs together with the maximum permitted 
levels (MPL).

The specific directives have provisions for periodic monitoring of the use of food additives. The 
EU monitoring system is based on recommendations given in the report of the working group on 
“development of methods for monitoring intake of food additives in the EU, task 4.2”.

The review of published data on intake of intense sweeteners in the EU up to 1997 indicated that 
their average intakes were below the relevant ADI values. The highest estimated intakes of cycla-
mate by diabetics and children were close to or slightly above the ADI.

Studies on the intake of intense sweeteners in different countries of the EU published since 1999 
indicate that the average and 95th percentile intakes of acesulfame K, aspartame, cyclamate, and 
saccharin by adults are below the relevant ADIs.

Finally, bulk sweeteners (polyols) permitted in the EU are not included in the EU monitoring 
system. No upper limits of their use for sweetening purposes have been specified since monitoring 
of the exposure to the bulk sweeteners is not feasible.
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9.4 additiVe Categories

9.4.1 aCiDs

9.4.1.1 lactic acid
Dubos (1950) concluded that lactic acid has a bacteriostatic effect on Mycobacterium tuberculosis, 
which increased as pΗ decreased. Experiments carried out with Bacillus coagulans in tomato paste 
showed that lactic acid was four times more effective regarding the inhibition of bacterial growth 
compared to malic, citric, propionic, and acetic acid (Rice and Pederson, 1954).

Lactic acid is used in the jams, sweets, and drinks industries. This acid is the best acid to control 
the acidity and assure the transparency of brine in pickles (Gardner, 1972). Calcium lactate can be 
used as a taste enhancer, as a baking processing aid to proof the dough, as an inhibitor of decoloriza-
tion of fruits and vegetables, as a gelatinization factor during pectins dehydration, or as an improver 
of the properties of milk powder or condensed milk (CFR, 1988). The ethyl esters of lactic acid 
can be used to enhance taste, and calcium lactate can be used in dietetic foods as well as nutrition 
supplements.

Lactic acid is an intermediate product of human metabolism. In cases of pneumonia, tuberculo-
sis, and heart failure, a nonphysiological quantity of acid was detected in human blood. A growth 
problem was detected when acid was injected into water at a quantity of 40 mg/100 mL or in food at 
45.6 mg/100 mL in hamsters. Lactic acid proved to be lethal in newborn–fed milk with an unknown 
quantity of acid (Young et al., 1982). The poisonous effect of acid has to do with its isomeric form. 
Babies fed with milk that has been acidified with d(−) or DL form suffered acidosis, lost weight, and 
became dehydrated. Hence, only the l(+) form can be used in premature newborn babies. Acid is a 
food ingredient and an intermediate metabolite of human beings, therefore, there are no established 
limits of daily consumption for humans (FAO/WHO, 1973).

9.4.1.2 succinic acid
FDA allowed the use of succinic acid as a tasty enhancer and as a pΗ regulator (CFR, 1988). 
Succinic acid reacts with proteins and is used to modify the dough plasticity (Gardner, 1972). 
Succinic acid derivatives can be used as taste enhancing agents or in combination with para-
fins as a protective layer for fruits and vegetables. They can be used in pills production at a 
percentage not greater than 4.5%–5.5% of gelatin percentage and 15% of the total weight of 
capsule. Many derivatives of succinic acid are used as ingredients of paper and paperboard in 
food packaging.

Succinic acid anhydrite is ideal for baking powder production of Allied Chemical Co. (Gardner, 
1966, 1972). The low level of acid hydrolysis is important during mixing of dough, since it is required 
that the additional acid not to react with soda during mixing until the product swells.

In an acute toxicity study in rats with a daily subcutaneous injection of 0.5 mg for a period of 
60 days and with a dose increase of 2 mg/day during the fourth week, no detrimental effect was 
observed. Acid is produced in some fruits and constitutes an intermediate product of the cycle of 
Krebs. Hence, no established limits can be determined for humans.

9.4.1.3 Fumaric acid
Fumaric acid is responsible for a sour taste in foodstuffs. It is widely used in fruit juices, in desserts, 
in the frozen dough of biscuits, wild cherry liqueur, and in wines. It can also be used as a coating 
agent in caramel and bread. Fumaric acid contributes to the extension of the shelf life of baking 
powder due to its restricted solubility and the low humidity absorption. It attains very good anti-
oxidant properties and is used to avoid rancidity of pork fat, butter, milk powder, sausages, bacon, 
walnuts, and chips (Lewis, 1989). It could also be used as a preservative in green foodstuffs and 
fishes in the same way as sodium benzoate does. CFR (1988) allowed the use of fumaric acid and 
its salts as dietetic products, nutritional additives. It can also be used as a source of available iron 
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in the human organism if fumaric acid is combined with iron. Many fumaric acid derivatives have 
been approved for use in foodstuffs.

9.4.1.4 malic acid
CFR (1988) allowed the use of malic acid in foodstuffs as an acidifier, aroma enhancer, and pΗ 
regulator. Malic acid also contributes to the nonbrowning of fruits and acts synergistically with 
antioxidant substances (Gardner, 1972).

Malic acid is used in the production of iced fruits, marmalades, nonalcoholic carbonated drinks, 
and drinks originating from fruits. The limits of use have been defined accordingly: 3.4% in non-
alcoholic drinks, 35% in chewing gums, 0.8% in gelatins, puddings, 6.9% in hard candies, 3.5% in 
processed fruits and juices, 3% in soft candies, and 0.7% in all other foodstuffs.

9.4.1.5 tartaric acid-(Carboxylmethylcellulose: CmC)
CFR (1988) allowed the use of tartaric acid in foodstuffs as an acidifier, solidifying agent, taste 
enhancing agent, as a material for maintenance of humidity, and pΗ regulator. Tartaric acid can be 
used in drinks manufacturing as an enhancing agent of the red color of wine (Gardner, 1972). It can 
also be used in tarts, marmalades, and candies. A mixture of tartaric acid and citric acid can be used 
in the production of hard candies with special flavors such as apple, wild cherry. This acid reacts 
with other antioxidant substances to avoid rancidity and discoloration in cheeses. Tartaric acid and 
its salts with potassium constitute ingredients of baking powders; l(+) isomer and its salts can be 
consumed up to 30 mg/kg body weight (FAO/WHO, 1973).

Tartrate crystals (potassium hydrogen tartrate and calcium tartrate), developed naturally in wine, 
are the major cause of sediment in bottled wines. In order to prevent its occurrence, some treat-
ments have been used such as metatartaric acid, cold stabilization, and electrodialysis (OIV, 2012). 
Addition of mannoproteins obtained from hydrolysis of yeast cell wall was authorized by the 
European Community since 2005 (OIV, 2012). Mannoproteins inhibit the crystallization of tartrate 
salts by lowering the crystallization temperature.

CMC can also be used to prevent tartaric stability (OIV, 2012). However, before application 
and approval in the European Union in 2009 as an oenological product, CMC was used as emulsi-
fiers (E466) in the food industry since the 1940s (Ribereau-Gayon et al., 2006) at levels to 10 g/L 
or 10 g/kg.

Several studies have displayed the positive effect of wine tartaric stabilization with CMC, report-
ing that this addition had identical effect on tartaric stability as metatartaric acid (Greeff et al., 
2012). Furthermore, it was observed that CMC maintains its inhibitory efficiency 2 months after 
being exposed to 30°C, unlike metatartaric acid which is hydrolyzed (Gerbaud et al., 2010).

CMC is a cellulose derivative obtained by etherification of the free primary alcohol groups 
of the glucopyranose units linked by β-(1–4)-glycosidic linkages. CMC used in oenology, can be 
obtained with different degree of substitution (DS—number of glucose units substituted with car-
boxyl groups in relation to total glucose units), and different degree of polymerization (DP—chain 
length), that is, the average number of glucose units in the polymer molecule (Crachereau et al., 
2001; Stojanovic et al., 2005).

Carboxylmethylcellulose (CMC) is authorized to prevent wine tartaric instability. The effect 
of CMC’s structural characteristics on their effectiveness is not well understood. Guise et al. 
(2014) compared the impact of CMCs with different degrees of substitution and molecular 
weight, on tartaric stability, tartaric acid, mineral concentration, phenolic compounds, chro-
matic and sensory characteristics in white wines, and compared its effectiveness with other 
oenological additives. Mini-contact test showed that all CMCs and metatartaric acid stabilized 
the wines; however, some Arabic gums and mannoproteins do not stabilize the wines. CMCs 
had no significant effect on tartaric acid, potassium, calcium, and sensory attributes. Tartaric 
stabilization effectiveness depends on CMC’s degree of substitution, and also on wine matrix, 
probably its initial potassium content. Results suggest that CMC is a good alternative to white 
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wine tartaric stabilization; nevertheless deeper structure knowledge is necessary in order to 
choose the appropriate CMC for a given tartaric instability.

9.4.1.6 Citric acid
Citric acid is a common metabolite of plants and animals. It is widely used in foodstuffs and 
the pharmaceutical industry as well as the chemical industry for isolation of ions and bases neu-
tralization. Citric acid esters can be used as plasticizers in the manufacture of polymers and as 
adhesives. Citric acid can be used as acidifier and taste enhancer. It acts synergistically with other 
antioxidant substances. Citric acid and its salts are used in ice creams, drinks, fruits, jams, and 
as an acidifier in the manufacturing of canned vegetables. Calcium citrate is used as a stabilizer 
in pepper, potatoes, tomato, and beans during their processing. It has also been widely applied in 
dairy products manufacturing (Gardner, 1972). Moreover, it can be used in creamy sauces and soft 
cheeses; Sodium citrate can be used as an emulsifier. This proves to be the main acidifying fac-
tor in carbonated drinks entailing a rancid taste (Gardner, 1966). It can be used in line with other 
substances as an antioxidant and as a decelerator of fruits’ browning. It is more hygroscopic than 
fumaric acid and could cause problems during storage of powdered products. Citric acid can be 
found in animal tissues and constitutes an intermediate product of Krebs cycle; hence, the daily 
consumption levels for the acid and its salts have not been determined yet (FAO/WHO, 1963; 
Varzakas et al., 2010).

9.4.1.7 ascorbic acid
Ascorbic acid is being used as an antimicrobial and antioxidative factor and enhances the unifor-
mity and color stability. Ascorbic acid and its salts with Νa and Ca are used as food additives (CFR, 
1988). The D isomer of ascorbic acid compared to the L isomer has no biological value and gets oxi-
dated faster than ascorbic acid with the result of protection of vitamin C from oxidation (Gardner, 
1966). It is used as a pΗ regulator to avoid the enzymatic browning of fruits and vegetables. Plants 
and all mammals except man, apes, and guinea pigs synthesize ascorbic acid, hence, these three 
need to consume alternative sources of acid such as vegetables. High doses of ascorbic acid are 
recommended for cancer therapy and common cold. Ascorbic acid does not cause problems if it is 
consumed in high doses compared to vitamins A and D that might cause problems.

9.4.1.7.1 Cholinium or Choline
Cholinium-based ionic liquids are quaternary ammonium salts with a wide range of potential indus-
trial applications. Based on the fact that cholinium is a complex B vitamin and widely used as food 
additive, cholinium-based ionic liquids are generically regarded as environmentally “harmless” and, 
thus, accepted as “nontoxic,” although their ecotoxicological profile is poorly known. This work by 
Ventura et  al. (2014) provides new ecotoxicological data for 10 cholinium-based salts and ionic 
liquids, aiming to extend the surprisingly restricted body of knowledge about the ecotoxicity of this 
particular family and to gain insight on the toxicity mechanism of these compounds. The results 
reported show that not all the cholinium tested can be considered harmless toward the test organism 
adopted. Moreover, the results suggest that the cholinium family exhibits a different mechanism of 
toxicity as compared to imidazolium ionic liquids previously described in the literature.

Cholinium, also known as choline, N,N,N-trimethylethanolammonium cation, an essential 
nutrient (Zeisel and da Costa, 2009), is receiving a considerable attention (Domínguez de María 
and Maugeri, 2011; Gorke et al., 2010) due to its claimed “benign” (Petkovic et al., 2011), bio-
compatible (Petkovic et al., 2010; Sekar et al., 2012), “environmentally friendly” or “nontoxic” 
nature (Gorke et al., 2010; Li et al., 2012; Nockemann et al., 2007a; Petkovic et al., 2010). This 
family is derived from quaternary ammonium salts described as important structures in living 
processes and used as precursor for the synthesis of vitamins (e.g., vitamin B complexes and 
thiamine) and enzymes that participate in the carbohydrate metabolism (Meck and Williams, 
1999; Zeisel, 1999).
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9.4.1.8 acetic acid
Acetic acid is used as a pΗ regulator, solvent, and as a pharmaceutical ingredient (CFR, 1988). It is 
safe when consumed in combination with the proper processing conditions. It can also be used as an 
additive in mustard, ketchup, mayonnaise, and sauces.

Acetic acid is well known for the various unpleasant effects on humans such as allergic symp-
toms, ulcer (Tuft and Ettelson, 1956), and anesthesia (Wiseman and Adler, 1956) and epidermic 
reactions (Weil and Rogers, 1951) until death (Palmer, 1932). Acid is made up of plant and animal 
tissues. There is no restriction on the daily consumption of acid for humans.

9.4.1.9 sorbic acid
Sorbic acid and its salts are widely used as fungicides and preservatives in pickles, mayonnaise, sal-
ads, spices, fruit and vegetables pulping, jams, frozen salads, syrups, beer, wines, sweets, cheeses, 
yoghurt, fishes, meat, poultry, and in various bakery products (Sofos and Busta, 1993). Sorbic acid 
is the least harmful preservative. According to a subchronic study of 2 months, carried out in 25 
female and 25 male mice, which consumed 40 mg acid/kg body weight, sorbic acid did not lead to 
severe effects on the guinea pigs. According to studies carried out in rats fed food containing 1% or 
2% sorbic acid for 80 days, no histologic abnormalities or growth problems were observed (FAO/
WHO, 1974) (Table 9.1).

9.4.1.10 propionic acid
Propionic acid is extensively used in cheeses, sweets, gelatins, puddings, jams, drinks, soft candies, 
and Swedish cheese at a percentage of 1%. Calcium propionate can be used as an antimicrobial 
agent and acts as an inhibitor of the mould formation in bread dough. No daily consumption limits 
were determined due to the fact that propionic acid is an intermediate metabolite of human metabo-
lism (FAO/WHO, 1973).

9.4.1.11 Benzoic acid
CFR (1988)-approved benzoic acid for use at a concentration of 0.1%. The acid and its sodium salt 
can be used in processed foods, as food and drink preservatives with pΗ less than 4.5. It has an 
inhibitory action on mould growth and bacteria belonging to the following species: Bacillaceae, 
Enterobacteriaceae, Micrococcaceae. Benzoic acid and its sodium salt can be used in the preserva-
tion of carbonated drinks and nondrinks, fruit juices, jams, mayonnaise, mustard, pickles, bakery 
products, and ketchup (Chichester and Tanner, 1972; Luck, 1980).

Sodium benzoate, the sodium salt of benzoic acid, is generally used as a chemical preservative 
to prevent alteration or degradation caused by microorganisms during storage (Luck, 1980). Both 
sodium benzoate and benzoic acid exhibited inhibitory activity against a wide range of fungi, yeasts, 
molds, and bacteria (Mota et al., 2003). Sodium benzoate is more widely used in a great variety of 
foods and beverages because of its good stability and excellent solubility in water. However, exces-
sive intake of these preservatives might be potentially harmful to the consumers because they have 

taBle 9.1
uses and indicated Quantities of sorbic acid use
Dairy products (cheese, sour cream, yoghurt) 0.05–0.30

Bakery (cakes, dough, sugar crust, garnish) 0.03–0.30

Vegetables (fresh salads, boiled vegetables, pickles, olives, starters) 0.02–0.20

Fruits (dry fruits, fruit juices, fruit salad, jam, syrup) 0.02–0.25

Drinks (wine, carbonated drinks, fruit drinks) 0.02–0.10

Miscellaneous (smoked and salted fish, mayonnaise, margarine, sweets) 0.05–0.20
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the tendency to induce allergic contact dermatitis, convulsion, hives, and hepato-cellular damage 
among others (Nair, 2001).

There are various techniques studied for benzoates determination. Traditionally, benzoates are 
analyzed mainly by thin layer chromatography (TLC), gas chromatography (GC), capillary electro-
phoresis (CE), and micellar electrokinetic chromatography.

A rapid and sensitive fluorescence polarization immunoassay (FPIA), based on a polyclonal anti-
body, has been developed by Ren et al. (2014) for the detection of sodium benzoate in spiked samples. 
The immunogen and fluorescein-labeled analyte conjugate were successfully synthesized, and the 
tracer was purified by TLC. Under the optimal assay conditions, the FPIA shows a detection range of 
0.3–20.0 μg/mL for sodium benzoate with a detection limit of 0.26 μg/mL in the borate buffer. In addi-
tion, the IC50 value was 2.48 μg/mL, and the cross-reactivity of the antibodies with 10 structurally and 
functionally related analogs were detected, respectively. Four kinds of food samples (energy drink, 
candy, ice sucker, RIOTM cocktail) were selected to evaluate the application of FPIA in real systems. 
The recoveries were 96.68%–106.55% in energy drink; 95.78%–100.80% in candy, 86.97%–102.70% 
in ice sucker, and 103.58%–109.87% in benzoate-contained sample RIOTM cocktail, and coefficients 
of variation of this method were all lower than 11.25%. Comparing with the detection results of HPLC, 
the developed FPIA has comparative performance in the real sample determination. The results sug-
gest that the FPIA developed in this study is a rapid, convenient, and simple method, which is suitable 
to be used as a screening tool for homogeneous detection of sodium benzoate in food products.

9.4.2 Coloring agents

The synthetic dyes used nowadays are divided into the following three categories (Table 9.2):

 1. FD&C dyes: Certified for food use, medicines, and cosmetics.
 2. D & C dyes: Dyes considered as safe for medicinal and cosmetic use when they come into 

contact with muciferous glands or when they get absorbed.
 3. External D & C dyes: Dyes that due to their toxicity do not get certified for product use. 

However, they are considered as safe for use in products of exterior applications.

Moreover, coloring agents used in foodstuffs can be divided into the following two classes:

 1. Dyes requiring certification
 2. Dyes not requiring certification

taBle 9.2
Quantity of Coloring agents used in Certain Foods

Food Categories dye Concentration (mg/kg) average Quantity (mg/kg) 

Caramel-sweets 10–400 100

Drinks 5–200 75

Cereals 200–500 350

Maraschino cherry 100–400 200

Pet foods 100–400 200

Ice creams 10–200 30

Sausage 40–250 125

Snack 25–500 200

Source: From Varzakas, T.H. et al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., 
Advances in Food Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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9.4.2.1 dyes requiring Certification for their use
9.4.2.1.1 FD&C Red No. 2 (Amaranth)
This dye was one of the first seven dyes allowed for use in 1906. Amaranth is a red–brown powder 
easily dissolved in water and produces a deep purple or a sea red solution (Table 9.3).

In experiments where amaranth was used at a percentage over 5% of the total dye, no patho-
logical findings were reported with the exception of mutations and tumor development in rats. 
Long-term experiments for 7 years in dogs injected with the above-mentioned dyes at 2% did 
not cause any pathological problems. Similar experiments in mice, rats, rabbits, hamsters, cats, 
and dogs showed neither reproduction problems nor teratogenic problems or other unpleas-
ant effects (WHO, 1973). Hence, it was decided that it can be included in the list of approved 
dyes. However, two experiments carried out in the ex-Soviet Union reported that the use of this 
dye caused carcinogenesis as well as embryotoxic reactions in mice that consumed 0.8%–1.6% 
amaranth.

9.4.2.1.2 FD&C Red No. 4
This dye is allowed in foods since 1929. It is a red-colored powder easily dissolved in water, produc-
ing an orange–yellow solution. It was originally used as an additive in butter and margarine. It did 
not cause carcinogenesis in mice when contained in food at 5% for a period of 2 years. It was con-
cluded that this dye was toxic when consumed at 1% of the food for a period of 7 years. In another 
experiment carried out in dogs that consumed the dye at 2% for a period of 6 months, three out of 
four died. Due to the above-mentioned experiments the use of this dye was forbidden in 1976 (US 
FDA, 1983b) (Tables 9.4 and 9.5).

9.4.2.1.3 Citrus Red No. 2
The use of this dye is restricted; it is used mainly in leather dying. Nutritional studies showed that 
its use causes carcinogenesis in cats and dogs. Further experiments showed that this dye causes 
carcinogenesis.

taBle 9.3
representative examples of tint arising from mixing of Basic dyes 

tint 
Fd&C 

Blue no. 1 
Fd&C 

Blue no. 2 
Fd&C 

red no. 3 
Fd&C 

red no. 40 
Fd&C 

yellow no. 5 
Fd&C 

yellow no. 6 

Strawberry 5 95

Black 36 22 42

Egg white 85 15

Cinnamon 5 35 60

Green 3 97

Green mint 25 75

Orange 100

Grape 20 80

Black cherry 5 95

Chocolate 10 45 45

8 52 40

Caramel 6 21 64 9

Peach 60 40

Blackberry 5 75 20

Source: From Varzakas, T.H. et al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances 
in Food Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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9.4.2.1.4 FD&C Red No. 40
This dye is allowed in the United States and Canada following thorough experiments. However, it is 
not allowed in the United Kingdom, Sweden, and Europe.

9.4.2.1.5 FD&C Yellow No. 3, FD&C Yellow No. 4
These dyes are orange colored and fat soluble. They were used in 1918 in the United States as addi-
tives in margarine production. They were reported to be liver toxic in dogs and cats (Allamark 

taBle 9.4
dyes used for Food; name, origin, Functionality, adverse effects, adi, and applications 

e name origin Functionality effects adi product uses 

Ε102 Tartazine Synthetic dye Yellow color Headaches in 
children, allergic 
reactions in adults. 
Forbidden in 
Norway and Austria

0–7.5 Fruit juices, cake 
mixtures, soups, ice 
creams, sauces, jams, 
yoghurt, sweets, 
gums, lollipops

Ε104 Cinolin 
yellow

Synthetic dye 
of coal tar

Cloudy 
yellow color

Low absorption from 
gastroenteric 
system. Forbidden 
in Norway, United 
States, Australia, 
and Japan

0–0.5 Smoked cod, ice 
creams

Ε107 Yellow 2G Synthetic dye 
of coal tar

Yellow color Allergic reactions. 
Forbidden in 
Norway, United 
States, Switzerland, 
Japan, and Sweden

—

Ε120 Carmine Natural color 
from extraction 
of dried insects

Red Cancer 0–2.5 Ice creams, alcoholic 
drinks

Ε122 Azorubin Synthetic color Red Cause allergic reactions 
to asthmatic people 
and those who are 
sensitive in aspirin, 
edema, retention of 
gastric juices

0–4.0

Ε128 Red 2G Synthetic dye Red In the intestine it gets 
transformed to 
aniline, which causes 
methemoglobinemia

0–0.1 Sausages, cooked meat 
products, jams, 
drinks

Ε150 δ Ammonium 
sulfite, 
caramel 
color

Synthetic dye 
derived from 
carbohydrates

Brown Gastroenteric 
problems, reduction 
in white blood cells 
of patients with Β6 
vitamin in low levels

— Glucose tablets, ice 
cream, baking flour, 
total milled bread

Ε151 Bright 
Black ΒΝ 
ή ΡΝ

Synthetic color 
of coal tar and 
nitrogen dye

Black Intestine cysts in 
mice

0–1 Black sauces, 
chocolate mouse

Source: From Varzakas, T.H. et  al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances in Food 
Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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et al., 1955). These dyes caused weight loss in guinea pigs even at 0.05% (Hansen et al., 1963). Mice 
consuming a quantity of dye with their food higher than 0.05% for a period greater than 2 years 
showed heart atrophy or hypertrophy. Dyes are metabolized under the effect of gastric acid condi-
tions (Harrow and Jones, 1954; Radomaski and Harrow, 1966) and their metabolite caused liver 
cancer in rats as well as urinary bladder cancer in dogs (Clayson and Gardner, 1976). Due to these 
reported experimental results these dyes were rejected from the list of dyes allowed to be used.

9.4.2.2 dyes not requiring Certification for their use
9.4.2.2.1 Annatto Extracts
Annatto extracts is one of the older dyes used in foods, textiles, and cosmetics. The extraction 
of these dyes is carried out from the pericarp of the seeds of the Annatto tree (Bixa orellana L.); 
annatto oil is produced from distillation of the coloring agents from the seeds, using an edible veg-
etable oil. The main coloring agent is norbixin (E160b). It is supplied as an oil-soluble extract which 
contains mainly bixin (a mono methyl ester) or as a water-soluble product, which is produced by 
extraction with aqueous alkali and therefore contains mainly norbixin, the free acid.

Processing is primarily carried out by abrading away the pigment in a suspending agent. 
Abrasion may be followed by aqueous alkaline hydrolysis with simultaneous production of nor-
bixin. Traditionally, water or vegetable oil is used as a suspending agent, although solvent process-
ing is now also employed to produce more purified annatto extracts. Annatto is usually marketed as 
an extract of the annatto seed, containing amounts of the active pigments bixin or norbixin that can 
vary from less than 1% to over 85%.

In 2002, the Secretariat of the FAO/WHO Joint Expert Committee on Food Additives (JECFA) 
requested information relating to the toxicity, intake, and specifications of annatto extracts. Previous 
intake estimates for annatto had provided ambiguous results because the bixin/norbixin content of 
the annatto extract was unclear. As a consequence, many of the stated use levels, such as some of 

taBle 9.5
maximum amount of organic acids in Various Foods 

Foods acetic 
acerate 
Calcium 

acerate 
sodium 

diacatate 
sodium adipic Caprilic malic succinic 

Baked foods 0.25 0.2 0.4 0.05 0.013

Drinks. nonalcoholic drinks 0.005 3.4

Breakfast cereals 0.007

cheese 0.8 0.02 0.04

Chewing gum 0.5 3.0

spices 9.0 5.0 0.084

Dairy products 0.8 0.45

Oils–fats 0.5 0.5 0.1 0.3 0.005

Frozen dairy desserts 0.004 0.005

Gelatin 0.2 0.55 0.005 0.8

Sauces 3.0 0.25 0.1

Hard candies 0.15 6.9

Jam 0.12 2.6

Meat products 0.6 0.12 0.1 0.3 0.005 0.0061

Fruit juices 3.5

Snacks 0.6 0.05 1.3 0.016

Soft candies 0.2 0.1 0.005 3.0

Source: From Varzakas, T.H. et  al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances in Food 
Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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those appearing in the draft CCFAC General Standard for Food Additives (GSFA) (CAC, 1984), 
over-estimated true use levels by more than an order of magnitude. This resulted in estimates of 
intake of annatto extracts that appeared to exceed the JECFA ADI of 0.065 mg/kg bw/day (based 
on pure bixin). Previous intake estimates for annatto provided ambiguous results because the bixin/
norbixin content of annatto extract was unclear. European annatto producers consulted with the 
food industry to determine usage levels of specific annatto extracts. These data were combined 
with the levels of bixin/norbixin in particular extracts to estimate the concentration of bixin/ 
norbixin in foods. Concentrations in food were combined with data about food consumption using 
various methods to estimate consumer intakes, which ranged from less than 1%–163% of the ADI 
(0.065 mg/kg bw/day). Higher intake estimates are conservative because they assume that a con-
sumer always chooses a food that is colored with annatto extracts. In practice this is extremely 
unlikely, since annatto is associated only with certain product/flavor combinations (Tennant and O’ 
Callaghan, 2005).

Food colors differ from many other food additives in that the level required to meet a techno-
logical need can vary considerably from food to food. This is because colors are usually associated 
with particular flavors and so the need for a coloring agent, for example, an orange color such as 
annatto, will vary greatly depending on whether the flavor is vanilla, lemon, orange, or mango. 
Another source of variability is the opacity of foods. The more opaque a food is, the higher the 
amount of color required to achieve a given shade. As a consequence, typical use levels (i.e., use in 
the majority of colored food products) do not necessarily reflect the maximum use level required to 
achieve the color density required for certain color/flavor/food combinations. It is therefore neces-
sary to take this potential source of variability carefully into account when estimating consumer 
intakes.

9.4.2.2.2 Betalains (Dehydrated Sugar Beets)
These dyes belong to the plants of the family Centrospermae and more specifically plants such 
as beetroot and bougainvillea. Beetroot contains both dyes, the red (betacyanins) and the yellow 
(betaxanthins). Betalains are sensitive to light, pΗ, and heat (Marmion, 1984; Newsome, 1990; 
Sankaranaranan, 1981). They are dissolved easily in water giving solutions of blackberry or cherry 
coloration. Beetroot dyes are used in foods with low storage time and do not require high and 
extended heat during their processing. In heat processing cases dye addition could be carried out 
just before or after the end of processing (Marmion, 1984). Betalains are used at 0.1%–1% of the 
total dye in hard candies, yoghurt, sauces, cakes, meat substitutes, mild drinks, and gelatinous 
desserts.

9.4.2.2.3 Anthocyanins
Anthocyanins are used as pH indicators. The dye is red at an acidic environment, whereas it becomes 
blue as pH increases. Anthocyanins have more intense color at pH = 3.5; hence, these dyes are used in 
foods with low pH. They get discolored in the presence of amino acids (Sankaranaranan, 1981), while 
they get oxidized in the presence of ascorbic acid.

9.4.2.2.4 Saffron
Saffron is an expensive dye since it is required to get 165,000 flower stains for the production of 50 g 
of pure dye. The most important Saffron dyes are crocin and crocetin. Crocin has a yellow–orange 
color and dissolves in hot water, whereas it dissolves less in alcohol. Crocetin dissolves less in water 
and more in organic solvents. Saffron is used for its aroma and its color, is resistant to sunlight, 
moulds, pH, and has a high dying capacity. It is used at a concentration of 1–260 ppm in cooked 
food, soups, and confectionery products (Table 9.6).

The ‘‘coloring strength’’ of aqueous saffron extracts, expressed as E1
1
cm
%  440  nm, is consid-

ered to be of utmost importance for the retail price as well as consumer acceptance (Ordoudi and 
Tsimidou, 2004).
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In addition to color, the taste and aroma of saffron, associated with the presence of picrocrocin 
and its dehydration product safranal, are expressed as E1

1
cm
%  257 nm and E1

1
cm
%  330 nm values, respec-

tively. For example, saffron samples with E1
1
cm
%  257 nm values less than 40 units and E1

1
cm
%  330 nm 

values less than 20 units are considered substandard (ISO, 2011).
Fourier transform infrared (FT-IR) spectroscopy has a strong potential in the analysis and qual-

ity control of foods because of its sensitivity, versatility, and speed (Sun, 2009). Recent advances 
in FT-IR instrumentation along with the development of multivariate data analysis have resulted in 
an increase in applications of mid-infrared (MIR) spectroscopy to food safety, end-product quality/
process control, and authenticity studies (Karoui et al., 2010).

One application of the FT-MIR technique, along with chemometrics, was recently reported by 
Anastasaki et  al. (2010) describing differentiation of saffron samples from four countries (Iran, 
Spain, Sardinia, and Greece); an objective also investigated using Fourier transform near-infrared 
(FT-NIR) some years ago (Zalacain et al., 2005).

Ordoudi et al. (2014) extended the application of the FT-MIR technique to the quality control of 
traded saffron that suffers various types of fraud or mislabeling. Spectroscopic data were obtained for 
samples stored for different periods in the dark. Samples with the highest quality according to ISO 
3632 specifications produced a typical spectrum profile (reference set). Principal component analysis 
(PCA) of spectroscopic data for this set, along with HPLC-DAD analysis of major apocarotenoids, 
assisted identification of FT-IR bands that carry information about desirable sensory properties that 
weaken during storage. The band at 1028 cm−1, associated with the presence of glucose moieties, along 
with intensities in the region 1175–1157 cm−1, linked with breakage of glycosidic bonds, were the most 
useful for diagnostic monitoring of storage effects on the evaluation and test set samples. FT-IR was 
found to be a promising, sensitive, and rapid tool in the fight against saffron fraud (Table 9.7).

9.4.2.2.5 Cochineal Extracts
They are derived from the body of female insects of species Coccus cacti. This insect can be found 
in the Canary islands, and the dye is expensive. It can be used in the production of candies, sweets, 
alcoholic and nonalcoholic drinks, jams, eye shadows, rouge, and as a coating for pills at a percent-
age of 0.04%–0.2%.

9.4.2.2.6 Chlorophyll
Chlorophyll is the most abundant natural dye of plants. However, it is not widely used in foods 
(Sankaranaranan, 1981). Its green color is decomposed easily even at mild processing conditions. 
Due to its structure during processing, magnesium gets replaced by hydrogen destroying the purple 
ring giving a dark brown color (Francis, 1985). Chlorophyll stabilizes with replacement of magne-
sium ions with copper ions. Chlorophyll extracts are forbidden for use in foods in the United States. 
The use of complex chlorophyll-copper is allowed in the EU and Canada.

taBle 9.6
saturated organic acids and Characteristics with regard to aroma

acid Characteristics 

Acetic Strong aroma, fine, carmine

Propionic Rancid, fatty, milky

Butyric Fatty, milky, rancid

Valeric Rancid, sweet, chocolate

Caprylic Fatty, fruit smell, soapy

Myristic Soapy

Palmitic Soapy, waxy

Stearic Soapy, waxy
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Chlorophyll is a natural pigment produced by green plants and algae. It absorbs light energy from 
the sun, which is then used to synthesize carbohydrates from carbon dioxide in a process called 
photosynthesis (Raven et al., 2005). Aside of its role in photosynthesis, chlorophyll has many other 
applications. It is used as a natural coloring agent both in foods and cosmetics (Humphery, 2004).

Its rich green color enhances many products from candy to soap and has also been used as an 
internal deodorant and mouthwash.

The demand for chlorophyll has dramatically increased due to the recent popularity of using 
natural instead of artificial additives.

Additionally, chlorophyll and its derivatives are generally considered to have health benefits due 
to their antioxidant and antimutagenic activities, and thus play a role in the prevention of chronic 
diseases such as cancer (Lanfer-Marquez et al., 2005; Mario et al., 2007). They have been included 
in dietary recommendations and incorporated into many health foods. Chlorophyll has also long 
been used for therapeutic purposes, such as wound healing and anti-inflammatory applications 
(Edwards, 1954; Larato and Pfau, 1970). Their ability to act as photosensitizers has also enabled 
their application in photodynamic therapy of cancer (Sternberg et al., 1998).

The basic structure of a chlorophyll molecule is a porphyrin ring with a magnesium atom in 
the center and a long hydrocarbon tail as a side chain. Two main types of chlorophyll are found 
in higher plants, chlorophylls a and b. They differ only slightly in the composition of a single side 
chain (Fleming, 1967). In nature, chlorophyll is localized in a complex structure of plant leaves.

Chlorophyll has long been considered to have health benefits and is widely used as a food addi-
tive. The conventional extraction method using organic solvents involves penetration and diffusion 
through many layers of a leaf structure, making it hard to predict and control. A diffusion equation 
with boundary conditions based on the wetting theory was proposed by Hung et al. (2014). Three 
kinds of solvent—acetone, ethanol, and dimethyl sulfoxide—were used to extract chlorophyll from 
creeping oxalis. Chlorophyll of three kinds of plants (creeping oxalis, nodal flower synedrella, and 
broomjute sida) were extracted with 80% acetone. The amounts of extracted chlorophyll were in 
good agreement with the theoretical prediction. The effective diffusion coefficient of the chloro-
phyll transport increases with increasing energy barrier of chlorophyll wetting at the epidermis for 
all solvent types, acetone concentrations, and plant species. The barrier height of chlorophyll wet-
ting increases with the surface energy of plants.

taBle 9.7
aldehydes Found in Bovine, Chicken, and pork Fat 

aldehydes Bovine Chicken pork 

C5 + − −

C6 + + +

C7 + + −

C7 2t + + +

C7 2t 4C − + +

C8 + − +

C8 2t + + +

C9 + + +

C9 2t + + +

C9 2t 4C − + +

C10 − + +

Source: From Varzakas, T.H. et al., Food additives and contaminants, Chapter 13, in: Yildiz, F., 
ed., Advances in Food Biochemistry, CRC Press/Taylor & Francis Group, 2010, 
pp. 409–457.
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9.4.2.2.7 Carotenoids
Carotenoids are sensitive to alkali and very sensitive to air, light, and high temperature. They are 
undissolved in water, ethyl alcohol, and glycerol. β-carotene has nutritive value because it gets 
transformed into provitamin A in the human organism and can be used without quantitative limita-
tions. It takes a yellow–orange color in foods when used at concentrations of 2–50 ppm. β-carotene 
constitutes one of the basic ingredients of butter, margarine, cheeses, ice cream, yoghurt, and pasta 
products.

Carotenoids are one group of natural pigments responsible for yellow, orange, and red colors in 
many fruits and vegetables. Among them, three carotenoids, lutein, β-carotene, and lycopene, are 
prevalent in our daily diets. In addition to the color attribute, they have been confirmed to possess 
some health benefit functions, such as supplying vitamin A to the body, reducing the damage of 
the eye retina from exposure to near-ultraviolet light, preventing the risk of prostate cancer, etc. 
(Rodriguez-Amaya, 2010).

β-carotene (E160a (i)) is obtained by solvent extraction of edible plants (e.g., lucerne) or 
from algae (Dunaliella salina), and can be naturally accompanied by minor carotenoids 
(e.g., α-carotene). Nearly pure—β-carotene (E160a (ii)) is available from the fungus Blaskeslea 
trispora. The coloring principle of red pepper extracts (E160c) is capsanthin, accompanied 
with capsorubin and various minor carotenoids. Lycopene (E160d) is found in several fruits 
(e.g.,  papaya) and represents the main carotenoid of red tomatoes. Lutein (E161b) is found in 
several plants (e.g., alfalfa) or flowers (e.g., marigold; Tagetes erecta L.). In marigold, lutein is 
acylated with various fatty acids.

A sensitive HPLC multimethod was developed by Breithaupt (2004) for the determination of 
the carotenoid food additives (CFA) norbixin, bixin, capsanthin, lutein, canthaxanthin, β-apo-
80-carotenal, β-apo-80-carotenoic acid ethyl ester, β-carotene, and lycopene in processed food 
using an RP C30 column. For unequivocal identification, the mass spectra of all analytes were 
recorded using LC–(APcI) MS. For extraction, a manual process as well as accelerated solvent 
extraction (ASE) was applied. Important ASE parameters were optimized. ASE was used for the 
first time to extract CFA from various food matrices. Average recoveries for all analytes ranged 
from 88.7%–103.3% (manual extraction) and 91.0%–99.6% (ASE), with the exception of norbixin 
using ASE (67.4%). Limits of quantitation (LOQ) ranged from 0.53 to 0.79 mg/L. The presented 
ASE method can be used to monitor both the forbidden application of CFA and the compliance of 
food with legal limits.

As yellow and red artificial colorants have a similar tint to carotenoid pigments, they have been 
used totally or partially to replace the natural pigments in food products (Kiseleva et al., 2003). 
Their high stability and solubility made them widely used in various drinks and processed food 
products. However, the main chemical structure of artificial food colorants consists of azo groups 
and aromatic rings which may have potential toxicity to human health, especially when they are 
excessively consumed daily (Minioti et al., 2007).

A method for simultaneously determining four artificial food colorants [Red Nos. 2 (R2) and 40 
(R40), Yellow Nos. 5 (Y5) and 6 (Y6)] and three carotenoids (lycopene, lutein, and β-carotene) was 
developed by Shen et al. (2014).

These colorants were successfully separated by the developed high-pressure liquid chromatog-
raphy (HPLC) method combined with a photo diode array detector. The detection limit (at signal 
to noise >4) was from the lowest of 0.2 ng/mL for lutein to the highest of 50.0 ng/mL for R40. With 
a two-phase solvent and ultrasound-assisted extraction, the recoveries of the artificial and natural 
pigments in 15 different types of food products were between 80.5%–97.2% and 80.1%–98.4%, 
respectively. This HPLC method with the ultrasound-assisted extraction protocol could be used as a 
sensitive and reliable analysis technique in simultaneously identifying and quantifying the reddish 
and yellowish pigments in different foods, regardless whether they are artificial food colorants or/
and natural carotenoids.
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9.4.2.2.8 Titanium Dioxide (No. 77891)
This dye exists in nature in three crystallic forms; however, only one is used as an additive (anatase, 
brookite, and rutile). It possesses an intense white color and is resistant to sunlight, oxidation, pΗ, 
and the presence of microbes. Only the synthetically produced titanium dioxide can be used as a 
food additive (Marmion, 1984). This dye cannot be dissolved in all solvents. The allowed quantity 
of dye in foods is up to 1% and can be used in confectionery products in the formation of white parts 
as well as a background. Finally, it can be use in the production of pills and cosmetics.

9.4.2.2.9 Iron Oxides and Hydroxides
These synthetic dyes impart a large range of colors varying from red, yellow, and black with excep-
tional stability in light and temperature. Natural dyes are not acceptable as food additives due to the 
difficulties encountered to isolate the pure substance. They are insoluble in most solvents; however, 
they can be dissolved in hydrogen chloride. The maximum allowed quantity of these dyes is lower 
than 0.25% w/w in fish paste and in pet food.

9.4.2.2.10 Other Dyes
Chrysoidine is an azo dye which is usually used for dyeing leather, fibers, and paper (Lei et al., 
2011). Because chrysoidine may cause several adverse effects on human health, it is banned from 
being used as a food additive in China (Gui et al., 2010). However, some illegal merchants still 
dye bean products and yellow croaker with chrysoidine (Lu et al., 2012). In addition, since it is 
widely used in the dye industry, the presence of chrysoidine in water has become an environmen-
tal issue due to the adverse human health and ecological impacts (Bayramoglu and Arica, 2012; 
Tan et al., 2011).

Chrysoidine is an industrial azo dye, and the presence of chrysoidine in water and food has 
become an environmental concern due to its negative effects on human beings. Binding of dyes to 
serum albumins significantly influences their absorption, distribution, metabolism, and excretion 
properties. Yang et al. (2014) explored the interactions of chrysoidine with bovine serum albumin 
(BSA). Isothermal titration calorimetry results reveal the binding stoichiometry of chrysoidine to 
BSA is 1:15.5, and van der Waals and hydrogen bonding interactions are the major driving force in 
the binding of chrysoidine to BSA.

Molecular docking simulations show that chrysoidine binds to BSA at a cavity close to Sudlow 
site I in domain IIA. However, no detectable conformational change of BSA occurs in the presence 
of chrysoidine, as revealed by UV–vis absorption, circular dichroism (CD), and fluorescence spec-
troscopy studies.

Curcumin: Curcumin, (diferuloylmethane; 1,7-bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadiene-
3,5-dione) along with its mono and di-demethoxy derivatives, collectively called curcuminoids, 
constitute the major coloring agent and the biologically active constituents of Curcuma longa L. or 
turmeric. Extensive in vitro and in vivo studies have suggested that curcumin has anticancer, antivi-
ral, antiarthritic, antiamyloid, antioxidant, and anti-inflammatory properties.

Curcumin is also practically insoluble in water at acidic or neutral pH and is not stable in alkali/
high pH conditions, contributing to its poor absorption and low bioavailability.

Solid dispersion is one of the methods used to improve the dissolution (Vo et al., 2013) and bio-
availability of poorly water soluble compounds (Kohri et al., 1999; Pan et al., 2000). Solid disper-
sion involves the incorporation of water insoluble compound (s) into a hydrophilic carrier matrix, 
resulting in a release profile of the active compound that is governed by the polymers properties 
(Chiou and Riegelman, 1971).

The poor oral bioavailability of curcumin poses a significant pharmacological barrier to its use 
therapeutically and/or as a functional food. Chuah et al. (2014) reported the evaluation of the bio-
availability and bio-efficacy of curcumin as an amorphous solid dispersion (ASD) in a matrix con-
sisting of hydroxypropyl methylcellulose (HPMC), lecithin, and isomalt using hot melt extrusion 
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for application in food products. Oral pharmacokinetic studies in rats showed that ASD curcumin 
was ~13-fold more bioavailable compared to unformulated curcumin. Evaluation of the anti-
inflammatory activity of ASD curcumin in vivo demonstrated enhanced bio-efficacy compared to 
unformulated curcumin at a 10-fold lower dose. Thus, ASD curcumin provides a more potent and 
efficacious formulation of curcumin which may also help in making the color, taste, and smell 
which currently limit its application as a functional food ingredient.

Sudan dyes: Sudan I–IV are synthetic azoic compounds that appear orange or red, and they are 
industrial dyes used as toners for petroleum, engine oil, polishing agent, and some other industrial 
solvents. However, these dyes can be accumulated in the fatty tissues of the liver (lipotrophic). The 
International Agency for Research on Cancer (IARC) considers them to be third category carcino-
gens, which are animal carcinogens.

Sudan dyes are widely used in industry and sometimes illegally used as food additives despite 
their potential toxicity. Sun et al. (2014) investigated the interactions of Sudan II and Sudan IV 
with bovine hemoglobin (BHb) by fluorescence, synchronous fluorescence, resonance light scat-
tering (RLS), UV–vis absorption, CD, and molecular modeling techniques. Binding of Sudan dyes 
to BHb could cause static quenching of the fluorescence, indicating changes in the microenviron-
ment of tryptophan and tyrosine residues. The binding constants estimated for Sudan II and IV 
were 1.84 × 104 and 2.54 × 104 L/mol, respectively, at 293 K (20°C). Each protein molecule bound 
one Sudan molecule approximately. Sudan II and IV were held at the hydrophobic cavity of BHb 
mainly by hydrophobic interaction. The decrease of α-helix and the increase of β-sheet seen in 
the CD spectra revealed a conformational alteration of the protein. From all the results, they con-
cluded that Sudan IV has a stronger impact on the structure and function of BHb than Sudan II 
(Sun et al., 2014).

9.4.2.3 aromatic substances—Flavorings
Aroma is a food and drink property causing stimulation of the olfactory centers. The role of the 
aromatic substances in foods is summarized below:

 1. Impart a characteristic aroma, for example, vanillin gives a vanillin aroma to ice creams.
 2. Enhance, complement, or modify the already existing aroma, for example, vanillin addi-

tion to moderate chocolate or cocoa’s smell.
 3. Cover a nondesirable odor.

The odor of a chemical substance has a direct relationship with its chemical formula. Compounds 
such as nitrogen, oxygen, and sulfur play a significant role. More specifically, the addition of a 
hydroxyl group into the molecule of a compound reduces or restricts its odor, whereas replacement 
of a hydroxyl group with a ketone group enhances the odor.

Citral, one of the most important natural flavoring compound having an intense lemon aroma and 
flavor is widely used as an additive in foods, beverages, and cosmetics with high consumer accep-
tance (Maswal and Dar, 2014). Citral is chemically unstable and degrades over time in aqueous solu-
tions due to acid catalyzed and oxidative reactions, leading to loss of desirable flavor and formation 
of off-flavors. Therefore, incorporation of citral into foods and beverages is a major challenge for 
the food industry because their chemical deterioration needs to be inhibited to minimize the loss 
of product quality. The task to find the appropriate delivery system is most challenging for the food 
industry. The encapsulation and delivery techniques of citral, mostly based on colloidal systems, 
have been reviewed by the authors. Moreover, the remaining technical challenges of such delivery 
systems like insignificant stabilization of citral, use of non-biocompatible constituents, instability to 
the environmental stress and difficulty of their preparation are discussed for prospective develop-
ment of such formulations.

Citral or 3,7-Dimethyl-2,6-octadienal is an acyclic monoterpenoid consisting of two geometri-
cal isomers. The E-isomer is specifically referred to as geranial or citral A and the Z-isomer as 
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neral or citral B. Citral is one of the most important flavoring compound used widely in beverages 
(Piorkowski and McClements, 2013), foods, and fragrances for its characteristic flavor profile (Choi 
et al., 2009). It is also used commercially in the production of vitamin A, ionones, and methyl ion-
ones (Pihlasalo et al., 2007).

For the stabilization and delivery of citral and other lemon oil derivatives in food, cosmetics, 
and pharmaceutical industries, the following encapsulation and delivery techniques have been 
employed: Spray drying, oil-in-water emulsions, multilayer emulsions, nanoemulsions, molecular 
complexes, and self-assembly delivery systems.

Simple oil-in-water emulsions are most widely used for encapsulation of citral, although being 
susceptible to breakdown over time or exposed to various environmental stresses.

Multilayer emulsions have also been used having better stabilization capacity of citral but requir-
ing at the same time more complicated fabrication techniques. The efficiency and availability of 
citral has been greatly enhanced when delivered in the form of a nanoemulsion instead of a normal 
emulsion.

Molecular hosteguest delivery systems involving cyclodextrins have emerged as an excellent 
delivery vehicle for citral having capability of reducing the off-flavor formation to a greater extent 
but have a disadvantage of requiring longer time for the equilibration (Maswal and Dar, 2014).

9.4.2.3.1 Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) comprise the largest class of chemical compounds known 
to be cancer-causing agents. Some, while not carcinogenic, may also act as synergically. PAHs are 
being found in water, air, soil, and therefore also in food. They originate from diverse sources such 
as tobacco smoke, engine exhausts, petroleum distillates, and coal-derived products, with combus-
tion sources predominating. However, PAHs may also form directly in food as a result of several 
heat processes such as grilling (Panek et al., 1995), roasting, smoke drying, and smoking.

PAHs are compounds consisting of two or more condensed aromatic rings, lineared together, 
either cata-annellated (linearly or angularly) or peri-condensed.

Formation, factors affecting concentrations, legal limits, and occurrence of PAHs in smoked 
meat products and smoke flavor additives are briefly reviewed by Simko (2002). The most widely 
employed techniques such as TLC, GC, and HPLC are evaluated. Moreover, sample preparation, 
pre-separation procedures, separation and detection systems being used for determination have 
been evaluated with emphasis on the latest developments in applied food analysis, and the chosen 
data regarding the concentration of PAHs in smoked meat products and smoke flavor additives are 
summarized.

9.4.2.3.2 Flavoring Substances
Munro and Danielewska-Nikiel (2005) conducted a study to determine the margins of safety 
between non-observed-effect levels (NOELs) and estimates of daily intake for 809 flavoring sub-
stances evaluated by the JECFA between 2000 and 2004. Estimates of daily intake were calculated 
by means of two methods, the maximized survey-derived daily intake (MSDI) and the possible 
average daily intake (PADI). The MSDI estimates were based on the production volume of flavoring 
agents as reported by industry, whereas the higher more conservative PADI estimates were derived 
by multiplying the anticipated average use level of a flavoring substance in each of 33 food catego-
ries by the average amount of food consumed daily from that food category and summing the intake 
over all 33 food categories. These intake estimates were used to calculate the margins of safety for 
the flavoring agents to determine whether adequate margins of safety would still exist in the event 
that the MSDIs used by JECFA to evaluate the safety of flavoring substances underestimated daily 
intakes. Based on the calculation of the margins of safety using the MSDI values, 99.9% of the 809 
flavoring substances evaluated by JECFA have margins of safety of greater than 100. In compari-
son, 98% of flavoring substances have margins of safety of greater than 100 when the margins of 
safety were calculated according to PADI values. The results indicate that if the MSDI estimates 
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used by JECFA for the evaluation of the safety of flavoring substances were underestimated, a wide 
margin of safety exists for all but a few of the flavoring substances even when intakes were esti-
mated from PADI values.

Although the procedure for the safety evaluation of flavoring agents (PSEFI) does not 
require toxicological data in every instance but rather relies primarily on structure– activity 
relationships to assess safety, this study confirmed that on the basis of a more traditional 
toxicological process of evaluating chemical safety, the procedure showed that the evaluated 
substances did not present a concern for safety at current estimates of intake (Munro and 
Danielewska-Nikiel, 2005).

9.4.2.4 toxic substances
It is difficult to distinguish clearly between the essential metals (micronutrients) and the toxic sub-
stances in human diet. Nearly all metals are toxic for humans if they get absorbed by the organism at 
high concentrations. However, it is possible to differentiate between those elements that are essential 
and cause toxicosis at extremely low concentrations and do not possess known therapeutic normal 
functions and those that do cause toxicosis. The most dangerous heavy metals, which occur nearly 
everywhere and particularly in agricultural products are mercury, lead, and cadmium. Other toxic 
metals are arsenic, boron, beryllium, selenium, and others. The most probable sources of food con-
tamination with toxic substances are soil, agricultural chemicals and fertilizers, contaminated water 
from industrial wastes, the various food processing stages, plants that can absorb toxic substances 
from the contaminated land and store them in their tissues, as well as the muddy depositions of pit 
wastes.

The most common metals contaminating foods are mentioned below:

9.4.2.4.1 Lead
The presence of lead in the human food chain constitutes a major hygiene problem for the world. 
It exists in every organ or tissue of the human body and varies between 100 and 400 mg or 
approximately 1.7 μg/g tissue (Barry, 1975). Over 90% lead is present in the bones. It constitutes 
a physiological ingredient of human diet (Table 9.8). The daily food uptake of lead is estimated 
to be approximately equal to 100–300 μg, with particularly high percentages during intense envi-
ronmental pollution (WHO, 1976). Lead absorption contained in foods is estimated to be approxi-
mately equal to 10% for adults and 40% for children (Reilly, 1991). Many dietetic factors seem 

taBle 9.8
lead Concentration in Food and drinks 

Food range (mg/kg) average (mg/kg) 

Cereals <0.01–0.81 0.17

Meat and fish <0.01–0.70 0.17

Fresh fruits <0.01–0.76 0.12

Canned fruits 0.04–10.0 0.40

Fresh vegetables <0.01–1.5 0.22

Canned vegetables 0.01–1.5 0.24

Milk <0.01–0.08 0.03

Water 1–50a 5a

Alcoholic drinks 50–100a

Source: From Varzakas, T.H. et al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., 
Advances in Food Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.

a μg/L.
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to affect the uptake levels of lead. Hence, low calcium levels, iron deficiency, and diets rich in 
carbohydrates but low in  proteins, as well as diets containing high levels of vitamin D, lead to an 
increased absorption of lead. In the healthy adult, approximately 90% of the absorbed lead gets 
excreted by urine and feces.

Lead infection can be distinguished in acute and chronic. Symptoms of acute infection include 
blood, nervous, gastroenteric, and hepatic failures (Reilly, 1991). In general, phenomena such as 
anorexia, indigestion, and constipation occur followed by colic with intense paroxysmal abdominal 
pain. Although lead encephalopathy has been observed in little children (NAS, 1972; Reilly and 
Reilly, 1972), very little is known regarding the symptoms of chronic encephalopathy. Some of the 
known typical clinical symptoms are mild anemia, overactivity, aggressive behavior, mental disor-
der, peripheral neuropathy, paralysis, and renal failure (WHO, 1976).

9.4.2.4.2 Mercury (Hg)
Mercury is considered as the most hazardous heavy metal in the food chain due to its continuous 
presence in the environment, its bioaccumulation and transportation into the water chain, and its 
high levels in a large variety of foods. It exists in three different forms; elementary mercury, mer-
curic mercury, and acetyl mercury. The chemical form affects at a great percentage the absorption, 
its distribution in the body tissues, and its biological half-life. The standard human diet contains 
less than 50 μg mercury/kg food (Bouquiaux, 1974), whereas seafood represents the main source 
of mercury.

Mercury is a cumulative poison stored mainly in the liver and the kidneys. The concentration 
levels depend on the type of organism and the chemical form. Mercury, in its metallic form, is 
less absorbed, easily excreted from the organism, and hence it is improbable to cause poisoning. 
On the contrary, both organic and inorganic substances of mercury are particularly toxic for humans. 
Hence, methyl mercury is considered as one of the six most dangerous chemicals existing in the 
environment (Bennet, 1984). It is absorbed by the intestine, enters the bloodstream rapidly, and 
binds to the plasma proteins. Methyl mercury could prove to be neurotoxic for adults and embryos 
since it accumulates in the brain (Berlin et al., 1963). It can cause irreversible damage to the central 
nervous system leading to disorder, terror, restriction of the optical field, blindness, loss of hearing, 
and finally death (Reilly, 1991). Selenium seems to react to mercury poisoning in many animal spe-
cies (Stoewsand et al., 1974).

The most important source of mercury or methyl mercury uptake by man is fishery products (fish 
and seafood) and mainly hunted fish, found on the top of the food chain, such as swordfish, tuna, 
bass, mackerel, and shark. Big hunted fish with the highest percentage of methyl mercury are often 
migratory and can be found in waters of high or low infection in mercury.

The European Union has implemented Regulation 466/2001 of the Commission, according to 
which the maximum permitted tolerance values in total mercury in foodstuffs amounts 0.5 mg/kg 
fresh weight product in fishery products, except for certain fishes where the maximum level is 1 mg/kg 
fresh weight product.

At an international level in June 2003, the temporary permitted weekly uptake percentage was 
determined at 1.6 μg/kg body weight, decreased from 3.3 μg/kg body weight.

Mercury uptake greatly depends on the quantity of fish consumed and varies significantly 
between member states. According to data published by SCOOP (Scientific Co-operation on ques-
tions relating to food) the average rate of exposure to total mercury through nutrition is estimated 
to be 109 μg/kg food. In different member states the average day consumption of fishery products 
per person varies between 10 and 80 g (weekly consumption varies between 70 and 560 g). Hence, 
the weekly exposure to total mercury via nutrition varies from 7 to 61 μg/person, and in a person 
weighing 60 kg the weekly uptake varies from 0.1 to 1 μg. People and children consuming large 
quantities of fishery products may take methyl mercury near or exceeding the determined tempo-
rary percentage of weekly uptake.
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Inclusion of determination of heavy metals (mercury, cadmium, and lead) in fresh and frozen fish 
in the official food control programs by member states is of outmost importance under the current 
circumstances.

EFSA published an opinion in 2004 regarding the danger to human health from the consump-
tion of food that may contain mercury. It is estimated that the European consumers’ uptake of 
methyl mercury is close to the international uptake level. EFSA suggested the realization of addi-
tional studies, mainly in particular groups such as pregnant women, or women due to be preg-
nant, women suckling, and children. Until completion of these studies, EFSA recommended that 
consumers and sensitive population groups should get informed of mercury. According to EFSA’s 
opinion these groups should not consume more than a small portion (<100 g) of a big hunting fish 
per week, such as shark or swordfish. Along the same line, tuna fish should not be consumed more 
than twice a week.

9.4.2.4.3 Cadmium (Cd)
Cadmium poisoning is very frequent due to the increased solubility in organic acids. It is considered 
as one of the most hazardous micronutrients in foods and the environment due to its high toxic-
ity (Vos et al., 1987). Levels of cadmium in food are normally very low if contamination has not 
occurred (Table 9.9). The total range varies between 0.095 and 0.987 mg/kg. Increased cadmium 
levels are mainly observed in meat and seafood. The daily consumption of cadmium has been esti-
mated in many countries to be 10–80 μg/day (Dabeka et al., 1987). According to WHO, cadmium 
level in drinkable water is defined to be 10 μg/L. (WHO, 1963). The most reported food poisoning 
cases due to cadmium come from Japan and Australia (Rayment et al., 1989).

It has been estimated that under normal conditions approximately 6% of cadmium existing in 
consumed foods is absorbed by the human organism (Reilly, 1991). It has also been reported that 
high calcium and protein levels in the diet tend to considerably increase cadmium absorption. The 
highest percentage of cadmium that gets absorbed is withheld in the kidneys. Hence, long-term cad-
mium absorption results in serious kidney failure, as well as bone attack, leading to brittleness and 
possible breakdown of the skeleton (Frieberg et al., 1974). Cadmium toxicity constitutes the main 
cause of the disease itai-itai observed in some population groups in Japan (Rayment et al., 1989). 
High levels of cadmium in the diet are considered responsible for the increase of the rate of different 
cancers in humans (Browning, 1969). Cadmium toxicity is significantly inhibited by the presence 
of selenium, zinc, and cobalt.

taBle 9.9
Cadmium Concentration in selected Foods 

Food Cadmium Concentration (μg/kg) 

Bread <2–43

Potatoes <2–51

Cabbage <2–26

Apples <2–19

Poultry <2–69

Minced beef <2–28

Kidney (sheep) 13–2000

Prawns 17–913

Seafood 50–3660

Drinkable water <1–21 μg/L

Source: From Varzakas, T.H. et al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., 
Advances in Food Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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9.4.2.4.4 Arsenic (As)
Arsenic is traditionally closely linked to homicides and suicides. Its toxicity has to do with the 
chemical form of this element. Hence, inorganic compounds of arsenic are more toxic, followed by 
organic compounds, and finally arsenic in gas form (Buck, 1978). In the past, products based on 
arsenic such as parasiticidals, insecticides, fungicides, wood preservatives, and other similar prod-
ucts have been widely used. Nowadays, all these products have been forbidden in many countries 
due to the proved toxicity of arsenic.

Arsenic currently exists in most foods because of its wide dispersion into the environment and 
its past use as a chemical in agriculture. With the exemption of seafood, it is usually present in food-
stuffs at a concentration lower than 0.5 mg/kg. According to FAO/WHO the  maximum permissible 
day consumption uptake level is prescribed at a concentration of 2 μg/kg body weight (CAC, 1984). 
Arsenic also exists in all drinkable waters at a concentration varying between 0 and 0.2 mg/L. The 
maximum concentration in drinkable water is 0.01 mg arsenic/L (Drinking water standards, 1962).

Arsenic with three or five valences contained in foods can be easily absorbed by the gastroen-
teric tube. Then it can be easily transported into all tissues and organs. It is mainly accumulated in 
the skin, hair, nails, and to a certain degree in the bones and the muscles. The total arsenic level in 
human organism has been estimated to be 14–20 mg (Schroeder and Balassa, 1966).

Arsenic in general is a poison with the five valences form less toxic than the three valences form. 
It can bind to organic sulfhydryl groups, so it inhibits the action of many enzymes, especially those 
involved in cellular metabolism and respiration (Reilly, 1991). Clinical symptoms are associated with 
dilation and increased permeability of capillary tubes, especially in the intestine. Chronic arsenic poi-
soning means appetite loss leading to weight loss, gastrointestinal disorders, peripheral neuritis, con-
junctivitis, hyperkeratosis, and skin melanosis. Moreover, it is a cancer suspect agent (IARC, 1973).

9.4.2.4.5 Selenium (Se)
Despite being one of the essential micronutrients in human and animal diet, its uptake in particu-
larly high concentrations often leads to the appearance of the toxic syndrome. Selenosis of farm 
animals has been widely reported in many parts of the world (Reilly, 1991).

Selenium presence in the human food chain is mainly affected by its levels in agricultural 
soils. Hence, its daily uptake varies depending heavily on the geographical area. The dose of 
50–200 μg/day were proposed as normal uptake selenium levels, with the exception of infants and 
children under 6 years of age where it is suggested the 10–40 and 20–120 μg/day, respectively.

Selenium is present in foodstuffs in the form of selenocysteine and selenomethionine. Approximately 
80% of the organic selenium present in foodstuffs seems to be absorbed by the organism. Absorption 
is greater in foods of plant origin compared to foods of animal origin (Young et al., 1982).

The safety limit between selenium, as an important micronutrient in human diet, and the appearance 
of toxic symptoms is quite small. The main symptoms from the uptake of an increased selenium quan-
tity are dermatitis, vertigo, fragile nails, gastric disorders, hair loss, and garlic odor during breathing.

Selenium as the essential trace element has attracted attention for the last decades due to many 
evidences indicating that Se deficiency states may be related to a variety of degenerative diseases 
(Arthur et al., 2003). Dietary daily selenium intakes in many European countries are currently much 
lower than recommended ones (Rayman, 2004; Stabnikova et al., 2008).

Sprouted seeds possess the potential to stimulate the growth and acidifying activity of lactic acid 
bacteria. Simultaneous enrichment of the sprouted seeds deficient in selenium may create a mul-
tifunctional additive to sourdough fermentation with consequent supplementation for human diet. 
Bread being a staple diet seems to be a perfect carrier of this micronutrient.

Diowksz et al. (2014) reported that germinating seeds revealed high ability to accumulate sele-
nium from watering solution, up to 188 mg Se/kg of dried sprouts in the case of lentil. The process 
of selenium accumulation strongly depended on the plant species resulting in total Se content in soy 
and lentil biomass twice as high as in rye or wheat sprouts. A high correlation (R2 = 0.97) between 
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selenium concentration in water and Se accumulation in biomass was observed. Raising of pH from 
7.0 to 8.0 increased 2.5 times selenium uptake.

The addition of Se-enriched plant biomass has a stimulating effect on the sourdough fermenta-
tion process allowing to shorten it by 8–16 h, depending on the dose and temperature. Se-fortified 
rye sprouts used in amounts 2.5 g/100 g of flour did not deteriorate sensory quality of bread and 
raised five times the selenium content in it.

9.4.2.4.6 Antimonium (Sb)
Antimonium is toxic and constitutes a major ingredient of many foodstuffs. High levels of antimo-
nium in foods arise from contamination due to containers glazed with enamel containing antimo-
nium. These containers might be used for food storage or as cooking utensils.

Very little is known about the nutritional uptake of antimonium. The daily uptake is about 
0.25–1.25 mg for American children (Murthy et al., 1971). The allowed permissible concentration 
of antimonium in drinkable water is 0.1 mg/L. Antimonium is stored mainly in the liver, kidneys, 
and skin. Poisoning symptoms include colic, nausea, weakness, collapse with slow or irregular res-
piration, and reduced body temperature.

9.4.2.4.7 Aluminum (Al)
Aluminum is widely used in many industrial applications. Aluminum compounds are used in the 
food industries both as additives and as different utensils (cooking utensils or storage containers). 
Moreover, they can be used in pharmaceutical and cosmetic industries. Its wide use is due to the low 
cost; it does not undergo oxidation; it is recyclable, flexible, and easy to handle; and it is manufac-
tured from bauxite, which is abundant in nature.

The concentration of aluminum in different foodstuffs varied from 0.05 to 129 mg/kg with 
an average concentration of approximately 12.6 mg/kg (Pennington and Jones, 1988). With the 
exception of certain spices and tea leaves, the normal aluminum levels in foodstuffs are very low. 
Contamination could also occur from the use of aluminum containers and aluminum cans in the 
food industries. Water does not constitute a significant source of aluminum uptake.

The chemical form of aluminum affects aluminum absorption. Furthermore, parathyroid 
hormones, vitamin D, and iron seem to affect aluminum absorption (Reilly, 1991). In the 
human bloodstream aluminum is stored mainly in the liver, kidneys, spleen, bones, heart, and 
brain tissues.

9.4.2.4.8 Tin (Sn)
Tin is widely distributed in low quantities in most lands. It exists in lower than 1.0 mg/kg concentra-
tions in all main food groups, except canned vegetables (9–80 mg/kg) and fruits (12–129 mg/kg) 
(Sherlock and Smart, 1984). However, these values today are considered too high since the industry 
uses polyacrylic resin as a coating agent. The use of tinned cans in the canning industry could be a 
source of contamination with tin.

Tin found in foodstuffs seems to be less absorbed by the human organism and is excreted mainly 
by the stool (WHO, 1973). Low quantities of the absorbed tin could be withheld by the kidneys, 
liver, and bones. High tin levels in foodstuffs could cause acute poisoning. The lethal toxic dose for 
humans is 5–7 mg/kg body weight. Chronic poisoning leads to delay of growth, anemia, and histo-
pathologic lesions in liver. Moreover, tin affects iron absorption and the formation of hemoglobin 
(Reilly, 1991).

9.4.2.5 medicinal residues
The use of medicines as additives in animal nutrition has been approved since the 1950s. These 
nonnutritional additives contain hormones, antibiotics, sulfonamides, nitrofurans, and arsenic com-
pounds. These additives have a very significant effect on the increase of yield of dairy products.
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Antibiotics and other medicines are given to productive animals in therapeutic doses 
(200–1000 g medicine/tone food, 220–1100 mg/kg) for disease treatment, in preventative doses 
(100–400 g medicine/tone food, 110–440 mg/kg) for the prevention of diseases caused by bacte-
ria or protozoa, and finally at doses higher than or equal to 200 g (2.2–220 mg/kg) medicine/tone 
food for 2 weeks or more with the aim to increase the food yield and the acceleration of animal 
growth (Moorman and Koenig, 1992; NAS, 1980).

Despite the fact that the mechanisms with which medicines enrich the animal food and acceler-
ate their growth are hardly tangible, the following have been reported concerning their use (Franco 
et al., 1990):

• They suppress the responsible microorganisms for mild but nonrecognizable infections.
• They reduce the microbial production of toxins, which decelerate growth.
• Antimicrobial factors reduce the destruction of the essential nutrients from microbes in the 

gastroenteric or increase the biosynthesis of vitamins or other growth factors.
• They improve the absorption capacity and use of nutrients.

However, the use of these antimicrobial medicines could result in the presence of residues in foods 
of animal origin. Some representative examples of possible sources of contamination of dairy and 
meat products from medicinal residues are the extended use or the high dose of approved medi-
cines, the frequent mammary gland therapy with antibiotics, the misuse of these medicines (e.g., the 
wrong mixing of contaminated milk with noncontaminated), the twofold increase of the dose, the 
use of dry period therapy in milking cows, the nongood application of the directions of use of these 
medicines (Booth and Harding, 1986; Jones and Semour, 1988; McEwen et al., 1991).

Medicinal residues in foods should be avoided for the following reasons (Brady and Katz, 1988):

• Some residues could cause temperamental reactions, in particular in sensitive groups of 
the population, which could be very serious.

• In general, the presence of medicinal residues exceeding the determined allowed levels is 
illegal.

• Some medicinal residues in liquid dairy products have the ability to intervene in starter 
cultures which are used in processed dairy products.

• The presence of residues shows that the food could be coming from an animal that had 
suffered a severe infection.

• The concern of the public regarding food safety, hygiene, and food quality has greatly 
increased nowadays.

• The most important argument is that the presence of residues leads to the formation of 
microorganisms resistant to medicines, human pathogens.

9.4.2.6 germicides
The term germicides refers to a group of chemicals used at a world level in agricultural products 
with the aim to control, destruct, or inhibit weeds, insects, fungi, and other harmful plants or ani-
mals. Approximately 320 active ingredients of parasiticides are available in a thousand different 
combinations (Hotchkiss, 1992).

Out of the 500,000 estimated plant or animal species and microorganisms, the well-known 
harmful plants and animals are less than 1%. However, this small percentage is enough to cause 
great-scale economic destructions. Hence, it is reported that insects, pathogenic plants, and 
weeds destroy approximately 37% of the American agricultural production, with losses reaching 
50%–60% in the developing world. The total cost for challenging harmful plants and animals 
is too high since it requires the use of huge amounts of germicides and becomes even higher if 
one estimates the indirect cost from the use of germicides associated with the destruction of 

© 2016 by Taylor & Francis Group, LLC

  



353Advances in Food Additives and Contaminants

beneficial organisms, the perturbation of ecological systems, and the appearance of infections 
and diseases in humans (Pimentel, 1991).

Germicides consist of herbicides, insecticides, and fungicides. There exists three main chemical 
groups of insecticides: organochlrorine compounds, organophosphorous, and carbamides. A fourth 
group constitutes the synthetic pyrethroids (synthetic chemicals associated with natural pyrethroids 
abundant in chrysanthemum). These compounds have a generally low toxicity in mammals, includ-
ing humans, and most of them are biodegradable. The most common herbicides are organochlrorine 
compounds, whereas the most common fungicides are pentachlorophenol, cadmium chloride, and 
commercially Benomyl, Captan, Μaneb, Thiram, Zineb, etc. Most of these germicides are based on 
genetic mutations and in heavy metals as their active ingredients.

Most germicides have a carcinogenic, teratogenic, and embryotoxic action at a high degree, while 
some of them affect even the central nervous system. Organochlorine germicides bioaccumulate on 
human tissues from liver enzymes instead of detoxifying and get excreted. The result is the produc-
tion of epoxides and peroxides, which cause membrane damage and lead to free radicals formation. 
These free radicals interact with DNA acting as mutation material (Pryor, 1980). Moreover, organo-
chlorine compounds restrict the transfer of inorganic material through the cell membranes and inhibit 
cell respiration. Organophosphoric compounds inhibit acetylcholinesterase, a key enzyme involved in 
the process of transfer of nervous impulses. These germicides are often particularly toxic and because 
of their volatile character, they have an immediate effect upon inhaling. They are more biodegradable 
compared to organochlorine compounds; however, they are still suspected of chronic toxic effects. 
Moreover, carbamides are poisons of the nervous system with varying toxicity.

When germicides are not used in the right way, they result in the presence of residues in food 
and may cause severe problems in consumers’ health. Their use in agricultural products presents 
three relevant but distinct hazards that determine the possibility a failure or injury might occur as 
described below (Hotchkiss, 1992):

 1. Environmental hazards, associated with unpleasant effects on nontarget organisms and 
contamination of ground water.

 2. Occupational hazards associated with the farmers working in the fields who breathe the 
germicides. These are the most significant ones because human exposure to germicides is 
direct; hence, health damage is more probable.

 3. The presence of residues in the foodstuffs.

Occupational hazards could be considerably reduced with strict controls and application of the 
required preventive technology. Environmental effects are associated with certain germicides and, 
more specifically, heavy metal compounds and organochlorine compounds. These are particularly 
toxic and resistant to biodegradation.

Over the last few years, public have begun to worry about the presence of germicide residues in 
foodstuffs. The discovery that certain germicides, considered safe some years ago, cause hazardous 
effects in human health has increased anxiety even more. This pushed the US National Research 
Council (NRC) to start in 1985 the study of methods to determine the residue limits of these germi-
cides in foods. Hence, according to NRC (1987), a very important parameter was used to express the 
oncogenic strength of a germicide. This is expressed as Q* (tumors/mg germicide/kg body weight/
day) and shows the possibility of a germicide to cause tumors in guinea pigs. Hence, a high value of 
Q* shows a strong oncogenic reaction (i.e., formation of additional tumors) at a given dose. These 
estimations for different germicides are average values derived from many positive oncogenic stud-
ies in animals. The nutritional oncogenic hazard is estimated by multiplying Q* with the exposure, 
for example, food consumption × germicide residue.

Finally, it should be mentioned that there are tables comprising the limits FAO/WHO has deter-
mined regarding the ADI and the maximum residue limits (MRLs).
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9.4.2.7 preservatives
9.4.2.7.1 Antimicrobial Substances
It is well known that the growth of microorganisms in foods is undesirable with the exception of the 
useful microbial fermentations in certain products, which are essential for the product to acquire its 
organoleptic characteristics and its final structure. The development of undesirable microorganisms 
in foods leads to the change of appearance, structure, consistency, taste, color, and nutritional value. 
Moreover, certain microorganisms are toxic for humans, causing infections or endotoxin formation 
following their growth in foods. Thus, it is required to inhibit the microorganisms’ growth in foods 
with the aim of food preservation and enhancement and assurance of their quality.

Food preservation has been accomplished through the application of physical or chemical methods 
(Sofos and Busta, 1993). The natural methods of inhibition or destruction of microorganisms consist 
of the change of temperature through the application of high (e.g., pasteurization, sterilization) or low 
temperatures (refrigeration, freezing), the exposure to ionizing radiation and water removal (e.g., dry-
ing). The chemical methods of food preservation include the use of desirable microorganisms for 
fermentations or the direct use of chemical additives, which act as antimicrobial factors. Moreover, 
some chemical additives such as salt, phosphoric salts, and antioxidants sometimes exert a direct or 
indirect antimicrobial action. In this chapter, we will only refer to the chemicals used exclusively as 
antimicrobial substances in foods, pharmaceuticals, or other materials (Sofos and Busta, 1992).

Nowadays, the needs of the modern market as well as the requirements of the modern consumer 
have led to the wide use of chemical antimicrobial substances in foods. In general, the modern mar-
keting system is largely based upon the use of antimicrobial substances.

There are limits for all used antimicrobial substances. Antimicrobial action depends on the fol-
lowing factors:

• The physical and chemical properties (e.g., solubility, toxicity)
• The types of microorganisms involved
• The type and the properties of the preserved product

The use of combinations of inhibitory factors is well known (Leistner, 1985) as the principle of 
microbial hurdles. Finally, it seems that pH affects the range of the antimicrobial action of a chemi-
cal antimicrobial substance.

The use of antimicrobial substances is regulated and approved by the competent authorities of 
each countrys while at an international level FAO and WHO deal with such matters. Some of these 
antimicrobial substances are characterized as generally recognized as safe (GRAS) by FDA, and 
are acquitted from the food additives regulations. These substances should be approved for a spe-
cific use. Moreover, they must obey good manufacturing practices and be properly labeled.

Burdock and Carabin (2004) reported on the history and description of GRAS, a system for review 
and approval of ingredients for addition to food. The GRAS approval process for a food ingredient 
relies on the judgment of “… experts qualified by scientific training and experience to evaluate its 
safety…” the end product of which is no better or worse than that by FDA but often more expeditious. 
The process and requirements for a successful GRAS determination are discussed and compared 
with that of the food additive petition (FAP) process. The future of the GRAS process is assured by its 
history of successful performance, bringing safe food ingredients to the consumer in a timely manner.

GRAS is probably more useful now than before in examining, for example, (1)  macronutrients, 
which cannot be tested by conventional means (at more than 5% of the diet of test animals), 
(2) biotechnologically produced or novel foods and responding to the concept “as safe as” conven-
tional food, (3) high doses of nutrients (e.g., vitamins or specific foods such as meat in “Atkins-type” 
diets) for which no animal models exist.

The most important approved chemicals acting as antimicrobial substances and food preserva-
tives are described below (Table 9.10).
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taBle 9.10
preservatives in Food; name, origin, Functionality, adverse effects, adi, and applications 

e name origin Functionality effects adi product uses 

Ε200 Sorbic acid Natural from fruits 
or synthetic from 
ketene

Preservative Skin irritant on direct 
contact

0–25 Yoghurt, soft drinks, 
sweets, wine

Ε210 Benzoic acid Natural substance, 
synthetically 
manufactured

Preservative Allergic reactions. Not 
recommended for 
hyperactive children

0–5 Jams, beer, fruit 
juices, yoghurts, 
soft drinks

Ε211 Sodium benzoate From benzoic acid Preservative Allergic reactions 0–5 Caviar, sweets, 
sauces, (soya, 
barbeque) soft 
drinks

Ε212 Potassium 
benzoate

From benzoic acid Preservative Allergic reactions 0–5 Margarine, 
concentrated fruit 
juices

Ε213 Calcium benzoate From benzoic acid Preservative Allergic reactions 0–5 Fruit condensed 
juices

Ε214 ρ-Hydroxybenzoic 
ethyl

From benzoic acid Preservative Allergic reactions. 
Similar to Ε215, 
Ε216, Ε217, Ε218, 
Ε219

0–10 Beer, fruit juices, 
aromatic 
substances, 
syrups, yams

Ε216 ρ-Hydroxybenzoic 
propyl

From benzoic acid Preservative Similar to Ε214 Similar to Ε214

Ε218 ρ-Hydroxybenzoic 
methyl

Synthetic Preservative Causes allergic and 
skin reactions

0–10 Cooked beets, 
sauces, chocolate 
fillings

Ε220 Sulfur dioxide Chemically 
produced

Stabilizer, 
preservative, 
aromatic 
compound

Destroys vitamin Β, 
possible gastric 
problems

0–0.7 Fruit salads, dry 
fruits, beer, 
gelatin, fruit 
juices, sausages

Ε221 Sodium 
thiosulfate

From sulfurous 
acid

Equipment 
sterilization, 
antioxidant

Allergic reactions. Not 
recommended for 
those having 
problems with liver

0–0.7 Frozen prawns, 
potatoes, beer, 
wine

Ε222 Sodium hydrogen 
sulfite

From sulfurous 
acid

Preservative Allergic reactions in 
patients suffering 
from asthma

0–0.7 Beer, wine, milk, 
dairy products, 
fruit juices

Ε223 Sodium bisulfite Sulfurous acid salt Antioxidant, 
preservative

Allergic and skin 
reactions

0–0.7 Frozen prawns, 
potatoes, alcoholic 
drinks, pickles, 
orange juice

Ε224 Potassium 
bisulfite

Synthetic Preservative Allergic reactions 0–0.7 Frozen potatoes, 
seafood, wines

Ε226 Calcium sulfite Synthetic Preservative Allergic reactions — cider, fruit juices
Ε227 Calcium hydrogen 

sulfite
Synthetic Preservative Allergic reactions — Beer, jams, gel

Ε230 Diphenyl Synthetic, 
produced from 
benzene

Preservative Exposure to diphenyl 
causes nausea, 
vomiting, eye and 
nose irritations

0–0.5 Processing of fruit 
skin

Ε236 Formic acid Synthetically 
produced

Preservative No consequences 
Forbidden in the 
United Kingdom

0–3 No technological 
applications

(Continued)
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9.4.2.7.2 Sorbic Acid and its Salts
Sorbic acid is a compound existing both in nature and produced synthetically. Nowadays, it is 
widely used due to its low cost. Sorbic acid and its salts constitute very effective antimicrobial sub-
stances against many yeasts, molds, and bacteria. Certain microorganisms such as lactic acid bac-
teria as well as specific yeasts and molds are resistant to the inhibition by sorbic acid. The activity 
of sorbic acid against microorganisms is an operation derived from synergic or antagonistic effects 
with product composition, pH, water activity, chemical additives, storage temperature, microbial 

taBle 9.10 (continued)
preservatives in Food; name, origin, Functionality, adverse effects, adi, and applications 

e name origin Functionality effects adi product uses 

Ε239 Hexamethylene-
tetramine

Derived from 
formaldehyde 
and ammonia

Preservative Gastroenteric 
perturbation. Possible 
carcinogenesis

0–0.15 Provolone cheese, 
marinated foods, 
red herrings

Ε249 Potassium nitrite Synthetic salt Meat 
preservative

It enters the 
bloodstream and 
affects hemoglobin. 
Headaches, 
methemoglobinemia. 
If it reacts with amines 
it gives carcinogenic 
nitrosamines.

0–0.2 Cooked meat, 
sausages, smoked 
fish

Ε250 Sodium nitrite Synthetic salt Preservative Similar to Ε249 0–0.2 Meat products, 
sausages, bacon, 
frozen pizza

Ε251 Sodium nitrate Natural salt Preservative, 
color 
stabilizer

Nitric acid could be 
converted into 
nitrates. Similar to 
Ε249

0–5 Bacon, ham, 
cheeses, frozen 
pizza

Ε252 Potassium nitrate Natural salt or 
synthetic

Preservative, 
color 
stabilizer

Anemia, kidney 
infection. Similar to 
Ε249

— Sausages, cooked 
pork meats, dutch 
cheeses, canned 
meat

Ε261 Potassium acetate Synthetic Natural colors 
preservative

Low toxicity, gets 
excreted in urine

— Provolone cheese, 
marinated foods, 
red herrings

Ε270 Lactic acid Natural substance Preservative Gastroenteric 
disorders in infants

— Margarine, 
carbonated drinks, 
infant milk

Ε281 Sodium 
propionate

Natural propionic 
acid salt

Preservative Possible correlation 
with migraines

— Processed cheese, 
bakery and dairy 
products

Ε282 Calcium 
propionate

Propionic acid salt Preservative Skin irritant in pure 
form in bakery 
workers

— Processed cheese, 
dairy and baking 
products, frozen 
pizza

Ε290 Carbon dioxide Natural gas Preservative, 
packaging 
gas

In the stomach, it 
increases gastric juice 
secretions

— Juices, soft drinks

Source: From Varzakas, T.H. et  al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances in Food 
Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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flora, atmospheric gases, and packaging (Sofos and Busta, 1981). A significant factor affecting the 
antimicrobial action of sorbic acid is the pH of the substrate. The maximum pH for activity is 6.5 
whereas measureable inhibition of microbial growth has been reported even at pH 7.0. Sorbic acid 
concentrations (<0.3%) can only inhibit and not inactivate microorganisms in foods. Higher con-
centrations can inactivate microorganisms; however, they cannot be used or allowed in foods due to 
their unpleasant effect on product taste. Finally, it is well known that sorbic acid is one of the less 
harmful preservatives used in foods.

9.4.2.7.3 Benzoic Acid and its Salts
Benzoic acid can be widely used as preservatives in the food, pharmaceutical, and cosmetics indus-
tries. They possess very powerful antimicrobial and antioxidant properties. In the food industries, 
they are widely used as preservatives in foods with pH less than 4.5 due to the low cost and the easy 
incorporation into products. The narrow pH range in which they act, their undesirable taste and their 
toxicological profile, which is less desirable than other antimicrobial substances, constitute limitations 
in their use (Chipley, 1993). Preservatives concentrations usually vary from 0.05 up to 0.1%. However, 
either lower concentrations are employed, or they can be used in combination with other antimicrobial 
substances when taste problems are evident (Jermini and Schmidt-Lorenz, 1987). As antimicrobial 
substances, benzoic acid, and its salts are more effective against yeasts and bacteria compared to molds 
(Sofos and Busta, 1992). Their antimicrobial action varies depending on the food, its pH and water 
activity, as well as the type and microorganism species. Some yeasts, which destroy food of medium 
humidity, seem to be resistant in the inhibition caused by benzoic acid and its salts (Warth, 1977, 
1985, 1988, 1989). Moreover, there are certain microorganisms capable of metabolizing benzoic acid. 
Reports on its use as an antimicrobial substance showed that these compounds do not cause unpleasant 
effects on human health (Chipley, 1993). It is generally considered as a safe food preservative.

9.4.2.7.4 Popionic Acid and its Salts
They exist naturally in Swedish cheeses at a percentage of 1%, derived from Propionibacterium 
bacteria, which are involved in ripening of these cheeses. Besides the mould inhibition in cheeses, 
they can be used as preservatives in baked products, where they cause inhibition of fungi as well as 
some bacterial species. Moreover, they could be used as antimicrobial factors at levels between 0.1% 
and 0.38%. Their antimicrobial action depends on the type of microbe and the product pH (highest 
activity at pH = 6.0). Propionic acid and its salts can be categorized as GRAS  when used in concen-
trations that do not surpass the normal amount required for the accomplishment of the desired effect.

9.4.2.7.5 Esters of Parahydroxybenzoic Acid
They are used as antimicrobial substances in cosmetics, medicines, and in foods. Compared to ben-
zoic acid their solubility in water is higher and decreases with the increase of the number of carbon 
atoms. These esters are stable on the air and resistant to cold and heat and steam sterilization. They are 
often used in concentrations varying between 0.05% and 0.1%. They exert antimicrobial action against 
yeasts, molds, and bacteria. The microbial inhibition increases when the carbon chain of the ester is not 
branched. The use of these compounds is favored in high pH products where other antimicrobial factors 
are ineffective. They could be also effectively used in conjunction with benzoic acid depending on the 
cost, pH, and taste, and more particularly in products with slightly acidic pH (Sofos and Busta, 1992).

Methyl paraben (CAS No. 99-76-3) is a methyl ester of p-hydroxybenzoic acid. It is a stable, 
nonvolatile compound used as an antimicrobial preservative in foods, drugs, and cosmetics for 
over 50 years. Methyl paraben is readily and completely absorbed through the skin and from the 
gastrointestinal tract. It is hydrolyzed to p-hydroxybenzoic acid, conjugated, and the conjugates are 
rapidly excreted in the urine. There is no solid evidence of accumulation. Acute toxicity studies 
in animals indicate that methyl paraben is practically nontoxic by both oral and parenteral routes. 
In a population with normal skin, methyl paraben is practically nonirritating and nonsensitizing. In 
chronic administration studies, NOEL as high as 1050 mg/kg have been reported and a NOAEL in 
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the rat of 5700 mg/kg is posited. Methyl paraben is not carcinogenic or mutagenic. It is not terato-
genic or embryotoxic and is negative in the uterotrophic assay. The mechanism of cytotoxic action 
of parabens may be linked to mitochondrial failure dependent on induction of membrane perme-
ability transition accompanied by the mitochondrial depolarization and depletion of cellular ATP 
through uncoupling of oxidative phosphorylation.

Parabens are reported to cause contact dermatitis reactions in some individuals on cutaneous 
exposure. Parabens were implicated in numerous cases of contact sensitivity associated with cutane-
ous exposure, but the mechanism of this sensitivity is still unknown (Soni et al., 2002). Sensitization 
occurred when medications containing parabens were applied to damaged or broken skin. Allergic 
reactions to ingested parabens were reported, although rigorous evidence of the allergenicity of 
ingested paraben is lacking.

9.4.2.7.6 Sulfur Dioxide and Salts of Sulfuric Acid
Sulfuric acid is one of the most traditional antimicrobial substances, widely employed in products 
such as wines (Banks et al., 1987). It is soluble in water and gives sulfurous acid and its ions when it 
comes into contact with water in foods. The ion’s percentage increases with the reduction of pH value. 
Sulfuric acid salts can be used as preservatives and are more useful since they are available in dry 
forms. The antimicrobial action against yeasts and molds and bacteria is selective, with certain spe-
cies to be more sensitive in inhibition compared to other species (Sofos and Busta, 1992). Bacteria are 
generally more sensitive in inhibition (Chichester and Tanner, 1972). Sulfur dioxide and sulfuric acid 
salts are GRAS  substances; however, their level of use in wines is restricted to 0.035%. Its presence 
at higher levels lead to undesired taste and is generally forbidden in foodstuffs, which are considered 
sources of thiamine due to the fact that they inactivate it (Daniel, 1985; Walker, 1988; Ough, 1993).

9.4.2.7.7 Carbon Dioxide
It is a gas being solidified at −78.5°C; thus, forming dry ice. It is used in the maintenance of car-
bonated drinks, vegetables, fruits, meat, fish, and wines. The dry ice form can be used to store or 
transport products at low temperatures. As an ingredient of modified temperatures, that is used to 
store fruits and vegetables, it delays the respiration and ripening and inhibits the growth of yeasts 
and molds. It can also be used in carbonated drinks as a fermentation factor and as an inhibitor of 
microbial growth. It inhibits oxidation changes in beer. The antimicrobial activity depends on its 
concentration, the type of microorganisms, the water activity, and storage temperature. Since these 
factors vary, carbon dioxide could not exert any action, stimulate growth, or inhibit growth, or be 
lethal for microorganisms (Clark and Takacs, 1980; Davidson et al., 1983; Enfors and Molin, 1978; 
Foegeding and Busta, 1983). From the toxicological point of view, it is well known that respiration 
of 30%–60% carbon dioxide in the presence of 20% oxygen could cause death in animals, whereas 
man’s exposure in atmospheres containing more than 10% could lead to loss of senses. Moreover, 
respiration of smaller quantities for an extended period of time could be deleterious.

9.4.2.7.8 Epoxides
Ethylene and propylene oxides are cyclic ethers with only one oxygen atom connected with two 
neighboring carbon atoms of the same chain (Davidson et al., 1983). Ethylene oxide gas could go 
through most of the organic materials without causing any damage, which makes it very useful for 
sterilization of materials sensitive to temperature. Epoxides are drastic against yeasts, mold, and 
insects, but less drastic against bacteria. The antimicrobial action of the two epoxides depends on 
the humidity and their ease in the penetrability of organic materials.

9.4.2.7.9 Hydrogen Peroxide
It is an oxidative factor as well as discoloration factor with antimicrobial properties. It is an unstable 
compound and dissociates easily to form water and oxygen. The dissociation and the antimicro-
bial activity of this compound increase at higher temperatures. The antimicrobial action arises 
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from its oxidative properties and depends on the concentration, pH, temperature, and exposure time 
(El-Gendy et al., 1980; Smith and Brown, 1980). Besides its use as an additive, hydrogen peroxide is 
produced by lactobacilli in foods. It is permitted to be used in cheese manufacturing, whey powder 
processing, and in other applications (Cords and Dychdala, 1993; Stevenson and Shafer, 1983).

9.4.2.7.10 Antioxidants
Antioxidants are substances used in food preservation together with antimicrobial substances (Table 
9.11). It is important to realize that besides microbial destruction oxidative degradation of polyun-
saturated fatty acids contributes significantly at the time of food preservation. Fatty acid oxidation 
is a complex process of chemical and biological reactions leading to the formation of a large number 
of products (Figure 9.1). Fat oxidation results in changes in taste and aroma of foods with a high 
concentration in oils and fats, changes in their structure due to the reaction of products derived from 
oxidation of fats with proteins, and loss of their nutritional value due to the destruction of vitamins, 
amino acids, and essential fatty acids (Dziezak, 1986). Furthermore, fat oxidation products are 
directly related to the development of a number of diseases such as arteriosclerosis, coronary heart 
disease, and cancer, as well as the process of ageing of cells.

taBle 9.11
antioxidants in Food; name, origin, Functionality, adverse effects, adi, and applications 

e name origin Functionality effects adi. product uses 

Ε302 l-Ascorbic calcium Synthetic salt Preservative, 
antioxidant

Low possibility 
for stone 
formation in the 
kidneys

— Madrilene

Ε310 Gaelic propyl ester Synthetic 
substance

Antioxidant Gastric and skin 
irritations. Not 
allowed in baby 
foods

0–0.5 Vegetable oils, 
margarine, 
snacks, gums

Ε311 Gaelic oktylester Similar to Ε310 Similar to 
Ε310

Similar to Ε310 0–0.5 Similar to 
Ε310

Ε312 Gaelic dodecyl ester Similar to Ε310 Similar to 
Ε310

Similar to Ε310 0–0.5 Similar to 
Ε310

Ε320 Butylichydroxyanisol 
(ΒΗΑ)

Synthetic, derived 
from 
ρ-methoxyphenol 
and isobutane

Antioxidant Not allowed in 
baby foods. 
Forbidden in 
Japan

0–5 Biscuits, 
sweets, 
sauces, chips, 
soft drinks, 
margarine

Ε321 Butylichydroxytoluene 
(BHT)

Synthetic, derived 
from cresol and 
isobutylene

Antioxidant In pigs, 1 g causes 
death in 2 weeks. 
Not allowed in 
baby foods

0–0.5 Gums, chips, 
margarine, 
peanuts, sauce 
cubes, mash

Ε325 Lactic sodium Lactic acid salt Humectant. It 
maintains 
pΗ levels.

None — Cheese, gel, 
jam, ice 
creams, 
margarine

Ε326 Lactic potassium Similar to Ε311 Similar to 
Ε311

Similar to Ε311 0–0.5 Similar to 
Ε325

Source: From Varzakas, T.H. et  al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances in Food 
Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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Antioxidants play an important role in the deceleration of lipid oxidation reactions in foodstuffs. 
According to FDA they are defined as “substances used as preservatives, with the aim to reduce 
spoilage, rancidity, or food discoloration, which are derived from oxidations.” Antioxidants addition 
in foodstuffs is either intentional (direct addition into product) or symptomatic (migration of antioxi-
dants from packaging material into product). The right and effective use of antioxidants depends on 
the understanding of (1) the chemistry of oils and fats and (2) the mechanism of oxidation and their 
operation as substances, which react in food oxidation (Stuckey, 1972).

The approval of an antioxidant for food use requires extended toxicological studies, which con-
sist of studies for possible transformation, carcinogenic, and teratogenic effects. Finally, there are 
some antioxidant substances that have been recognized as safe (GRAS).

Twelve food additives and six secondary plant products were analyzed with regard to their anti-
oxidant activity by using three different test systems (Trolox equivalent antioxidant capacity, pho-
tochemiluminescence, ferric reducing antioxidant power) as reported by Kranl et al. (2005). The 
results differed depending on the assay. All the food additives showed antioxidant activities com-
parable to the calibration substance Trolox. In contrast, the secondary plant products had an up to 
16 times higher antioxidant potential. This might be a good reason for the food industry to opt for 
natural antioxidants instead of synthetic ones in order to get storage stability for processed food 
items—which, according to recent surveys, is in the interest of consumers.

Lipid peroxidation is a reaction occurring in food products which leads to off-flavor and other 
quality losses (e.g., changes in color and texture). To stabilize products, the food industry uses 
food additives endowed with antioxidant activity. Typical antioxidants are butylated hydroxytoluene 
(BHT) and butylated hydroxyanisole (BHA) as well as ascorbic acid and their derivatives. During 
the last decade, natural antioxidants have been gaining ground at the expense of synthetic ones. 
Secondary plant products, widely known for their health promoting effects, have then been evalu-
ated for their use as food ingredients with stabilizing effects (Britt et al., 1998).

An overview of most of the analytical methods existing to determine the antioxidant activity was 
compiled by Bohm and Schlesier (2004).

The three recent EU directives which fixed MPL for food additives for all member states (EC, 
1995) also include the general obligation to establish national systems for monitoring the intake of 
these substances in order to evaluate their safe use. Leclercq et al. (2000) considered additives with 

Unsaturated fatty acids or triglycerides

Free radicals

Hydroxyperoxides

Polymerization
(dark color)

(possible toxicity)

Decomposition products
(including rancidity of odorless

substances) such as ketones,
aldehydes, alcohols, hydrocarbons.

Oxidation of coloring agents,
aromatic substances, vitamins

Nonprotein
solubility

+ Oxygen

Figure 9.1  Mechanisms of fatty acid oxidation. (From Varzakas, T.H. et al., Food additives and contami-
nants, Chapter 13, in: Yildiz, F., ed., Advances in Food Biochemistry, CRC Press/Taylor & Francis Group, 
2010, pp. 409–457.)
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primary antioxidant technological function or for which an ADI was established by the SCF: gal-
lates, BHA, BHT, and erythorbic acid. The potential intake of these additives in Italy was estimated 
by means of a hierarchical approach using either step-by-step or more refined methods. The likeli-
hood of the current ADI to be exceeded was very low for erythorbic acid, BHA, and gallates. On the 
other hand, the theoretical maximum daily intake (TMDI) of BHT was above the current ADI. The 
three food categories found to be main potential sources of BHT were “pastry, cake and biscuits,” 
“chewing gums,” and “vegetables oils and margarine.” They overall contributed 74% of the TMDI. 
Actual use of BHT in these food categories is discussed together with other aspects such as losses of 
this substance in the technological process and percentage of ingestion in the case of chewing gums.

Tert-butylhydroquinone (TBHQ) is an approved food-grade antioxidant, which has been used 
as an effective preservative for unsaturated vegetable oils, numerous edible animal fats, and meat 
products at concentrations less than 0.02% (Kashanian and Dolatabadi, 2009). It does not change 
the flavor or odor of the material and does not lead in discoloration, even in the presence of iron 
(Okubo et al., 2003).

TBHQ was tested for potential cytotoxicity and genotoxicity upon A549 lung cancer cells and 
human umbilical vein endothelial cells (HUVEC) by Eskandani et  al. (2014). Cytotoxicity was 
evaluated by MTT assay and flow cytometry analysis, while genotoxicity was assessed in vitro by 
alkaline comet, DNA fragmentation, and DAPI staining assays. Dose- and time-dependent TBHQ 
decreased the growth of A549 and HUVEC cells. Flow cytometry analyses determined early and 
late apoptosis in the treated cells. Also, single strand DNA breaking has been observed through 
comet assay technique. In addition, morphology of DAPI stained cells and DNA fragmentation 
assay using gel electrophoresis showed clear fragmentation in the chromatin and DNA rings within 
the nucleus of cell’s treated TBHQ.

Recently, the protective effect of the TBHQ on nephrotoxicity in rats and traumatic brain injury-
induced brain oedema and cortical apoptosis in mice had been reported (Jin et al., 2011; Perez-Rojas 
et al., 2011).

Controversially, the effects of TBHQ on mutagenesis and carcinogenesis can be either enhancing or 
suppressing, and the antioxidative and cytoprotective properties of TBHQ can be changed into prooxida-
tive, cytotoxic, and genotoxic properties (Nagai et al., 1996; Okubo et al., 1997; Perez-Rojas et al., 2011).

9.4.2.7.11  Antibiotics in Animal Feed
Animals and humans constitute overlapping reservoirs of resistance, and consequently use of anti-
microbials in animals can have an impact on public health. For example, the occurrence of vanco-
mycin-resistant enterococci in food-animals is associated with the use of avoparcin, a glycopeptide 
antibiotic used as a feed additive for the growth promotion of animals. Vancomycin-resistant entero-
cocci and vancomycin resistance determinants can therefore spread from animals to humans. The 
bans on avoparcin and other antibiotics as growth promoters in the EU have provided scientists with 
a unique opportunity to investigate the effects of the withdrawal of a major antimicrobial selective 
pressure on the occurrence and spread of antimicrobial resistance. Data shows that although the lev-
els of resistance in animals and food, and consequently in humans, were markedly reduced after the 
termination of use, the effects on animal health and productivity were very minor (Wegener, 2003).

Food animal production in intensive systems and, within those, various types of chemical additives 
included in the compound diets fed has received much adverse attention from the media, consumers, 
politicians, legislators, and advisory groups in recent years according to Pugh (2002). No additive class 
received more adverse comments than the antibiotics used for the purpose of enhancing the efficiency 
of animal production. Pugh (2002) considered the safety of the antibiotic feed additives (AFAs) against 
the background of the regulatory measures in place, defined their role and described the relevant 
concerns. Regarding the health risk which underpinned the AFA bans, he made a warning about the 
precedent created by the use of the precautionary principle in the recent banning of six of their number.

McEvoy (2002) reviewed the legislative framework controlling the use of veterinary medi-
cines and zootechnical food additives in the EU. From a contamination perspective, “problem” 
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compounds include sulfonamides, tetracyclines, nitroimidazoles, nitrofurans, ionophore coccidio-
stats, and nicarbazin. The literature on each of these was reviewed, and examples of interventions 
to minimize contamination were given. Examples of contaminants include naturally occurring and 
synthetic toxic environmental compounds (e.g., mycotoxins and dioxins) which may contaminate 
feed raw materials. Zootechnical feed additives and veterinary medicines may also contaminate 
unmedicated feeding stuffs due to carry over during feed production. Contaminated feed can cause 
deleterious health effects in the animals and, through “secondary exposure” of consumers to prod-
ucts deriving from these animals, may be harmful to people.

9.4.2.8 packaging materials
Materials widely used in food packaging consist of paper, cellulose products, cellophane, and met-
als (aluminum, tin, stainless steel, etc.), glass, plastic, and various materials such as wood, textiles. 
Most of these materials have been used for years and have caused minor problems. On the contrary, 
plastics bring into contact with food a large number of chemical ingredients, which have not been 
used before by the food industry; however, they offer new advantages as new packaging materials. 
Migration of these substances, being used in plastics processing, into food causes the biggest worry 
and concern regarding food safety problems and dangers.

All plastics, besides the basic polymer derived from the oil industry, consist of a number of other sub-
stances either added intentionally during their preparation or processing or found inside them unavoid-
ably as residues from polymerization reactions. Polymers are high molecular weight compounds, inert 
and restricted solubility in aqueous and oily systems; hence, it is improbable to migrate into food at a 
high concentration (Crosby, 1981). Even if packaging fragments get consumed by mistake, they will 
not react with body fluids present in the gastroenteric system. The concern on the safe use of plastics 
as packaging materials mainly arises from the possible toxicity of other lower molecular weight com-
pounds which may appear in the final product and get filtered into the food during its storage.

The two main reasons of food adulteration from plastic packaging materials are the following:

• Polymerization residues, which consist of monomers, oligomers (with molecular weight 
higher than 200), catalysts (mainly metallic salts and organic peroxides), solvents, emul-
sifiers and water proof materials, impurities, infectious plant materials, inhibitors, and 
degradation products

• The various auxiliary processing materials, such as antioxidants, plasticizers, light and 
heat stabilizers, coloring agents, lubricants, fungicides, etc.

The more volatile the monomers, the lower their concentration with time, however, low levels of 
these monomers could continue to be found in the final product.105,106 Styrene and acrylonitrile 
 residues are generally removed with higher difficulties.

9.4.2.8.1  Antimicrobial Edible Coatings
The development of antimicrobial edible coatings as a cost effective means to increase the shelf life 
of fresh-cut fruit has been investigated and its potential demonstrated (Brasil et al., 2012; Franssen 
and Krochta, 2003; Gutierrez, Barry-Ryan and Bourke, 2008; Mantilla et al., 2013; Sipahi et al., 
2013; Vargas et al., 2009). Any material used for wrapping foods to extend the shelf life of the prod-
uct that may be eaten together with food, with or without further removal, is considered an edible 
film or coating (Pavlath and Orts, 2009). Alginate is among the polysaccharides that have been suc-
cessfully used to coat fresh-cut fruits (Sadili-Bico et al., 2010).

Coatings based on sodium alginate, pectins, and gellan gum have been shown to be effective, 
not only in retarding water loss but also in incorporating different active agents such as probiotic 
microorganisms or natural antioxidants and antimicrobials (Soliva-Fortuny, 2010).

Martinon et al. (2014) developed a multilayered edible coating with antimicrobial agent to extend 
the shelf life of fresh-cut cantaloupe stored at 4°C. Three different sets of experiments were designed 
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to test the effect of different concentrations of chitosan (0.5, 1, 2 g/100 g), pectin (0.5, 1, 2 g/100 g), 
and encapsulated trans-cinnamaldehyde (1, 2, 3 g/100 g) on the quality of fresh-cut cantaloupe.

The first set (chitosan concentrations) provided the optimum concentration of chitosan based on 
preferences by the panelists. The second set (pectin concentrations) produced an acceptable coating 
that maintained shelf life. The third set (antimicrobial concentrations) helped establish the optimum 
concentration of trans-cinnamaldehyde in the coating. Changes in fruits texture, color, moisture, 
acidity, and pH were monitored. Sensory testing was carried out to support the objective quality data, 
and microbiological analysis helped verify the antimicrobial effectiveness of trans-cinnamaldehyde. 
Uncoated fresh-cut cantaloupes stored at 4°C served as controls. To test for the antimicrobial activity 
of chitosan alone, a second set of controls consisted of samples coated only with chitosan.

Application of a multilayered edible coating composed of 2 g/100 g trans-cinnamaldehyde, 2 g/100 g 
chitosan, and 1 g/100 g pectin helps extend the shelf life of fresh-cut cantaloupe (up to 9 days).

The performances of edible coatings depend on not only the coating methods employed but also 
the properties of the coating materials (type, amount, density, viscosity, and surface tension). Many 
natural materials have the potential to make well performing edible coatings, including proteins, 
polysaccharides, and lipids (Al-Hassan and Norziah, 2012). Among these natural biopolymers, 
chitosan, sodium alginate, and soy protein isolate are the three most promising coating materials 
(Janjarasskul and Krochta, 2010).

The applications of these three materials as edible coating on various food products have been 
widely discussed (Elsabee and Abdou, 2013; Pizato et al., 2013; Ramos et al., 2012).

Spraying is another widely used method for applying coatings. This technique offers uniform 
coating, thickness control, and the possibility of successive applications which does not contami-
nate the coating solution (Andrade et al., 2012). It has been reported that bovine gelatin is success-
fully spray-coated onto fresh meat including beef tenderloins, pork loins, salmon fillets, and chicken 
breasts to improve their storage qualities (Antoniewski et al., 2007).

Nam et al. (2011) indicated that electrostatic spraying of ascorbic acid at 500 mg/kg could effi-
ciently prevent both lipid oxidation and color change in ground beef. Ganesh et al. (2012) pointed 
out that electrostatic spray of food-grade acids and plant extracts is more effective compared with 
conventional spray in decontaminating Escherichia coli O157:H7 on spinach and iceberg lettuce.

The performance of edible coating is influenced by the properties of coating materials and execu-
tion methods. Zhong et al. (2014) studied three different coating materials (chitosan, sodium algi-
nate, and soy protein isolate) and four different coating application methods (dipping, enrobing, 
spraying, and electrostatic spraying) and tested their performance for coating mozzarella cheese. 
The properties of coating solutions, morphology, and basic quality changes of the cheese during 
storage at 4°C were evaluated. Results showed that sodium alginate solution was the most vis-
cous (η = 0.155 Pa s) and had small contact angle on hydrophobic substrate surface indicating its 
better spreadability on cheese. Film thickness displayed obvious differences based on the coating 
methods (ranging from 30.6 to 83.3 mm), with two spraying methods leading to thinner coatings. 
Sodium alginate-coated cheese possessed the best overall physicochemical properties during stor-
age, whereas the preservation effects were not significantly different among four coating methods. 
This study provided valuable new information about the effective coating application methods for 
different coating materials.

9.4.2.8.2  Bisphenol and Food Packaging
Bisphenol A (BPA) is an indirect food additive which is used as a material for the production of 
phenol resins, polyacrylates, and polyesters but mainly for the production of epoxy resins and poly-
carbonate plastics. Epoxy resins are used in engineering applications, in paints and adhesives, and 
in a variety of protective coatings in metal cans for foods, bottle tops, and water supply pipes. The 
polycarbonate plastics are used to make a variety of common products including baby bottles and 
water bottles, medical and dental devices, eyeglass lenses, and household electronics because they 
have high impact strength, hardness, toughness, transparency, and resistance to many acids and oils 
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(Pulgar et al., 2000). Unfortunately, BPA has been known to be leached from these plastics, espe-
cially those that are cleaned with harsh detergents or those that contain acidic or high-temperature 
liquids. The excessive level of BPA  leads to coronary heart disease and diabetes (Vandenberg et al., 
2010). The United States Environmental Protection Agency has set a maximum acceptable level of 
BPA as 0.05 mg/kg body weight/day (Alonso-Magdalena et al., 2010).

A rapid, environmental friendly, and sensitive sensor for the detection of BPA was developed 
at glassy carbon electrode (GCE) modified with Tannic acid functionalized N-doped graphene 
(TA/N-G) immobilized by Nafion. Compared with other sensors, the proposed sensor greatly 
enhanced the response signal of BPA due to the active surface area of N-G and high absorption effi-
ciency of TA. Under optimal conditions, the oxidation current increased linearly with increasing the 
concentration of BPA in the range of 0.05–13 mM with the detection limit of 4.0 nM. The fabricated 
electrode showed good reproducibility, stability, and anti-interference. The developed electrochemi-
cal sensor was successfully applied to determine BPA in food package (Jiao et al., 2014).

9.4.2.8.3  Additives and Low-Fat Meat Sausages
Manufacture of low-fat sausages is usually achieved by two basic principles: the use of lean meats 
(which increases cost) and/or reduction of fat and caloric content by adding water ingredients that 
introduce less or no calories.

In emulsified meat products, diminishing fat without increasing water content results in a harder 
product (Hand et al., 1987), while fat replacement with water increases exudative and cooking losses 
(Su et al., 2008) and also affects texture and juiciness of the product (Cierach et al., 2009). However, 
Ordoñez et al. (2001) indicated that low-fat (10%) frankfurters with a texture profile similar to stan-
dard ones could be manufactured.

In order to reduce these problems, different strategies had been applied such as: add proteins (soy 
proteins, whey protein concentrate, gluten, sodium caseinate), gums (xanthan, locust bean gum, car-
rageenans, microcellulose, pectins, konjac), and/or sodium polyphosphate in different combinations 
(Ayadi et al., 2009; Brewer, 2012; Candogan and Kolsarici, 2003; Hsu and Sun, 2006; Jiménez-
Colmenero et  al., 2012; Lurueña-Martínez et  al., 2004; Muchenje et  al., 2009; Pietrasik, 2003; 
Youssef and Barbut, 2010, 2011).

In a previous work, Marchetti et al., (2013) studied low-fat meat emulsions with pre-emulsified 
deodorized fish oil as a source of unsaturated fatty acids.

The addition of 1 g/100 g of several binders (milk proteins, whey protein concentrate (WPC), 
thermally treated WPC, ovoalbumin, HPMC, methylcellulose, mixtures of κ:ι carrageenans or 
xanthan-locust bean gums (XLBG)) to meat emulsions containing 5 g of fish oil/100 g, 25 g of 
water/100 g and 1.4 g NaCl/100 g, were compared to control formulations with 5 g/100 g of beef 
tallow or fish oil without additives.

Response surface methodology was used by Marchetti et al. (2014) to analyze the effect of milk pro-
teins and 2:1 κ:ι-carrageenans on cooking loss (CL), weight lost by centrifugation (WLC) and texture 
attributes of low-fat meat sausages with pre-emulsified fish oil. A central-composite design was used to 
develop models for the objective responses. Changes in carrageenans affected the responses more than 
the milk proteins levels. Convenience functions were calculated for CL, WLC, hardness, and springi-
ness of the product. Responses were optimized simultaneously minimizing CL and WLC; ranges for 
hardness and springiness corresponded to commercial products (20 g of pork fat/100 g). The optimum 
corresponded to 0.593 g of carrageenans/100 g and 0.320 g of milk proteins and its total lipid content 
was 6.3 g/100 g. This formulation was prepared and evaluated showing a good agreement between 
predicted and experimental responses. These additives could produce low-fat meat sausages with pre-
emulsified fish oil with good nutritional quality and similar characteristics than traditional ones.

9.4.2.8.4  Hydrocolloids
Nowadays, there is a great interest for naturally derived hydrocolloids with low cost and proper 
functionality. Lepidium sativum seed gum is one which could meet these demands. The L. sativum, 
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also known as cress seed, is an annual herb from Cruciferae family growing in Middle East coun-
tries, Europe, and United States. It is a culinary herb and has some health promoting properties. 
Cress seeds have been used in traditional medicine for a long time to treat asthma, hypertension, 
hepatotoxicity, hyperglycemia, enuresis, and fractures (Ghante et al., 2011; Gokavi et al., 2004).

A number of studies have been carried out to quantify the intrinsic viscosity, and some other 
studies have been devoted to elucidate the effects of additives such as salts and sugars on the intrin-
sic viscosity of a broad range of hydrocolloids (Gómez-díaz and Navaza, 2003; Higiro et al., 2006, 
2007; Ma and Pawlik, 2007; Mohammad Amini and Razavi, 2012; Nickerson et al., 2004; Razavi 
et al., 2012; Samavati et al., 2007).

Intrinsic viscosity of the hydrocolloids in different solvent/cosolute systems provides deep 
insight on the fundamental molecular properties of biopolymers in food systems. In the research by 
Behrouzian et al. (2014), the influence of some salts and sugars were investigated on intrinsic viscosity 
([η]) of cress seed gum (CSG) as a new potential source of hydrocolloid. The concentration range of 
the additives were 0%–40% w/w, 0%–15% w/w, 0–100 mM and 0–15 mM for sucrose, lactose, NaCl, 
and CaCl2, respectively. Various models, that is, Huggins, Kraemer, Tanglertpaibul-Rao, and Higiro 
were used to estimate the intrinsic viscosity. The polyelectrolyte behavior of the CSG is confirmed by 
the decrease of [η] with addition of salts. The addition of sucrose and lactose was shown to initially 
decrease the intrinsic viscosity, possibly due to either a reduction in solvent quality or a reduction in 
polymer/polymer association, followed by an increase in [η] at higher concentrations. Berry number 
and the slope of master curve demonstrated that CSG samples in all salt and sugar concentrations 
were in dilute domain without entanglement occurrence. The exponent b (slope of power-law model) 
also revealed that CGS samples had the conformation between random coil and rigid rod; however, 
selected salts and sugars slightly changed the CSG conformation to random coil.

9.4.2.8.5  Stabilizers
Stabilizers are natural or chemically modified substances with botanical origin. They form gel 
structures in water and hence are called hydrocolloids. They are divided into alginates, carob, locust 
beans, guar gum, carrageenans, gelatin, and CMC.

Hydrocolloids can be added to mixes for bakery applications to get a better structure of the  batter. 
Starch, carrageenan, and calcium acetate make the protein network in the pudding stronger.

Calcium disodium ethylenediaminetetraacetate is an additive recognized as suitable for use in 
some foods in conformance with the legislation of the European Union (EU) and US FDA, and the 
recommendations of the Codex Alimentarius Commission established by the WHO and the Food 
and Agriculture Organization of the United Nations. The food categories in which it is authorized 
depend on the country. For instance, the EU allows the addition of calcium disodium ethylenediami-
netetraacetate (identified as E385) in products such as fat and oils emulsions, sauces, some canned 
or bottled fruits and vegetables, and fish, and fishery products including molluscs and crustaceans.

This compound is the most common chelating agent used as antioxidant synergist in food to 
improve the stability of foods. It is useful to control the reaction of trace transition metal ions such 
as cooper and iron ions, which prevents the initiation of the oxidation of unsaturated lipids and 
the subsequent deterioration of color and texture. Ethylenediaminetetraacetic acid (EDTA) is more 
prone to form complexes with cooper, iron, and other metals than with calcium at pH close to 7 
(Jimenez, 2014).

As regards the determination of E385 only in the liquid portion of a canned product, it is suit-
able to remark that article 11 of the regulation of the EU on food additives (Regulation (EC) No. 
1333/2008) indicates that the maximum levels of food additives shall apply to the food as marketed.

The sample preparation in fatty samples such as margarine, butter, mayonnaise, and salad dress-
ing is basically similar to that of vegetables and mushrooms. Aliquots of sample are diluted or 
extracted with water (Campana et al., 1996; Krokidis et al., 2005) and, sometimes, subjected to 
a liquid–liquid partitioning with a nonmiscible organic solvent such as benzene (Krokidis et al., 
2005) or dichloromethane (Ruiz et al., 2007) to remove fatty compounds from the diluted sample.
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An original method to determine the food additive calcium disodium ethylenediaminetetraac-
etate in bottled food is proposed by Jimenez (2014). The method involves the solid–liquid extraction 
of a portion of the whole content of legume or artichoke bottles or the dilution of sauce samples with 
water followed by an evaporation step by heating. Finally, EDTA is methylated and determined by 
GC. Recoveries obtained on spiked samples were acceptable (96%–108%) with RSDs comprised 
from 4.3% to 10%. Results suggest that the determination of an additive only in the liquid phase of 
legume or artichoke bottles is not suitable to know its total amount because the additive is distrib-
uted between the liquid and solid phases.

The contribution of each step of the analytical method to the uncertainty of the measured con-
centration has been assessed by a ‘‘bottom-up’’ approach, including the heterogeneity of the sample 
which appeared to be very variable after studying 20 samples.

In consumers’ diet, a range of processed products contain pectin ranging from fruit and  vegetable 
juices (Sila et al., 2009), purees and pastes (Van Buggenhout et al., 2009) where pectin originates 
from the raw material up to products such as yogurt, jams, and many others where pectin is added 
as a thickener, stabilizer or gelling agent (Corredig et al., 2000; Corredig and Wicker, 2001).

Pectin, a heterogeneous group of polysaccharides, is structurally and functionally the most com-
plex polysaccharide in plant cell walls with various functions during plant growth and development.

It also has a diverse range of food and biomedical uses (Mohnen, 2008). Pectin is composed of 
approximately 70% galacturonic acid (GalA) and is suggested to be a triad component encompass-
ing homogalacturonan (HG), rhamnogalacturonan II (RG-II), and rhamnogalacturonan I (RG-I) 
domains (Mohnen, 2008).

Pectin is a common, extremely complex, and process-sensitive polysaccharide in plant cell 
walls with many uses as an additive in the food and biomedical industry. Process-induced chemi-
cal changes in pectin result in various effects on its functionality. An in-depth study is presented 
of the effects of thermal, compared to high hydrostatic, pressure combined with high temperature 
(HP/HT) processing on pectin nanostructure and characteristics. The results obtained emphasized 
the necessity of taking into account pectin association and conformation in solution when analyzing 
molecular weight changes. At a pH of 6.3, a decrease in molecular weight was observed for both 
thermal and HP/HT treated samples but with partially different reasons. While for the thermally 
treated samples the reduction in molecular weight was mostly due to pectin depolymerization for the 
HP/HT treated samples, a significant effect was observed for conformational changes induced by 
electrostatic repulsion caused by the complete demethoxylation of the polymer. On the contrary due 
to conformational changes, an increase in the observed molecular weight was noticed for HP/HT 
treated samples at a pH of 4.4. The study also clearly shows the necessity of combining an absolute 
molar mass determination method like multiangle laser light scattering (MALLS) in studies on the 
effect of processing on pectin Shpigelman et al. (2014).

9.4.2.8.6  Emulsifiers
Emulsifiers contain a molecule with a hydrophobic and a hydrophilic end. These concentrate in the 
interface between the fat and the continuous aqueous phase of the system, reducing the interfacial 
tension. This results in finely dispersed fat globules surrounding the air bubbles. The emulsifier is 
affected by the concentration, other ingredients, the mix, and the processing time. The main emulsi-
fiers are mono and diglycerides of fatty acids and lecithin, which constitute of egg yolk, milk solids, 
and soya beans (Table 9.12).

Polyglycerol polyricinoleate (PGPR) is used as an emulsifier in the food industry, especially in 
chocolate coatings and chocolate bars. PGPR improves the characteristics of molten chocolate by 
reducing yield stress, facilitating the coating of confectionery pieces, while limiting the amount 
of cocoa butter involved. The enzymatic synthesis of PGPR catalyzed by lipases presents several 
advantages over chemical synthesis, including enzyme specificity and the mild conditions needed, 
thereby avoiding undesirable side-reactions and by-products. A novel process to synthesize PGPR 
using a biocatalyst, Novozym® 435, is presented by Ortega-Requena et al. (2014). Novozym 435 is 
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appropriate for catalyzing both the reactions involved in this process. A PGPR fulfilling European 
specifications for this food additive as well as recommendations set out in the Food Chemical Codex 
was obtained using a discontinuous vacuum reactor with a dry nitrogen flow. In addition, the bio-
catalyst reuse would decrease costs. Moreover, it was confirmed that the ability to obtain PGPR in 
a one-step reaction significantly shortens the time required.

Although fatty acid esters are generally produced by lipases from various sources using organic 
solvents, solvent toxicity, and cost are problems for many applications. The major advantages of 
a solvent-free system (SFS) are that the absence of solvents facilitates downstream processing, 
offers significant cost saving, and minimizes environmental impact (Torrelo et al., 2009; Ye and 
Hayes, 2012).

PGPR is a food additive used to keep emulsions of oil and water systems with a high water 
content stable and used as a viscosity modifier (Mun et al., 2010; Su et al., 2006). In the chocolate 
industry, PGPR is used because it causes a noticeable reduction in the yield stress of molten choco-
late. This allows chocolate to be molded without any air bubbles and easier coating of particulate 
ingredients, while the thickness of the chocolate coating can be optimally adjusted (Schantz and 
Rohm, 2005; Wilson et al., 1998). An additional property of PGPR in chocolate is its ability to 
limit fat bloom (Lonchampt and Hartel, 2004; Schenk and Peschar, 2004).

PGPR is traditionally prepared using chemical methods which involve two alkali-catalyzed 
stages: firstly, the condensation of ricinoleic acid; secondly, the esterification of PGPR acid. The main 
 disadvantage of this process is the energy costs due to long operating times and high temperatures. 

taBle 9.12
emulsifiers in Food; name, origin, Functionality, adverse effects, adi, and applications 

e name origin Functionality effects adi product uses 

Ε400 Alginic acid Natural extract Insoluble in 
cold water

None 0–5 Flans, yoghurt, jams

Ε407 Carrageenan Extract from 
algae

Stabilizer, 
leavening 
agent

Maybe not be 
safe in large 
quantities

— Condensed milk, chocolate 
milk, ice cream, yoghurt, 
biscuits, and toothpastes

Ε412 Guar gum Natural extract Stabilizer, 
leavening 
agent

Large quantities 
cause nausea

— Ice creams, sauces, yoghurt, 
cream cheese

Ε414 Acacia gum Natural 
substance

Stabilizer, 
leavening 
agent

None — Wine, beer, canned 
vegetables

Ε420 Sorbitol Natural 
substance

Stabilizer, 
sweetener

Large quantities 
cause flatulence, 
abdominal 
pains, diarrhea

— Chocolate, sweets, ice 
creams, jams for diabetics, 
ready cakes, gums

Ε422 Glycerin 
(Glycerol)

Natural 
substance. 
Also 
synthetically 
manufactured

Aromatic None — Jams, gel, ice creams, 
desserts, drinks

Ε461 Methylcellulose From cellulose Emulsifier, 
Stabilizer, 
leavening 
agent

Large quantities 
might cause 
nausea

— Drinks, dietetic products, 
sauces, soft drinks

Source: From Varzakas, T.H. et  al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances in Food 
Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.

© 2016 by Taylor & Francis Group, LLC

  



368 Handbook of Food Processing: Food Preservation

Furthermore, this method increases side reactions that produce by-products, providing the final prod-
uct with organoleptic features that make it unsuitable for use as a food additive (Denecke et al., 1981).

9.4.2.8.7  Milk Proteins
Milk proteins are an important part of the manufacture of stable milk foams and emulsions, where 
long-term dispersion stability is often essential. Whey proteins are known to alter their adsorption 
at fluid interfaces, responding to both different aqueous environmental conditions and the presence 
of several food additives such as lipids, sugars, electrolytes, polypeptides, and polysaccharides. 
However, some studies reported mutual incompatibility with the use of both high- and low-molecu-
lar mass surfactants in milk (Kamath et al., 2008; Pérez et al., 2010).

It is also known that caseins adsorb rapidly into the air–water interface due to high surface activ-
ity and flexible structure, while globular proteins such as β-lactoglobulin and α-lactalbumin adsorb 
more slowly (Marinova et al., 2009). Moreover, caseinate produces adsorbed layers similar to those 
found for β-casein, which is the individual casein with the highest surface activity (Carrera-Sánchez 
and Rodríguez-Patino, 2005).

The effect of different concentrations of added sodium caseinate (Na–Cas) and WPC on the foaming 
properties of reconstituted skim milk powder (SMP) was studied by Martinez-Padilla et al. (2014) to 
quantify practical applications as additives in aerated foods. The density and viscosity of the samples 
increased with increasing concentration of SMP or protein. The pH of fortified products was close to 
those of the reconstituted SMP at 10%. The surface tension of both the reconstituted SMP alone and 
that fortified with WPC was higher than that of reconstituted SMP fortified with Na–Cas; these samples 
also took more time to reach equilibrium. Foaming capacity increased with increased SMP or protein. 
Despite the low surface tension attained at equilibrium of reconstituted SMP with increasing Na–Cas 
concentration, foam stability decreased. The kinetics of drainage, Ostwald ripening, and the collapse of 
bubbles were calculated. The most stable foams were those from reconstituted SMP fortified with WPC.

9.4.2.8.8  Iron Phosphates
Water-soluble iron salts (e.g., ferrous sulfate) are easily formulated and absorbed (good bioavail-
ability) but often produce substantial changes in the color and taste of foods.

Decreasing the size of insoluble iron-containing compounds, such as iron(III) pyrophosphate 
(ferric pyrophosphate, or FePP) (Fidler et al., 2004) or iron phosphate (Hilty et al., 2010; Rohner 
et al., 2007), to nanoscale colloidal particles can significantly increase the iron absorption without 
giving rise to organoleptic changes in the product (Velikov and Pelan, 2008).

Despite the wide use of ferric pyrophosphate, many of the basic properties of its colloidal form 
are not well established, and only very recently insights into the colloidal stability and morphology 
of ferric pyrophosphate mixed salts were obtained (Van Leeuwen et al., 2012a,b,c).

Ferric pyrophosphate is a widely used material in the area of mineral fortification, but its synthe-
sis and properties in colloidal form are largely unknown. Rossi et al. (2014) reported on the synthesis 
and characterization of colloidal iron(III) pyrophosphate particles with potential for application as 
a food additive in iron-fortified products. They presented a convenient and food grade synthetic 
method yielding stable colloids of nanometer size with a distinctive white color, a unique char-
acteristic for iron-containing colloids. Physical properties of the colloids were investigated using 
different techniques to assess particle crystallinity, surface charge, mass density, refractive index, 
internal structure, elemental composition, and magnetic properties. The findings of this research 
are especially relevant for food and beverage science and technology and will help develop a more 
effective use of these fortifiers in colloidal form.

9.4.2.8.9 Micellar Systems
Micellar systems allow the coexistence of clear, isotropic, and thermodynamic stable mixtures of 
water, oil, and a surfactant, the presence of a cosurfactant being frequently necessary to ensure the sta-
bility of the system. These systems have notable industrial and food applications due to their capability 

© 2016 by Taylor & Francis Group, LLC

  



369Advances in Food Additives and Contaminants

to solubilize a large range of hydrophilic and hydrophobic substances (Cid et al., 2013; Esmaili et al., 
2011; Fratter and Semenzato, 2011; Gaysinsky et al., 2008; Kumar et al., 2002; Sugiura et al., 2001).

FDA has reviewed the safety of salicylic acid (SA) and methyl salicylate and permits their use as 
indirect food additive in food contact materials (FDA, 2012a). For instance, SA is authorized for use 
as preservative in adhesives and also as catalyst and cross-linking agent for epoxy resins. In addi-
tion, SA attracted much interest because several experimental studies have confirmed that SA could 
be used for postharvest handling of fruits and vegetables as a food additive. SA treatment was dem-
onstrated to delay fruit ripening and/or reduce decay of several fruits and vegetables (Li and Han, 
2000; Srivastava and Dwivedi, 2000; Wei et al., 2011; Zhang et al., 2003), to alleviate chilling injury 
of tomato and cucumber storage at low temperature (Han et al., 2002), or to be used as antibrowning 
agent in fresh-cut Chinese water chestnut stored at low temperature (Peng and Jiang, 2006).

Micellar systems have excellent food applications due to their capability to solubilize a large range 
of hydrophilic and hydrophobic substances. Cid et al. (2014) studied the mixed micelle formation 
between the ionic surfactant sodium dodecyl sulfate (SDS) and the phenolic acid SA at several tem-
peratures in aqueous solution. The critical micelle concentration and the micellization degree were 
determined by conductometric techniques and the experimental data used to calculate several useful 
thermodynamic parameters, like standard free energy, enthalpy, and entropy of micelle formation.

SA helps the micellization of SDS, both by increasing the additive concentration at a constant 
temperature and by increasing temperature at a constant concentration of additive. The formation 
of micelles of SDS in the presence of SA was a thermodynamically spontaneous process and is also 
entropically controlled. SA plays the role of a stabilizer and gives a pathway to control the three-
dimensional water matrix structure. The driving force of the micellization process is provided by 
the hydrophobic interactions. The isostructural temperature was found to be 307.5 K for the mixed 
micellar system. This article explores the use of SDS–SA based micellar systems for their potential 
use in fruits postharvest.

9.4.2.8.10 Leavening Agents
Sodium bicarbonate and sodium hydropyrophosphate are usually used to improve structure. They 
often combine with citric acid to form gases during preparation of batter and during baking. During 
baking they decompose to form carbon dioxide, which is entrapped in the dough by the formed 
protein network (Table 9.13).

9.4.2.8.11 Antilumping Agents
Anticaking agents like silicon dioxide or calcium silicate are added in vending machines to mini-
mize bridging and lumping.

9.4.2.8.12  Toxicological Concerns
The threshold of toxicological concern (TTC) refers to the possibility of establishing a human expo-
sure threshold value for all chemicals, below which there is no significant risk to human health. The 
concept that exposure thresholds can be identified for individual chemicals in the diet, below which no 
appreciable harm to health is likely to occur, is already widely embodied in the practice of many regu-
latory bodies in setting ADIs for chemicals for which the toxicological profile is known. However, the 
TTC concept goes further in proposing that a de minimis value can be identified for any chemical, 
including those of unknown toxicity, taking the chemical structure into consideration.

This concept forms the scientific basis of the US Food and Drug Administration (FDA) 1995 
threshold of regulation for indirect food additives. The TTC principle has also been adopted by the 
Joint FAO/WHO Expert Committee on Food Additives (Commission of the European Communities, 
1997; JECFA, 1997) in its evaluations of flavoring substances (Barlow et al., 2001).

Hattan and Kahl (2002) reported on current developments in food additive toxicology in the 
United States. They mentioned that a recently published proposal (Fed. Reg. 66, 2001) for manda-
tory submission of information on all plant-derived bioengineered foods fed to humans or animals 
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taBle 9.13
leavening agents in Food; name, origin, Functionality, adverse effects, 
adi, and applications 

e name origin Functionality effects adi product uses 

Ε503 Ammonium 
carbonate

Synthetic Leavening agent Stimulation of muciferous 
glands

— Cocoa, baby foods

Ε510 Ammonium 
chloride

Synthetic Flour improver Should be avoided by atoms 
suffering hepatic failure and 
liver cirrosis due to diuretic 
properties

— Bakery products

Ε514 Sodium 
sulfate

Natural 
(from 
minerals)

Flour improver Due to sodium increase in the 
body, it should be avoided 
by patients suffering cardiac 
and kidney failure

— Brewing

Ε518 Magnesium 
sulfate

Natural (sea 
water)

Hardening and 
noncaking 
properties

It could cause toxic 
phenomena in patients 
suffering kidney failure if it 
does not get excreted

— Table salt and 
pharmaceuticals

Ε540 Calcium 
pyrophos-
phate

Natural 
(minerals) 
or artificial

Nutrition 
supplement

Danger in perturbation of the 
balance between 
phosphorous–calcium

0–70 Processed cheeses 
and healthy diet 
products

Ε541 Aluminum 
sodium 
phosphate 
(acidic)

Artificial Flour improver Accumulates in brain nervous 
tissues of patients with 
Alzheimer

0–6 Cakes and fries

Ε541 Aluminum 
sodium 
Phosphate 
(basic)

Synthetic Emulsifier and 
leavening agent

Similar to Ε541 (acidic) Similar to Ε541 
(acidic)

Ε544 Polyphos-
phoric 
calcium

Artificial Emulsifier and 
leavening agent

Danger in perturbation of the 
balance between 
phosphorous–calcium

0–70 Dairy products

Ε545 Polyphos-
phoric 
ammonium

Artificial 
ammonium

Complex 
properties

Similar to Ε544

Ε553 Β-talk 
(French 
chalk)

Natural Anticaking and 
leavening 
properties

Wheeziness and cough due to 
chemical inflammation of 
small bronchi

— Imported salt, garlic 
and onion powder, 
sugar fine, and 
chewing gums

Ε554 Aluminum 
sodium 
silicate

Natural or/
and 
artificial

Nonagglomerating 
agent

Neurotoxic and responsible 
for Alzheimer’s disease

— Dried food in 
powder form, salt, 
hard cheeses in 
pieces, rice

Ε556 Calcium–
aluminum 
silicate

Natural 
(mineral)

Nonagglomerating 
agent

Similar to Ε554 Rice, chewing 
gums, hard cheeses 
in pieces, salt

Source: From Varzakas, T.H. et  al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances in Food 
Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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will be reviewed. Under this proposal, information such as data on identity, level, and function of 
the introduced substance(s); an estimate of dietary exposure; allergenic potential of the protein; data 
relevant to other safety issues that may be associated with the substance; selection of a comparable 
food; historic uses of comparable food; composition, and characteristics of bioengineered food ver-
sus those of the comparable food should be provided. In addition, characterization of the parent 
plant; construction of the transformation vector and introduced genetic material along with number 
of insertion sites and genes; data on the genetic material and any newly inserted genes for antibiotic 
resistance should be submitted with the notification. The Interagency Coordinating Committee for 
Validation of Alternative Methods (ICCVAM) was identified by the US Congress as the organi-
zation to review and validate new alternative toxicological test methods for 14 US government 
agencies. Validated and accepted alternative toxicity tests will be incorporated into toxicity testing 
recommendations for regulatory agencies.

9.5 do additiVes Cause health proBlems?

Crohn’s disease is a chronic granulomatous inflammation of the gastrointestinal tract which was 
first described in the beginning of the twentieth century. The histological similarity with intesti-
nal tuberculosis has led to the assumption of an involvement of mycobacteria and mycobacterial 
antigens, respectively, in the etiology. A major defense mechanism against mycobacterial lipid 
antigens is the CD1 system which includes CD1 molecules for antigen presentation and natural 
killer T cells for recognition and subsequent production of cytokines like interferone-gamma and 
tumor necrosis factor-alpha. These cytokines promote granulomatous transformation. Various 
food additives, especially emulsifiants, thickeners, surface-finishing agents and contaminants like 
plasticizers share structural domains with mycobacterial lipids. It was therefore hypothesized, by 
Traunmuller (2005), that these compounds are able to stimulate by molecular mimicry the CD1 
system in the gastrointestinal mucosa and to trigger the proinflammatory cytokine cascade.

These are diglycerides of long-chained fatty acids esterified with acetic, lactic, citric, or tartaric 
acid (E472a–d) and fatty acid esters of propylene glycol (E477), polyglycerol (E476), or polyoxy-
ethylene sorbitan (E432–E436). They are frequently used in the industrialized production of sweets, 
cream desserts, sauces, spreads, and margarine. Increased consumption of the latter already has been 
suspected to play a role in the etiopathogenesis of CD (Guthy, 1982). Furthermore, waxes of animal 
or vegetable origin like beeswax, carnauba wax, and candelilla wax (E901–E914) used as surface-
finishing agents for sweets and citrus fruits contain long-chained fatty acid esters (Hamilton, 1995).

Other candidates are dialkyl phthalate esters (di[2-ethylhexyl]phthalate, DEHP; diisononyl 
phthalate, DINP), used as plasticizers for polyvinyl chloride (PVC) since the 1930s (Bouma and 
Schakel, 2002; Latini et al., 2004). They were found in concentrations up to 45% in children’s toys 
and teething rings made of soft PVC and migrate into the saliva during chewing and mouthing 
activities. Ready-to-serve meals are heavily contaminated with plasticizers when PVC gloves were 
worn during cooking and packaging (Tsumura et al., 2001).

The understanding of Crohn’s disease as a CD1-mediated delayed-type hypersensitivity to cer-
tain food additives would lead to strong emphasis on a dietary treatment.

Van den Brandt et al. (1995) concluded that epidemiology can contribute significantly to hazard 
identification, hazard characterization, and exposure assessment. Epidemiologic studies directly 
contribute data on risk (or benefit) in humans as the investigated species, and in the full food intake 
range normally encountered by humans. Areas of contribution of epidemiology to the risk assess-
ment process are identified, and ideas for tailoring epidemiologic studies to the risk assessment 
procedures are suggested, dealing with data collection, analyses, and reporting of both existing 
and new epidemiologic studies. The paper by Van den Brandt et al. (1995) described a scheme to 
classify epidemiologic studies for use in risk assessment and deals with combining evidence from 
multiple studies. Using a matrix approach, the potential contribution to each of the steps in the 
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risk  assessment process is evaluated for categories of food substances. The contribution to risk 
assessment of specific food substances depends on the quality of the exposure information.

Sarıkaya and Cakır (2005) evaluated four food preservatives (sodium nitrate, sodium nitrite, 
potassium nitrate, and potassium nitrite) and then five combinations at a concentration of 25 mM 
for genotoxicity in the somatic mutation and recombination test (SMART) of Drosophila melano-
gaster. Three-day-old larvae transheterozygous, including two linked recessive wing hair mutations 
(multiple wing hairs and flare), were fed at different concentrations of the test compounds (25, 50, 
75, and 100 mM) in standard Drosophila instant medium. Wings of the emerging adult flies were 
scored for the presence of spots of mutant cells, which can result from either somatic mutation or 
mitotic recombination. Moreover, lethal doses of food preservatives used were determined in the 
experiments. A positive correlation was observed between total mutations and the number of wings 
having undergone mutation. For the evaluation of genotoxic effects, the frequencies of spots per 
wing in the treated series were compared to the control group, which is distilled water. Chemicals 
used were ranked as sodium nitrite, potassium nitrite, sodium nitrate, and potassium nitrate accord-
ing to their genotoxic and toxic effects. Moreover, the genotoxic and toxic effects produced by the 
combined treatments considerably increased, especially when the four chemicals were mixed. That 
study revealed that correct administration of food preservatives/additives may have a significant 
effect on human health.

Although potassium sorbate (PS), ascorbic acid, and ferric or ferrous salts (Fe-salts) are used 
widely in combination as food additives, the strong reactivity of PS and oxidative potency of ascor-
bic acid in the presence of Fe-salts might form toxic compounds in food during its deposit and dis-
tribution. Kitano et al. (2002) evaluated the reaction mixture of PS, ascorbic acid, and Fe-salts for 
mutagenicity and DNA-damaging activity by means of the Ames test and rec-assay. Effective lethal-
ity was observed in the rec-assay. No mutagenicity was induced in either Salmonella typhimurium 
strains TA98 (with or without S-9 mix) or TA100 (with S-9 mix). In contrast, a dose-dependent 
mutagenic effect was obtained when applied to strain TA100 without S-9 mix. The mutagenic 
activity became stronger increasing with the reaction period. Furthermore, the reaction products 
obtained in a nitrogen blanket did not display any mutagenic and DNA-damaging activity. PS, 
ascorbic acid, and Fe-salts were inactive when they were used separately. Omission of one compo-
nent from the mixture of PS, ascorbic acid, and Fe-salt turned the reaction system inactive. These 
results demonstrate that ascorbic acid and Fe-salt oxidized PS and the oxidative products caused 
mutagenicity and DNA-damaging activity.

Nowadays there has been a strong shift to natural compounds. The interest in the possible use of 
natural compounds to prevent microbial growth has notably increased in response to the consumer 
pressure to reduce or eliminate chemically synthesized additives in foods. Minimally processed 
fruits are an important area of potential growth in rapidly expanding fresh cut produce. However, 
the degree of safety obtained with the currently applied preservation methods seems to be sinuf-
ficient. Lanciotti et al. (2004) gave an overview on the application of natural compounds, such as 
hexanal, 2-(E)-hexenal, hexyl acetate and citrus essential oils, to improve the shelf life, and the 
safety of minimally processed fruits as well as their mechanisms of action.

Plants and plant products can represent a source of natural alternatives to prolong the shelf-
life and the safety of food. Some of these volatile compounds were found to play a key role in the 
defense systems of fresh produce against decay microorganisms. Some of these compounds are 
produced throughout the lipoxygenase pathway that catalyzes the oxygenation of unsaturated fatty 
acids, forming fatty acid hydroperoxides.

Aldehydes and the related alcohols are produced by the action of hydroperoxide lyases, isomer-
ases, and dehydrogenases. Many of the natural aromas of fruits and vegetables responsible for their 
“green notes,” such as hexanal, hexanol, 2-(E)-hexenal, and 3-(Z)-hexenol, are carbon compounds 
formed through this pathway (Table 9.14).

These compounds are also important constituents of the aroma of tomatoes, tea, strawberry, 
olive oil, grape, apples, and pear. Moreover, plant essential oils, composed mainly by terpenoides, 
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taBle 9.14
aroma and taste enhancers in Food; name, origin, Functionality, adverse effects, 
adi, and applications 

e name origin Functionality effects adi product uses 

Ε256 Malic acid Natural (potatoes, 
apples, etc.) or 
artificial 
(commercial use)

Aromatic 
agent/
acidifying 
agent

Avoid the use of 
artificially made malic 
acid in baby foods.

Canned tomatoes, 
peas, orange puree 
with low calories, 
concentrated 
tomato juice, fruit 
juices

Ε620 l-glutamate Natural (amino 
acid of plants and 
animals) and 
artificial 
(commercial use)

Aroma and 
taste 
enhancer

Its accumulation could 
cause damage to brain 
cells of guinea pigs.

0–120 Sauces, soups, 
aromatic lasagna 
and processed 
cheeses

Ε621 Acidic 
monosodium 
glutamate

Artificial Taste 
enhancer

Its accumulation could 
cause brain tissue 
disorders.

0–120 Instant soups and 
sauces

Ε622 Acidic 
potassium 
glutamate

Artificial Taste 
enhancer

High doses could cause 
phenomena related to 
high potassium.

— Vegetable soups

Ε627 Disodium 
Guanylate

Artificial Taste 
enhancer

It should be avoided by 
patients with high uric 
acid due to the fact of 
being raw material of the 
synthesis of uric acid.

— Canned meat 
products, crackers, 
vegetable soups, 
and sauces

Ε631 Sodium 
inosinate

Natural or 
artificial

Taste 
enhancer

Similar to Ε627 Processed meat 
products, sauces, 
and soups

Ε635 Ribonucleic 
sodium

Artificial Taste 
enhancer

Similar to Ε627 Similar to Ε627

Ε421 Mannitol Natural or 
artificial

Sweetener 
and 
noncaking

Some people may 
develop nausea, 
vomiting, diarrhea.

Sweets, ice creams, 
gums

Ε905 Microcrystalline 
wax

Artificial Antifoaming 
agent and 
glazing agent

High doses cause diarrhea 
and irritation.

Dried fruits, citrus 
fruits, gums

Ε951 Aspartame Artificial Sweetener Phenylketonurea patients 
should avoid it.

Soft drinks, milk 
drinks, fruit 
juices, dry nuts, 
nutrition 
supplements, 
mustard

Ε952 Cyclamic acid 
and its sodium 
and calcium 
salts

Artificial Sweetener Cyclamic get excreted 
unalterable by the 
human body except 
some others that could 
disrupt it and cause 
undesirable side effects.

Low calorie 
products

Source: From Varzakas, T.H. et  al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., Advances in Food 
Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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taBle 9.15
suggested additives to be Banned from school meals 
Colorings 

E102—Tartrazine

E104—Quinoline Yellow

E107—Yellow 2G

E110—Sunset Yellow

E120—Cochineal

E122—Carmoisine

E123—Amaranth

E124—Ponceau 4R

E128—Red 2G

E131—Patent Blue V

E132—Indigo Carmine

E133—Brilliant Blue FCF

E151—Black PN

E154—Brown FK

E155—Brown -HT

Preservatives

E211—Sodium benzoate

E212—Potassium benzoate

E213—Calcium benzoate

E214—Ethyl-4-hydroxybenzoate

E215—Ethyl-4-hydroxybenzoate sodium salt

E216—Propyl 4-hydroxybenzoate

E217—Propyl 4-hydroxybenzoate sodium salt

E218—Methyl 4-hydroxybenzoate

E219—Methyl 4-hydroxybenzoate sodium salt

E220—Sulfur dioxide

E221—Sodium sulfite

E222—Sodium hydrogen sulfite

E223—Sodium metabisulfite

E224—Potassium metabisulfite

E226—Calcium sulfite

E227—Calcium hydrogen sulfite

E250—Sodium nitrite

E251—Sodium nitrate

Flavorings/enhancers 

E621—Monosodium glutamate

E635—Sodium 5-ribonucleotide

Sweeteners 

Aspartame

Acesulfame K

Sodium Saccharine

Source: From Varzakas, T.H. et al., Food additives and contaminants, Chapter 13, in: Yildiz, F., ed., 
Advances in Food Biochemistry, CRC Press/Taylor & Francis Group, 2010, pp. 409–457.
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were extensively studied for their antimicrobial activity against many microorganisms including 
several pathogens (Delaquis et al., 2002). In particular, the activity of oils from Labiatae and citrus 
fruits were investigated.

According to the Hyperactive Children’s Support Group and Organix Research the additives 
shown in Table 9.15 should be banned from school meals.

9.6 risK assessment oF Food additiVes

Edler et al. (2002) presented a review on the mathematical methods and statistical techniques pres-
ently available for hazard assessment. Existing practices of JECFA, FDA, EPA, etc., were examined 
for their similarities and differences. A framework is established for the development of new and 
improved quantitative methodologies. They concluded that mathematical modeling of the dose–
response relationship would substantially improve the risk assessment process. An adequate char-
acterization of the dose–response relationship by mathematical modeling clearly requires the use 
of a sufficient number of dose groups to achieve a range of different response levels. This need not 
necessarily lead to an increase in the total number of animals in the study if an appropriate design 
is used. Chemical-specific data relating to the mode or mechanism of action and/or the toxicoki-
netics of the chemical should be used for dose–response characterization whenever possible. It is 
concluded that a single method of hazard characterization would not be suitable for all kinds of risk 
assessments, and that a range of different approaches is necessary so that the method used is the 
most appropriate both for the data available and for the risk characterization. Future refinements to 
dose–response characterization should incorporate more clearly the extent of uncertainty and vari-
ability in the resulting output.

FAO/WHO encourages member countries to develop national food control measures based on 
risk assessment in order to assure proper protection level to consumers and facilitate fair trade. This 
is particularly important for developing countries as WTO members because it is clearly stated in 
the sanitary and rhytosanitary measures (SPS) agreement that: (1) SPS measures should be based 
on risk assessment techniques developed by relevant international organizations; and (2) Codex 
standards which is based on risk assessment are regarded as the international norm in trade dispute 
settlement. When conducting risk assessment on food chemicals (including additives and contami-
nants) in developing countries, in most cases it is not necessary to conduct their own hazard charac-
terization because the ADIs or PTWIs of food chemicals developed by international expert groups 
(e.g., JECFA) are universally applicable and also developing countries do not have the resources to 
repeat those expensive toxicological studies. On the other hand, it is necessary to conduct exposure 
assessment in developing countries because exposure to food chemicals varies from country to 
country (Chen, 2004). This is not only crucial in setting national standards but also very important 
for developing countries to participate in the process of developing Codex standards. In addition 
to food standard development, risk assessment is equally useful in setting up priorities in imported 
food inspection and evaluating the success of various food safety control measures.

Renwick et al. (2003) presented a review of risk characterization, the final step in risk assessment 
of exposures to food chemicals. The report is the second publication of the project ‘‘Food Safety in 
Europe”: Risk Assessment of Chemicals in the Food and Diet (FOSIE, 2002). The science under-
pinning the hazard identification, hazard characterization and exposure assessment steps has been 
published in a previous report (Food Safety in Europe, 2002). Risk characterization is the stage of 
risk assessment that integrates information from exposure assessment and hazard characterization 
into advice suitable for use in decision making. The focus of this review was primarily on risk charac-
terization of low molecular weight chemicals but consideration was also given to micronutrients and 
nutritional supplements, macronutrients and whole foods. Problem formulation, as discussed here, 
is a preliminary step in risk assessment that considers whether an assessment is needed, who should 
be involved in the process and the further risk management, and how the information will provide 
the necessary support for risk management. The report described good evaluation practice as an 

© 2016 by Taylor & Francis Group, LLC

  



376 Handbook of Food Processing: Food Preservation

organizational process and the necessary condition under which risk assessment of chemicals should 
be planned, performed, scrutinized, and reported. The outcome of risk characterization may be quan-
titative estimates of risks, if any, associated with different levels of exposure, or advice on particular 
levels of exposure that would be without appreciable risk to health, for example, a guidance value such 
as an ADI. It should be recognized that risk characterization is often an iterative and evolving process.

ADI is derived from the NOAEL or other starting point, such as the benchmark dose (BMD), by 
the use of an uncertainty or adjustment factor. In contrast, for non-threshold effects, a quantitative 
hazard estimate can be calculated by extrapolation, usually in a linear fashion, from an observed 
incidence within the experimental dose–response range to a given low incidence at a low dose. This 
traditional approach is based on the assumption that there may not be a threshold dose for effects 
involving genotoxicity. Alternatively, for compounds that are genotoxic, advice may be given that 
the exposure should be reduced to the lowest possible level.

A case-by-case consideration and evaluation is needed for hazard and risk characterization of 
whole foods. The initial approach to novel foods requires consideration of the extent to which the 
novel food differs from any traditional counterparts, or other related products; hence, whether it 
can be considered as safe as traditional counterparts/related products (the principle of substantial 
equivalence). As for macronutrients, epidemiological data identifying adverse effects, including 
allergic reactions, may also exist. Human trials on whole foods, including novel foods, will only be 
carried out when no serious adverse effects are expected.
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10 Ohmic Heating
Principles and Application in 
Thermal Food Processing

M. Reza Zareifard, M. Mondor, S. Villeneuve, and S. Grabowski

10.1 introduCtion

The application of high-temperature short-time (HTST) technology by means of aseptic-processing 
technique for filling is limited by the time required to conduct sufficient heat to the center of large 
particles to ensure sterilization. These techniques rely on indirect heating with some deficiencies 
that led to the development of different technologies based upon direct resistance heating, such as 
Ohmic heating (Eliot-Godéreaux et al., 2001). Ohmic heating, which cannot be considered as an 
emerging technology any longer, has obvious advantages in saving energy, shortening the heating 
time, and improving processed food quality, especially when processing foods containing large 
particulates (Chen et al., 2010).

Ohmic heating is comparable to microwave heating without an intermediary step of converting 
electricity into microwaves through the magnetron before applying to the product. Varghese et al. 
(2014) reviewed Ohmic heating technology and its application in food processing and concluded 
that this technique is especially advantageous in processing semi solid, particulate foods. It has 
proven advantages over conventional thermal processing and novel thermal alternative technolo-
gies. However, the success of Ohmic heating depends on the rate of heat generation in the system, 
the electrical conductivity (EC) of the food, electrical field strength, residence time, and the method 
by which the food flows through the system.

Ohmic heating can be used for heating liquid foods containing large particulates, such as soups, 
stews, and fruit slices in syrups and sauces, and heat-sensitive liquids. The technology is useful 
for the treatment of proteinaceous foods, which tend to denature and coagulate when thermally 
processed. For example, liquid eggs can be ohmically heated in a fraction of a second without 
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coagulating them (Bozkurt and Icier, 2012). Juices can be treated to inactivate enzymes without 
affecting the flavor (Leizerson and Shimoni, 2005).

A large number of potential future applications exist for Ohmic heating including its use in 
blanching, thawing, evaporation, dehydration, fermentation, extraction, sterilization, pasteurization, 
and heating of foods to serving temperature, including in the military field or long-duration space 
missions. One of the main advantages claimed for Ohmic heating is rapid and relatively uniform 
heating. Ohmic heating is currently being used for processing of whole fruits in Japan and the 
United Kingdom. One commercial facility in the United States uses Ohmic heating for the pro-
cessing of liquid eggs (FDA, 2011). It is believed that Ohmic heating is one of the most demanding 
advanced green technologies by the food industries.

The heating occurs in the form of internal energy transformation (from electric to thermal) within 
the materials (Sastry and Barach, 2000) due to their electrical resistance properties. Therefore, 
Ohmic heating can be seen as an internal thermal energy generation technology, and not only as ther-
mal energy transfer, meaning that it does not depend on heat transfer either through a solid– liquid 
 interface or inside a solid in a two-phase system (Knirsch et al., 2010).

In general, Ohmic processing enables to heat materials at extremely rapid rates, from a few sec-
onds to a few minutes (Sastry, 2005). It also enables, under certain circumstances, large particulates 
and carrier fluids to heat at comparable rates, thus making it possible to use HTST and ultrahigh 
temperature (UHT) techniques on solids or suspended materials (Imai et al., 1995).

The heating rate of particles in a fluid depends on the relative conductivities of the system’s 
phases and the relative volume of those phases (Sarang et al., 2007). Low-conductivity solid par-
ticles, compared to fluid conductivity particles, tend to lag behind the fluid at low concentrations 
related to the volume of the fluid. However, in conditions where the concentration of the particles 
is high, those same low-conductivity particles may heat faster than the surrounding fluid. So, the 
phenomenon of particle lagging or particle leading depends on the significance of particle resistance 
to the overall circuit resistance (Sastry and Palaniappan, 1992a). This phenomenon occurs because, 
with the increase of the particles’ concentration, the electric current path through the fluid becomes 
more tortuous, forcing a greater percentage of the current to flow through the particles. This can 
result in higher energy generation rates within the particles and consequently in a greater relative 
particle heating rate (Sastry and Palaniappan, 1992b; Sarang et al., 2007). This fact indicates that 
it may be possible to adjust the heating pattern of solid–fluid systems by adjusting the overall influ-
ence of particles’ resistance in the system through setting the particles’ concentration in the fluid.

In a nonhomogeneous material, such as soups containing slices of solid foods, the electrical con-
ductivity (EC or σ) of the particles and its relation to the fluid conductivity is pointed as a critical 
parameter. This parameter can be adjusted to the desired level by soaking the materials in proper 
solution prior to processing. There are critical values of σ (below 0.01 S/m and above 10 S/m) where 
Ohmic heating is not applicable (Piette et al., 2001, 2004).

Due to the lack of sufficient basic data, such as electrical conductivities of solid food that are 
necessary for a high quality, energy efficient, and safe process design, the technique has not been 
so commercialized for particulate foods. However, during the last two decades, attempts have been 
made by several researchers to understand the heating behavior and evaluate the EC of different 
food components and matrices. This helps food processors to apply the Ohmic heating technique for 
commercial processing of particulate foods and for the researchers to cross-check the values and fill 
up the gaps by developing more accurate equations to predict the electrical conductivities of foods 
for a given condition in a specific Ohmic heating system.

To predict the EC of food materials, mathematical and empirical models have been developed 
as a function of different influencing parameters over the last two decades by many research-
ers (Palaniappan and Sastry, 1991a,b; Yongsawatdigul et  al., 1995; Wang and Sastry, 1997; Wu 
et al., 1998; Moura et al., 1999; Marcotte et al., 2000; Castro et al., 2003; Ayadi et al., 2004; Icier 
and Ilicali, 2004, 2005a,b; Assiry et al., 2006; Pongviratchai and Park, 2007; Singh et al., 2008). 
In case of nonhomogenous materials, effective models were proposed to estimate the electrical 
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conductivities of two-phase mixtures (Maxwell, 1881; Meredith and Tobias, 1960; Brailsford and 
Major, 1964; Kopelman, 1966; Assiry et al., 2006; Zhu et al., 2010); however, applications of these 
models are limited only to dilute spherical particle dispersions (Sastry and Palaaniappan, 1992a). 
Reported values for the EC of food materials are valid for the specified conditions (for example: a 
given temperature, a known salt or solid content, a set voltage and frequency), whereas this property 
is strongly dependent on several factors, and that is why multi-regression models are required for its 
prediction and application. Investigators have been exploring some of these influencing factors on 
the EC of foodstuffs over years, and therefore linear or nonlinear and multiple regression models 
are available.

In a recent study, Chen et al. (2010) analyzed the process sensitivity of continuous Ohmic heating 
process for soup products containing liquid and large particulates by the use of a validated computer 
modeling package to determine the critical control factors. Based on this study, it can be concluded 
that for the Ohmic heating process used for producing liquid-particle foods, EC of both carrier fluid 
and particles is the most sensitive variable to the process temperature and target lethality values. 
Zareifard et al. (2013a) reviewed and reported up-to-date information concerning the existing mod-
els for the prediction of the EC of food materials.

When heterogeneous foods (liquids with suspended solid particles) are processed, the liquid 
acts as an intermediate heat transfer medium, and thermal lags exist within particles. Modeling is a 
suitable method to provide useful information and examine different scenarios, as well as to predict 
the particle’s temperature and monitor the coldest point during the process. Particle temperatures 
were conservatively estimated by mathematical models. However, while the particle orients in dif-
ferent directions, the problem is becoming more difficult (Sastry and Palaaniappan, 1992b). There 
have been some computational modeling works for the last two decades (de Alwis and Fryer, 1990; 
Sastry, 1992; Zhang and Fryer, 1993; Khalaf and Sastry, 1996; Davies et al., 1999; Ye et al., 2004; 
Salengke and Sastry, 2007a; Shynkaryk and Sastry, 2012) concerning thermal behavior of food 
materials undergoing Ohmic heating process. These models mainly simulate the temperature pro-
files of the liquid and solid components in the food system during Ohmic heating which is necessary 
for the process design. However, one of the main inputs to these computational models is the EC 
of the materials. Therefore, knowledge of EC is essential for a safe process design. The worst-case 
scenario or the extreme condition should be taken into account while designing the process. For this 
purpose, it is necessary to have a true understanding of the component’s resistance that represents 
extreme conditions or slowest heating conditions.

Concerning food safety and rate of microbial destruction, research is still ongoing with some 
doubt if there is any additional effect of electrical field on the kinetic parameters of microorgan-
isms of public health concern. Like thermal processing, Ohmic heating inactivates microorganisms 
by heat. Additional nonthermal electroporation-type effects have been reported at low frequency 
(50–60 Hz), when electrical charges can build up and form pores across microbial cells (Kuang and 
Nelson, 1998), however, it is not yet clear; the contribution of the additional effect, and therefore, 
heating is the main mechanism to be claimed during Ohmic heating.

High energy cost, consumer awareness of the food quality, keen competition in the local and 
global market, worldwide free business, and intention to use advanced technology have forced 
the food industry investors to think seriously and apply the new technologies in order to be on 
top of the market. In recent years, application of Ohmic heating technology in food industries is 
spreading from European countries and Japan to the North American producers and slowly to the 
other parts of the world. Food machinery manufacturing companies such as APV Baker (Crawley, 
U.K.) have designed and manufactured appropriate unit operation systems like Ohmic heating plate 
heat exchanger for continuous processing of liquids with an affordable price for the industries. 
Other major equipment suppliers providing commercial-size Ohmic heaters for the food industry 
include Emmepiemme SRL (Piacenza, Italy); C-Tech Innovation (Capenhurst, U.K.); Agro-Process 
(Boucherville, Canada), and Raztek Corp. (Patterson, CA). The first Ohmic heating system in com-
mercial operation was installed in the United Kingdom in the early 1990s followed by Japan, France, 
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and United States to process a variety of foods (Parrott, 1992). This technology has been used more 
in liquid foods such as milk and juices than multi-phase food systems containing liquid and solid; 
however, recent applications of this technology for the solid foods have also been considered nota-
bly. Therefore, since early 2000 major food companies have shown their interest in Ohmic heating 
processing as a green technology, following the intensive research activities performed in the last 
two decades discovering critical processing points. In this chapter, the principle of Ohmic heating 
for the design of a process will be presented, followed by the factors considered as key parameters. 
Exemplary information about the industries that are invested and applied in this technology will be 
provided, and current opinions concerning microbial inactivation of pathogens in food undergoing 
Ohmic heating will be debated.

10.2 prinCiples

The principles of Ohmic heating are simple, and its concept is not new. It is based on the passage of 
electrical current through a body as a result of applying potential voltage to the electrodes at both 
ends of the body. The material that is placed between the electrodes acts as an electrical resistance 
in which heat is generated. Other synonyms used in the literature to describe this principle of 
heating are direct resistance heating, Joule effect heating, electroconductive heating, and electro-
resistive heating. Ohmic heating is comparable to microwave heating without the intermediary step 
of converting electricity into microwaves through the magnetron before heating the product (Ruan 
et al., 2001). However, as a heating technology, Ohmic heating has a very high coefficient of per-
formance, close to one, meaning that every 1 W of electrical power is converted to almost 1 W of 
heat. Ohmic heating technology offers an alternate way to rapidly heat the food considered as the 
resistance. In this method, when an alternating current is passed through a food that has appropriate 
EC, heat generation takes place through the foodstuff, and the electrical energy is directly converted 
into heat, causing a temperature rise. Classical heat transfer mechanisms such as convection or 
conduction are minimal.

In food application, the system is similar to an electrical circuit as shown in Figure 10.1, which 
is comprised of a resistance and a source of current with appropriate voltage gradient. The food 
product which is placed between the two electrodes acts as the resistance when an alternating cur-
rent passes through it. However, the most important factor is the EC of the product which is a 
temperature-dependent parameter.

An analogue of electrical circuit

V

Electrode

Electrode
Food materials

R

Figure 10.1 Principle of Ohmic heating process for food materials.
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The rate of heating is directly proportional to the square of the electric field strength and the EC 
or the resistance of material based on Joule’s first law: P = V2/R; or P = I2R considering Ohm’s law: 
V = IR; where P is the energy per unit time in W or J/s; V is the potential difference in V; R is the 
electrical resistance measured in Ω; and I is the electrical current in A. The electric field strength 
can be varied by adjusting the electrode gap or the applied voltage.

The EC (σ, in Siemens per meter, S/m) of food materials, which is one of the most important 
parameters to know in Ohmic heating process, can be measured from the resistance of the sample 
and the geometry of a simple Ohmic heating cell using the following equation (Palaniappan and 
Sastry, 1991a; Zareifard et al., 2003):
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where
L is the gap between the electrodes (cm)
A is the cross-section surface area of the electrodes (cm2)

The resistance of the sample (R) in Ω was determined from voltage (V) and current (I) data as R = V/I.
EC refers to the ability of a material such as food to transport an electric charge. By introducing 

an electrical voltage difference across a conducting material, the transferable charges will flow 
through the conductor that produces an electrical current (primarily alternating). The existence 
of the electrolytic component, such as salt and acids in food materials, allows the electric cur-
rent to pass through them. The passage of an electric current through food systems is the basis of 
Ohmic heating technique, which generates heat internally within both liquid and solid phases and 
raises the temperature that can be used to pasteurize or sterilize food. The amount of generated 
heat is directly proportional to the current that is produced by the voltage gradient and the EC of 
the foodstuff (Skudder and Biss, 1987; Sastry and Li, 1996; Icier and Ilicali, 2004). Furthermore, 
the amount of current that passes through the system depends on the EC or electrical resistance 
of the materials presented in a food system. Therefore, in an Ohmic heating process, EC can be 
considered as the most important and key parameter as indicated by many researchers (de Alwis 
et al., 1989; Palaniappan and Sastry, 1991a; de Alwis and Fryer, 1992; Tulsiyan et al., 2008). The 
suitability of the materials for Ohmic heating can be determined by their electrical conductivities. 
EC can be considered as a fundamental characteristic of all materials that may depend on other 
materials’ properties such as composition, soluble salt percentage, electrolyte mobility, and tem-
perature (de Alwis and Fryer, 1992; Ayadi et al., 2004). Moreover, EC measurements can be used 
to detect compositional discrepancy and structural changes in food products (Zhuang et al., 1997; 
Guerin et al., 2004). A liquid-particle food system is mainly being controlled by the EC of both 
solid and liquid phases.

The importance of EC of liquid and solid food phases during Ohmic heating have been dem-
onstrated by de Alwis et al. (1989, 1990) through experiments and simulation works. Proper 
knowledge of electrical conductivities of foods under Ohmic heating conditions is essential for 
designing a process for an Ohmic heating system. The design of a continuous Ohmic heating 
processing line is principally determined by the selected configuration of the system, the heat-
ing rate, the flow rate, and the desired temperature rise of the food product (Reznik, 1996). 
The Ohmic heating rate is calculated from the electric field, EC, density, and specific heat of 
the food product. Therefore, the heating rate depends largely on the physical properties of the 
food and the EC. Ohmic heating works effectively for foods because most pumpable foodstuffs 
contain dissolved ionic salts and acids and water in excess of 30%, which render the material 
electrically conductive (de Alwis and Fryer, 1992). Pure fats, oils, alcohols, and sugars are 
not suitable materials for Ohmic heating. These substances are not sufficiently electrically 
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conductive. Table 10.1 shows the values of EC for some food and nonfood materials. Generally, 
biological materials and foodstuff are not suitable for Ohmic heating treatment if the value of 
their electrical conductivities is very low (less than 0.1 S/m) or too high (more than 3 S/m). 
Zareifard et al. (2013c) collected and classified existing published data on different food materi-
als in detail.

10.3 FaCtors aFFeCting ohmiC heating

The Ohmic heating process is more complicated than conventional heating methods as it involves 
more factors, such as EC, influencing the heating behaviors of carrier fluid and particles. The 
achievements from research works in the past two or three decades are more valued in academic 
purpose, but there are still some limitations for the industrial application and commercialization 
of this technology. Most research works were based on the batch Ohmic heating unit instead of 
continuous Ohmic heating system which contains heating, holding, and cooling sections. The resis-
tance of a material to pass the current indicates the amount of generated heat in the material, for 
instance, a food matrix undergoing Ohmic heating process (Skudder and Biss, 1987; Sastry and 
Li, 1996; Icier and Ilicali, 2004). This resistance or level of conductivity depends on many fac-
tors which can be mainly categorized as product and system parameters. The major processing 
 variables investigated over past decades included electrical conductivities of carrier fluid and par-
ticles, particle thermal diffusivity, surface heat transfer coefficient, particle size, particle concentra-
tion, flow rate, and initial product temperature. Some parameters such as residence time and heat 
transfer have been well studied for aseptic processing condition prior to Ohmic heating application 

taBle 10.1
Values of electrical Conductivity (eC) for some materials and level of heating rate

product type eC at 25°C (s/m) heating rate (°C/s) Category 

Coppera

Stainless steela

Titaniuma

5.96 × 107

1.45 × 106

2.38 × 106

Not applicable

Sea water (3.5% salt)a

Starch 4.3% + 1% saltb

Starch 4.3% + 0.5% saltb

4.8
2.1
1.07

1–5 Rapid heating

Pickles and chutneysc

Savory saucesc

Various soupsc

Minced beef, lambc

Pet foodsc

2.0–3.0
1.6–1.8
1.4–1.8
0.8–1.2
0.7–1.2

Full-cream milkc

Dairy dessertsc

Beaten eggc

Vegetable piecesc

Fruit piecesc

0.52
0.38–0.50
0.4
0.06–0.1
0.05–0.15

7–50 Very rapid heating

Margarinec

Sugar syrupc

0.027
0.001

Unsuitable products Too low

Drinking watera

Glassa

Teflona

5 × 10−4 to 5 × 10−2

10−15 to 10−11

10−25 to 10−23

Not applicable

a Helmenstine (2013).
b Marcotte (1999).
c Stirling (1987).
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in food processing. The results of those studies are still useful and applicable in Ohmic heating 
process due to the similarities in continuous tube-flow process conditions. Other factors related to 
the product include shape and size, percentage, and orientation of the solid content in the electrical 
field which basically affect the overall resistance of the system. EC of food materials has been con-
sidered as the most important influencing parameter on process temperature and target lethality 
values as indicated by many researchers (de Alwis et al., 1989; Palaniappan and Sastry, 1991a; de 
Alwis and Fryer, 1992; Tulsiyan et al., 2008; Chen et al., 2010). This property has to be measured 
experimentally like other thermo-physical properties of materials such as thermal conductivity, 
thermal diffusivity, and heat capacity. These properties are not fixed values and could be varied 
under different conditions especially for biological materials and foodstuffs. There are several 
parameters that can affect and change the values of EC for a given commodity. Measuring EC of 
biological materials also depends on the specification of measurement system, the so called system 
parameters. Other parameters, like under pressure or vacuum, which can change the rate of heat-
ing during Ohmic heating process, directly affect the EC of the materials as well. Food processing 
investigators have investigated some of these influencing factors on the EC of foodstuffs. Simple 
linear or nonlinear and multiple regression models have been developed and proposed by a group 
of researchers in the literature.

Some of the product parameters can be named as temperature, ionic strength, free water 
(Lima et al., 1999), material shape, size, and orientation (Sastry, 1992; Sastry and Palaniappan, 
1992a), as well as the ingredient of the food matrix, and the ratio of solid to liquid in com-
plex food matrices (Palaniappan and Sastry, 1991b; Marcotte et al., 1998; Castro et al., 2003; 
Zareifard et al., 2003; Keshavarz et al., 2011), or solid content in liquid foods such as juices and 
dairy products (Moura et al., 1999; Icier and Ilicali, 2004, 2005a; Kong et al., 2008; Sun et al., 
2008). de Alwis and Fryer (1990), Sastry and Palaniappan (1992a), and Zareifard et al. (2003) 
reported that particle size, concentration, and orientation have a significant effect on the heating 
rate and the overall conductivities of the foodstuffs, containing solids. Furthermore, they found 
that food systems with lower EC required a longer heating time to achieve the target temperature 
and showed that the EC decreased as particle size and concentration increased while it increased 
linearly with temperature.

Therdthai and Zhou (2001) briefly reviewed some specific points concerning the influencing 
factors on the EC of liquid food such as milk. In liquids, EC is considered as a property involv-
ing the movement of anions to anode and cations to cathode and the electron transportation to 
complete the current path (Loveland, 1986). Factors influencing the movement of ions include 
concentration, electric potential, temperature, and mechanical stirring (Crow, 1994). The chemi-
cal structure of a material also affects its EC. For instance, protein has a positive influence on EC 
(St-Gelais et al., 1995), whereas fat and lactose cannot conduct current. It has been reported that 
the EC of milk decreases as the concentration of fat and lactose increase (Prentice, 1962), while 
it always increases with temperature.

In addition to the above mentioned factors concerning the material or product specifica-
tions, liquid and solid, there are other parameters related to Ohmic heating system which can 
directly or indirectly affect the EC of materials. These parameters include power supply speci-
fications such as voltage gradient and frequency, electrodes design, cell size in static Ohmic 
unit, or fluid flow characteristics in continuous tube-flow conditions (Halden et  al., 1990; 
Palaniappan and Sastry, 1991a; Park et al., 1995; Yongsawatdigul et al., 1995; Wu et al., 1998; 
Lima et al., 1999; Icier and Ilicali, 2004, 2005a,b; Pongviratchai and Park, 2007). It is well 
known that the EC of biological materials is a strong function of temperature, and therefore 
the attempts have been made to evaluate the EC of a variety of food commodities at different 
temperatures and to develop empirical and regression equations to model EC as a function of 
temperature.

Each of the above mentioned parameters can affect EC. But this property could be more sensi-
tive to some than the others. There have been some reports about sensitivity analysis related to 
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Ohmic heating process (Lee et al., 2007). Investigation results showed that particle size, particle 
thermal properties such as density and specific heat were the most sensitive parameters among 
product properties which influenced holding tube length required, while fluid properties such 
as fluid thermal conductivity and viscosity were less susceptible to affect the model prediction 
regardless of simulation types (Chen et al., 2010). Among the process parameters, product flow rate 
and product initial temperature seemed to be the most critical parameters within the range covered 
in a study by Lee et al. (2007).

A good amount of reliable data on EC has been published; however, discrepancies do exist 
among the available data or the estimations from the proposed empirical models. In some cases, 
the EC of food materials has been measured at room temperature, which is not the temperature 
experienced by the food during Ohmic heating. For proper design of Ohmic heating system, it 
is essential to measure and collect the EC data of foods as well as how they are influenced by 
parameters such as frequency, voltage applied, voltage gradient, and the composition of food 
matrix. Some data have been published for high-frequency processes (e.g., microwave), but they 
are not applicable to low-frequency Ohmic heating processes. Only few publications (Fryer 
et  al., 1993; Zareifard et  al., 2003; Salengke and Sastry, 2007b; Tulsiyan et  al., 2008) have 
reported electrical conductivities of real food matrices as a mixture of both liquid and solid 
components. Usually, as the percentage of solids increases (except for salt), the EC decreases. It 
is generally observed that the EC of liquids is higher than that of solids, and in liquid foods, the 
effect of the proportion of solids is of less importance but still significant, according to Sastry 
and Palaniappan (1992a).

In a recent published effort, Zareifard et al. (2013d) classified the influencing factors on the EC 
of the food mainly as product and system parameters and highlighted that EC is an indication of 
the flow of electrical current through the material. It is the opposite of electrical resistance which 
causes heat generation within nonconducted material while exposed to an electrical field. Any 
parameters that vary the resistance of a material can change the electrical property of the mate-
rial. EC is a temperature-dependent thermo-physical property of materials. Other parameters 
such as: composition of the material, texture, viscosity, shape, and size also significantly affect 
the EC of biological materials. Furthermore, applied voltage, distance between the electrodes, 
and the frequency of the power supply unit have been reported as the influencing parameters 
arising from the systems employed in its measurement. They have mentioned that a real food 
matrix is usually composed of solid particles and liquid, and concluded that the components 
which receive the minimum heat are the critical ones to be considered for a safe process. In con-
trast to the traditional heating process where liquids heat up faster than solids, in Ohmic heating, 
solid particles may heat up faster than liquids as heating depends on the EC of each component. 
It is worth mentioning that the EC of solid foods can be modified and adjusted by soaking in salt 
solution if necessary.

10.4 design oF ohmiC heating system

Ohmic heating system design needs several critical factors to be considered for each individual 
application. These factors are depended on the complexity of the food matrix to be processed and 
also the unit operation system. Early commercial scale applications of Ohmic heating failed due 
to the absence of inert electrode materials and control equipment accurate enough to keep the 
temperature within the necessary range and sufficiently strong to withstand the conditions of com-
mercial production (Ruan et al., 2001). There are endless possibilities for the design of an Ohmic 
heating system, but some key components are present in each system: a power supply, heating units, 
electrodes configuration, a flow control system, and a data acquisition system. Currently, Ohmic 
heating systems are mainly engineered to work in continuous operation mode, as opposed to batch 
or static mode. Consequently, a flow control system is required and usually consists of pumps, con-
necting tubes, T-joints, and valves.
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10.4.1 power supply anD heating units

Electrical power supply is needed to produce the required energy. The heating system consists of elec-
trodes positioned at various points in the heating section, which may take the form of a cylinder or plate. 
The electrodes are connected to the power supply and must be in physical contact with the substance to 
be heated to pass the electric current through it. The distance between the electrodes will determine the 
strength of the electric field. The surface area of the electrodes is calculated from the required power, 
the maximum voltage at the power supply, and the current density of the electrodes. Most commercial 
Ohmic heating systems are operated under constant voltage conditions. Electrodes must be carefully 
designed to avoid the electrolytic effect that causes the dissolution of the metallic electrodes (Remik, 
1988; Reznik, 1996). Early Ohmic heating systems used a range of electrode materials from graphite to 
aluminum or stainless steel. In recent systems, the use of food-compatible electrode material such as tita-
nium and the correct current density has eliminated contamination problems. Other ways to overcome 
this problem include using high-power frequency at alternating frequencies above 100 kHz since there is 
no apparent metal dissolution (Ruan et al., 2001). However, recently Lee et al. (2013) reported that elec-
trode corrosion did not occur when the frequency exceeded 1 kHz while studing the effect of frequency 
and waveform on inactivation of Escherichia coli and Salmonella in salsa by Ohmic heating process.

In a continuous system, two possible geometries for operation in a continuous mode can be con-
sidered: transverse field and collinear field configurations (Stirling, 1987). In the transverse field con-
figuration, the applied electric field and current flux are perpendicular to the food material flow, while 
in the collinear configuration, the applied electric field and current flux are parallel to the mass flow. 
Although the transverse configuration is simple from a mechanical construction point of view, it poses 
two electrical problems. The first problem is related to the presence of electrodes close to both the 
inlet and outlet of the heating chamber, which can result in large leakage currents to earth through 
the product material (Stirling, 1987). The second problem is that the current density in the direction 
of mass flow can be nonuniform at the electrode edges. Consequently, it is not uncommon to observe 
localized overheating or boiling in the product, as well as electrode erosion (Varghese et al., 2014). For 
these reasons, the transverse configuration Ohmic heating system is mainly used for electrical treat-
ment of liquid foods, while the collinear configuration is preferred for particulate foods because of 
its internal clearance since electrodes are inserted into an electrically insulated tube (Skudder, 1988; 
Marcotte, 1999). Normally, the Ohmic heating system is completed by holding and cooling parts and 
data acquisition system used to measure temperature distribution, applied voltage, and current.

10.4.2 mass anD heat transfer During ohmiC heating

As pointed by Varghese et al. (2014), only few studies have been reported in the literature concern-
ing mass transfer during Ohmic heating. These reports indicate that Ohmic heating pretreatment 
significantly increases extraction yields of soymilk from soybeans (Kim and Pyun, 1995) and apple 
juice from apples (Lima and Sastry, 1999). More specifically, Lima and Sastry (1999) reported that 
Ohmic pretreatments of apple samples at 4 and 60 Hz resulted in a significantly higher juice yield 
than that of untreated samples (609.4 ± 23.1, 586.9 ± 9.0, and 486.4 ± 30.9 mL/kg for the 4, 60 Hz 
and untreated juices, respectively). The 4 Hz pretreated apple samples also resulted in higher juice 
yield than that of 60 Hz pretreated samples. No visual difference in color or clarity was observed 
among the juices. Wang and Sastry (2000) also reported that Ohmic pretreatment (40 V/cm, 60 Hz) 
of cylindrical samples of carrot, potato, and yam heated up to average temperatures of 50°C or 80°C 
significantly enhanced the drying rate (in most situations, more than conventional and microwave 
heating pretreatment) when the samples were dried in a hot-air dehydrator. They observed that 
ohmically pretreated samples clearly showed moisture diffusion from intra to intercellular regions, 
while this was not obvious for samples pretreated by the other two heating techniques. So, it was 
concluded that the enhancement of drying rate observed for Ohmically pretreated samples was 
due to this movement of moisture through cell walls. Schreier et al. (1993) also reported enhanced 
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diffusion of beet dye from beetroot tissue into a fluid when the tissues were submitted to Ohmic 
heating (50 Hz), as compared to conventional heating, for samples, heated to a final temperature of 
80°C. Electroosmosis has been proposed to explain the increase in dye diffusion. From the afore-
mentioned studies, we can conclude that the study of mass transfer during Ohmic heating is of inter-
est since it could have important commercial applications.

Heat and mass transfer studies are essential in any food processing design and manufacturing 
unit operation. Heating rates of solid and liquid phases during Ohmic heating depend on the electri-
cal conductivities of both phases. If the heating rate of the phases can be predicted, an Ohmic heat-
ing process can be easily designed. When the electrical conductivities of both phases are equal, both 
phases will heat at the same rate which represents an ideal case (Varghese et al., 2014). Ignoring 
convection and conduction effects and neglecting heat loss to the surroundings, the rate of heating 
in an Ohmic system is derived from energy balance as follows (Stirling, 1987):

 
Heating Rate

Power Density
Specific Heat Density

=
×( )

Assuming that the Ohmic heating system is operated under constant voltage conditions, the heating 
rate can be expressed as (Marcotte, 1999):

 

dT

dt

V

Cp

= ∇σ
ρ
( )2

where
T is the temperature
t is the time
σ is the local EC
∇V is the voltage gradient
ρ is the density
Cp is the specific heat capacity

Once the target processing temperature and product specification are known, the required electri-
cal power which will determine the size of the transformer for the power supply can be determined 
from the following equation:

 
P mC T Tp= −� ( )out in

where
Tout is the outlet temperature
Tin is the inlet temperature
�m is the product mass flow rate

P is the power

Marcotte (1999) recommended that the maximum power at the power supply must be 30% greater 
than the required power estimated in the aforementioned equation.

10.4.3 example of Continuous system Design

Problem statement: To pasteurize 0.5 kg/s (1800 kg/h) of cocktail vegetable juice from refrigerated 
temperature 10°C to 70°C (ΔT = 60°C).
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Assuming specific heat of juice Cp = 4.2 kJ/kg °C, required power is 126 kW (P mCp= �
( ) . .T Tout in 5 4 2 6− = × ×0 0). Considering the efficiency of the system at about 90%, the total required 
power will be 140 kW. (In practice, 20%–30% extra power is recommended for the system perfor-
mance and operation.)

If the system runs for an hour, to process 1800 kg/h of the juice, the required energy is 140 kW h, 
and if the cost of energy is $0.15/kW h, the total cost will be 140 × 0.15 = $21, which is about 1.2¢/kg 
of juice.

For a practical situation, the flow can be divided in 10 tubes with the same diameter.

Assuming 10 processing tubes for the total flow:

Mass flow rate (Q) in each line = 1800/10 = 180 kg/h = 0.05 kg/s = 5 × 10–5 m3/s
Liquid density ρ = 1000 kg/m3

Inside diameter tube = 2 in. (cross-section surface area = 20.25 cm2 = 20.25 × 10–4 m2)
Average liquid velocity in the main tube = V = Q/A = 5 × 10–5 m3/s/20.25 × 10–4 m2 = 0.025 

m/s = 2.5 cm/s

Electrode specification:

Cylinder shape
Diameter = 2 cm
Length = 4.8 cm
Surface area = 2 × 3.14 × 1 × 4.8 = 30.1 cm2

Distance between the electrodes in each tube = 1.0 m
Time to heat up (t) = L/V = 1.0 m/0.025 m/s = 40 s

Power supply specification:

Required power for each line = 140 kW/10 = 14 kW
EC of the food = 1.2 S/m = 0.012 S/cm
Finding R:

σ = L/AR or R = L/Aσ
R = 100/30.1 × 0.012 = 276 Ω

Voltage and amperes required for each line;
P = I2R or I = (P/R)0.5

I = (14,000/276)0.5 = 7.1 A
V = P/I = 14,000/7.1 = 1980 V
Voltage gradient is V/L = 2000/1.0 = 2000 V/m = 20 V/cm

For the given condition, the total required power (10 parallel lines to process 1800 kg/h in total) is 
140 kW which can be obtained through a strong power supply of 2000 V and 70 A. However, if it 
is desired to change the power supply specifications, it is possible to change some parameters. For 
example, if the length of the tube or the distance between the electrodes reduces from 1.0 to 0.5 m 
the resistance (R) will be decreased; therefore, more current can pass through the food system and 
the required amperage increases from 7 to 10 A, and hence the required voltage decreases from 2 to 
1.4 kV according to the following calculations:

σ = L/AR or R = L/Aσ
R = 50/30 × 0.012 = 138 Ω
I = (P/R)0.5 = (14,000/138)0.5 ≅ 10 A
V = P/I = 14,000 W/10 A = 1400 V
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In this case, the heating time will be shorter since the flow rate and the flow velocity remain the 
same; therefore,

Distance between the electrodes in each tube = 0.5 m
Time to heat up (t) = L/V = 0.5 m/0.025 m/s = 20 s

In summary, to heat-up 0.5 kg/s (30 kg/min or 1800 kg/h) of vegetable juice from 10°C to 70°C, 
140 kWh energy is required which can be provided by a power supply with 2 kV and 70 A using 10 
parallel resistance lines, each needing 7 A (columns of the liquid with 1 in. in diameter and 1.0 m 
long, R = 276 Ω). Another alternative is to provide the 140 kW power through 1.4 kV and 100 A (col-
umns of the liquid 1 in. in diameter but 0.5 m long, with less resistance R = 138 Ω). If low-frequency 
power supply is used (60 Hz), to avoid of contamination with metal corrosion, the electrodes could 
be made from titanium in a cylindrical shape with 2 cm outside diameter and 4.8 cm length which 
can be installed perpendicular to the flow direction within the heating tube lines. If high-frequency 
(10 kHz and more) power supply is used, regular stainless steel materials used in food industry can 
be also used for the electrodes. The typical design of such a system is shown in Figure 10.2, in which 
only one segment of a continuous Ohmic heating system equipped with 10 kW (1 kV and 10 A, for 
example) variable power supply is detailed.

Table 10.2 shows the key parameters in an exemplary Ohmic heating system. As it can be seen 
from the numbers in the table, any change in these parameters results in different power supply 
specifications in terms of the voltage and amperage requirements, while the required power is con-
stant as long as the flow rate remains the same. However, if the flow specifications change (changing 
the fluid velocity for the given tube size or vice versa) the required power, voltage, and amperage 
change. Of course, EC of the food undergoing processing plays a remarkable role. Please note that 
the aforementioned example has been presented for illustration purposes only as it was proven in 
practice.

Inlet

Outlet

�ermocouples

Electrodes

Figure 10.2 One heating segment of a continuous Ohmic heating system in Food Research and Development 
Center, Agriculture and Agri-Food Canada.
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taBle 10.2 
sensitivity analysis: effect of ohmic heating system and product parameters on power, 
Voltage, and amperage requirements

parameters unit selected

Changing the parameters

once at a time two or more at a time

lt id Q σ lt, id lt, id, Q lt, id, Q, σ

Tube length, Lt cm 100 50 100 100 100 50 50 50

Tube size, ID in. 2 2 3 2 2 3 3 3

Tube diameter, ID cm 5.08 5.08 7.62 5.08 5.08 7.62 7.62 7.62

Tube cross section, At cm2 20.3 20.3 45.6 20.3 20.3 45.6 45.6 45.6

Flow rate-volumetric, Q l/s 0.05 0.05 0.05 0.03 0.05 0.05 0.03 0.03

Flow rate-volumetric, Q l/h 180 180 180 108 180 180 108 108

Flow velocity, V cm/s 2.5 2.5 1.1 1.5 2.5 1.1 0.7 0.7

Fluid density, ρ kg/m3 1000 1000 1000 1000 1000 1000 1000 1000

Flow rate-mass kg/s 0.05 0.05 0.05 0.03 0.05 0.05 0.03 0.03

Heating time, tH s 41 20 91 68 41 46 76 76

Fluid viscosity at 20°C, µ kg/m s 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

Reynolds no. at 20°C 627 627 418 376 627 418 251 251

Fluid viscosity at 80°C, µ kg/m s 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Reynolds no. at 80°C 1254 1254 836 752 1254 836 502 502

Fluid electrical 
conductivity, σ

S/cm 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02

electrode-cylindrical shape

Electrode diameter, d cm 2 2 3 2 2 3 3 3

Electrode length, Le cm 4.9 4.9 7.4 4.9 4.9 7.4 7.4 7.4

Electrode surface area, Ae cm2 30.6 30.6 69.9 30.6 30.6 69.9 69.9 69.9

Electrodes distance, L cm 100 50 100 100 100 50 50 50

Resistance, R Ω 326 163 143 326 163 72 72 36

Specific heat, Cp J/kg °C 4200 4200 4200 4200 4200 4200 4200 4200

Temperature difference, ΔT °C 60 60 60 60 60 60 60 60

Power-calculated, P kW 12.6 12.6 12.6 7.6 12.6 12.6 7.6 7.6

Efficiency % 95 95 95 95 95 95 95 95

Power-required, P kW 13.3 13.3 13.3 8.0 13.3 13.3 8.0 8.0

Amperage, A A 6.4 9.0 9.6 4.9 9.0 13.6 10.5 14.9

Voltage, V V 2080 1471 1378 1611 1471 974 754 534

Voltage gradient, dV/dL V/cm 21 29 14 16 15 19 15 11

Assumed running time, tR h 1 1 1 1 1 1 1 1

Energy-required, E kW h 13.3 13.3 13.3 8.0 13.3 13.3 8.0 8.0

Electrical energy cost, $ ¢/kW h 15 15 15 15 15 15 15 15

Cost/kg ¢/kg 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11

Cost/h $/h 2.0 2.0 2.0 1.2 2.0 2.0 1.2 1.2

Numbers in bold are the values changed as compared with the initial selected column.
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10.5 industrial appliCations

The number of industrial applications of Ohmic heating processes is growing year-by-year; how-
ever, sometimes it is still considered as an emerging technology. Ohmic heating equipment can be a 
part of whole food processing installation in both new and already existing systems. As it is a gentle 
and continuous process to volumetrically heat different food products, it is especially recommended 
for the following general applications:

• Products in lump form such as meat, fruit, vegetables, etc.
• Pasteurization/sterilization of vegetable soups and puree
• Pasteurization of dairy products
• Heating or preheating of liquid food products such as juices, syrups, etc.

Continuous as well as batch systems (rather more rarely) are available for commercial food 
processing. There are several manufacturers of Ohmic heating equipment and units in the 
world, easy to find through the Internet searching machines. By contact with the manufactur-
ers, it can be easy to find the most suitable industrial, pilot, or laboratory-scale units. It can 
vary by type, available heating power, efficiency, etc. In most cases of continuous processing, 
holding tubes of aseptic processing system are connected to the outlet of Ohmic heating unit 
to assure sufficient residence time and lethality. Significant reduction of necessary cooking 
time in Ohmic heating systems as compared to conventional cooking is expected (C-Tech 
Innovation, 2013). Potatoes, pasta, rice, onion, apple, beef, pork, or chicken have reduced 
cooking time (as compared to standard process) by about 50%, while carrots, peas, or mush-
rooms by about 20%–30%.

Due to the advantages of rapid heating rate and light weight of Ohmic heating system, NASA 
was interested in the application of this technique for heating and sterilization of food in space to 
serve the astronauts during space mission. Pandit et al. (2007) explored the feasibility of designing 
a light weight compact food warming unit. They have developed an Ohmic heating system suitable 
for space shuttles to warm the food for a crew of four–six persons on a crew exploration vehicle 
within half an hour. Based on their finding, one 250 W Ohmic heating system was enough to heat 
four pouches of food in parallel, containing eight ounces of food sample in each pouch. The tem-
perature at the geometric center of each pouch was monitored by T-type thermocouples for a target 
temperature of 65°C ± 2°C. Pouches were designed with two electrodes within them and optimized 
to the shape of a rectangular prism for a greater uniformity of heating and stack ability. Also, Jun 
and Sastry (2005, 2007) designed and developed efficient light weight Ohmic food warming and 
sterilization units for the Mars exploration vehicle. They have reported the design of a pouch fitted 
with electrodes to permit Ohmic heating and applicable to warm food to serving temperature.

Table 10.3 presents some examples of industrial applications of Ohmic heating in food process-
ing industries in the world. As these are examples only, we know that much more units are already 
working in the food processing industry with strong tendency to apply much more. It is based on 
high convenience and efficiency, especially for continuous processes. Figures 10.3 and 10.4 present 
two classical examples of industrial-scale Ohmic heating units.

10.6 mathematiCal modeling

Modeling is a useful tool for the design of Ohmic heating system and also a beneficial approach to 
estimate the effect of influencing process parameters on target lethality achieved during processing 
of food material. The fundamental problem in continuous flow sterilization of food matrix con-
taining solid and liquid components is the lack of knowledge of the coldest point within the entire 
system. Temperature measurement of moving objects in Ohmic heating system appears as an even 

© 2016 by Taylor & Francis Group, LLC

  



403Ohmic Heating

taBle 10.3 
examples of Commercial ohmic heating units for Food products

Who Where power product 

Sous Chef Ltd. 
(H.J. Heinz Division)

UK 75 kW Prepared meals of meat and vegetables

Confidential Europe 75 kW High-acid products such as fruits in syrup and 
low-acid products such as vegetables and meats

Confidential Europe 300 kW Low-acid particulate foods

Advanced Food Science (AFS) 
Land O’ Lakes

US, IL 5 kW R&D assistance for product development (continuous 
system)

Ohio State Un. US, OH 60 V, 60 Hz Pilot scale for R&D (liquids, solids and mixtures)

NCFST/FDA/APV
Bedford Park

US, IL 5 kW Dynamic batch Ohmic heating unit for research tests

Nissei Co. Wildfruit Division Japan 75 kW High-acid particulate foods such as  whole strawberries 
in syrup (10 L units or 10 kg bags in box)

Confidential Japan 75 kW Prepared meals

Confidential Japan 300 kW High-acid particulate foods

Nestlé US, MO 300 kW Shelf stable low-acid beef stew and ravioli

Switzerland 60 kW Milk foods

CTCPA
Dury-lès-Amiens

France 10 kW Various products, with or without particles, pilot-scale 
installation.

UTC
Compiègne

France 5 kW Capacity of 1 kg/batch at a laboratory scale
Testing facilities for a full range of products

Odin Packaging Systems, 
Parma

Italy NA NA

EPRI, Palo Alto US, CA NA Liquid, batch & continuous system

Agriculture Canada
Food R&D Center

Canada 5 kW
0–30 kHz

Continuous liquid and solid food

Centro di Tramariglio Italy 50 kW Continuous aseptic Ohmic heating system

Sala Baganza, Parme Mexico 250 kW NA

Confidential France 50 kW Products containing meat

Confidential France 3 × 150 kW
2 × 100 kW

Cheese
Cheese

Confidential Italy NA Stewed fruits, Ohmic sterilizer of 2000 kg/h

La Fruitierie du Val Evel France 60 kW Fruit sauce, Ohmic sterilizer of 1500 kg/h

Diana Naturals France NA Concentrates, Ohmic sterilizer of 2000 kg/h

Daregal France NA Liquid aromatic herbal preparations, automated 
Ohmic pasteurizer of 600 kg/h

SFAN (previously Fructalys) France NA Fruits preparation for ice-cream with pieces, 
semi-automated Ohmic pasteurizer of 500 kg/h

Concept fruits (previously  
oxades)

France NA Fruits preparation for yoghurt and ice-cream with 
pieces, automated Ohmic sterilizer of 1800 kg/h

CTCPA Avignon France NA Various products with and without particles, Ohmic 
sterilizer of 300-500 kg/h

I.U.P. Genie des Systemes 
Agro-industriels

France NA Various products with and without particles, Ohmic 
sterilizer of 500 kg/h

Sources:  Updated from Zareifard et al 2013b. Zareifard, M.R. et al., Electrical conductivity: Importance and methods of 
measurement, in: Ramaswamy, H.S., Marcotte, M., Sastry, S., and Abdelrahim, K., eds., Ohmic Heating in Food 
Processing, CRC Press, New York, NY, 2013b.

NA—data not available.
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greater challenge than conventional heating process due to the presence of an electric field in the 
system. Monitoring the temperature of a moving particle due to the motion and moving conditions 
for the purpose of process validation has always been problematic. However, the cold spot of the 
food matrix which is a critical controlling parameter can be predicted using the mathematical mod-
els followed by validation procedure. Basic information has been built up over the last two decades 
for the required inputs to the computer simulation packages in order to predict the processed tem-
perature of both solid and liquid during process.

Figure 10.4 Example of Ohmic heating unit with heating tubes in series. (From Agro-Process, Technologie 
chauffage direct, ZIP Technologique Cintech Agroalimentaire, 27th edn., April 8, 2010, Saint-Hyacinthe, 
Quebec, Canada, 2010, also available at Internet: www.agro-process.com. Accessed on October 10, 2013.)

Figure 10.3 Ohmic heater of 240 kW for soup processing. (Courtesy of Emmepiemme, Piacenza, Italy; 
From Municino, F., Industrial applications of Ohmic heating of foods, in: Workshop on Ohmic Heating, 
Abrantes, Portugal, December 19, 2012.) 
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Ohmic heating rates are complex functions of liquid and solid electrical conductivities, particle 
geometry and size, particle orientation, thermal variation of physical properties, and flow regime 
surrounding the particle (de Alwis et al., 1989). In practice, for particulate foods, most solid par-
ticles exhibit lower EC than liquids. It is well known that the particle temperature of a moving 
object can be influenced by other processing parameters such as fluid velocity, density, and viscos-
ity. As a result, it is very difficult to apply simple design rules; therefore, different mathematical 
modeling approaches have been proposed as useful tools for designing an Ohmic heating system. 
Fryer and de Alwis (1989) and Sastry (1986, 1989) are the first, in the last two or three decades, 
to attempt to model and to identify the worst-case heating scenario in Ohmic heating process, fol-
lowed by others (de Alwis et al., 1989, 1992; de Alwis and Fryer, 1990; Sastry, 1992; Sastry and 
Palaniappan, 1992a,b; Fryer et al., 1993; Khalaf and Sastry, 1996; Sastry and Li, 1996; Murakami 
and Ramanauskas, 1997; Orangi et al., 1998; Sastry and Salengke, 1998; Ye et al., 2004; Salengke 
and Sastry, 2007a; Chen et al., 2010; Zhu et al., 2010; Shynkaryk and Sastry, 2012; Kamonpatana 
et al., 2013). However, there is still lack of systematic information on process sensitivity analysis 
which covers major processing variables (Chen et al., 2010), and the proposed models are always 
limited to some conditions; therefore, biological validation is must prior to any further industrial 
application of such models.

Modeling of Ohmic heating process has been an interesting and challenging subject; therefore, 
attempts have been made to understand the heating behavior of solid–liquid mixtures under worst-
case heating scenarios. Worst-case scenarios are being associated with a single solid piece (within 
the food matrix) of substantially different EC than its surroundings (Kamonpatana et al., 2013). In 
this approach, it is considered that the Ohmic heating system must be designed to adequately heat 
the slowest-heating location within the entire system. Safe sterilization processing of foods contain-
ing solid and liquid requires the assurance of all parts of the food treated adequately for the purpose 
of pathogenic microorganism destruction. The mathematical details of this approach are beyond the 
scope of this chapter, but it is worth mentioning that the worst-case scenario in Ohmic heating may 
involve many possibilities, while only few cases will be reviewed here.

In a set of experiments and modeling practice, Salengke and Sastry (2007a,b) indicated that 
the two possible situations that may constitute worst-case scenarios in specific situations are: (1) 
an inclusion particle with a static medium surrounding the solid; and (2) an inclusion particle 
with a mixed fluid. They applied two modeling approaches to analyze potentially hazardous 
situations, both concerning a single particle in liquid, but one involving a static medium sur-
rounding the solid and the other involving a mixed fluid. The two above mentioned models were 
compared for extreme conditions where the EC of a single particle could be either significantly 
lower or higher than that of the medium. Laplace’s equation was applied to determine the elec-
trical field distribution within the Ohmic heating system in static fluid (first model), while the 
temperature distribution was governed by the classical unsteady-state heat equation by conduc-
tion plus a generation term (second model). The EC was assumed to be linearly dependent on the 
temperature according to Palaniappan and Sastry (1991b). For the second model (mixed fluid), a 
circuit theory analysis was applied to compute the voltage distributions along the Ohmic heat-
ing. Solutions of the heat transfer equation involved a separate solution for the liquid and solid 
phases that was described in detail elsewhere (Sastry and Palaniappan, 1992b; Salengke and 
Sastry, 2007a).

The Salengke and Sastry (2007a) indicated that the mixed fluid model provided a more conser-
vative prediction of cold-spot temperatures than the static model when the cold spot occurs within 
the particle; typically occurring when the medium is more conductive than the solid. However, the 
static fluid model provided more conservative prediction of the cold-spot temperatures when the 
cold spot is within the fluid; typically when the solid is more conductive than the medium. They 
also emphasized that the cold spot is within the solid when the medium is more conductive, except 
when the solid size becomes sufficiently large to intercept a large fraction of the current. Under this 
condition, the cold zone is within the medium at shadow zones immediately in front and back of 
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the particle. When the particle is more conductive, the coldest zone is within the medium (where 
the particle size is small compared to the surface area of the electrodes); however, at large particle 
sizes, the particle cold spot approaches the medium cold spot, except in the case of the mixed fluid 
model. In an experimental trial, the same authors (Salengke and Sastry, 2007b) measured and 
monitored the cold-spot zones in a mixture of solid–liquid matrix confirming the prediction of 
under-processed regions in an Ohmic heating system. In spite of the general belief and common 
assumptions that worst-case heating scenario is represented by a static situation, they showed that 
the most conservative situation may frequently be associated with mixed fluid. Static situations 
may result in worst-case heating (typically within the fluid) when particles are more conductive 
than the fluid. Finally, they concluded that in Ohmic heating process of solid–liquid mixtures 
under continuous flowing condition, the mixed fluid model is more conservative when the cold 
spot is within the solid particle, but the static model is generally conservative when the cold spot 
is within the medium. For a safe process design, it is therefore necessary to investigate all the pos-
sibilities and potential under-process conditions due to the complexity in food processing.

In another approach, Marra et  al. (2009) developed a three-dimensional mathematical model 
using finite element FEMLAB software for a cylindrical batch Ohmic heating unit to process recon-
stituted potato. Modeling involved the simultaneous solution of the heat transfer equation with a 
term considering the Ohmic power source and Laplace’s equation. Reconstituted potato was chosen 
to represent a uniform solid food material, and physical and electrical properties were determined 
prior to the experiment as a function of temperature. The potato-based food stuff was heated using 
the Ohmic cell at 100 V. Temperature profiles and temperature distribution of the Ohmic heating 
process were simulated and validated via experimental data involving the measurement of tempera-
ture profiles at nine different locations arranged symmetrically inside the unit. The authors reported 
a good correlation between the model and their experimental data. No cold spots within the product 
were detected, but both experimental and model data analysis showed that heat loss occurs in the 
cell wall and electrode surfaces, resulting in slightly cooler regions which would be the critical areas 
to be monitored when the Ohmic heating unit is used for the sterilization of solid foods.

Despite the fact that considerable effort has been put into simulation of foods and predicting the 
heating pattern during Ohmic heating process, the majority of models for multiphase food mixtures 
have dealt with a single solid particle system surrounded by liquid fluid, which is an over-simplified 
case. Using the computational fluid dynamics (CFD) software Fluent in a 2D environment, Shim 
et al. (2010) tried to model a more complex solid–liquid food system containing three different solid 
particles with substantially different electrical conductivities and 3% NaCl solution. The solid food 
samples used in their experiment were potato, meat, and carrot, which are less conductive than the 
carried medium. The samples were 1 cm3 cubes. Uniform ionic concentration was assumed at any 
location within all solid cubes, and heat loss to the environment was neglected. Electrical conduc-
tivities of solid and liquid samples were considered temperature dependent. Modeling involved 
the solution of Laplace’s equation for the heat transfer phenomena considering the internal energy 
source due to the electrical resistance. The transient heating patterns of each solid food sample 
and of the carrier medium were obtained. With the maximum prediction error of 6ºC, the authors 
reported good agreement between the predicted temperature values and the experimental data. 
Under-processed and over-heated regions were also reported as cold spots between the particles 
where the current density lacks, and the hot spots on the continuous phase in zones perpendicular 
to the solid cubes.

Recently, Shynkaryk and Sastry (2012) have applied a pilot-scale Ohmic heating chamber with 
sidewise parallel electrodes for continuous flow treatment of highly viscous chicken chow mein 
sauce for the purpose of developed model verification. Simultaneous solution of the Navier–Stokes, 
continuity, electrostatic, and energy transfer partial differential equations was achieved using com-
mercial finite element modeling software. For an accurate simulation, the electrical, thermal, and 
rheological properties of chicken chow mein sauce (EC; viscosity; thermal conductivity; specific 
heat capacitance; density) were measured experimentally. They also studied the residence time of 
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sauce in the Ohmic heating chambers by solving the convection and diffusion equation for a tracer 
species injected in the system. For the model validation, the predicted current delivered by each 
power generator and the temperatures in selected locations were compared with those obtained 
from trials performed under the same conditions. A good agreement was reported between experi-
mental and simulated data with the coefficients of determination R2 = 0.987.

More recently, Kamonpatana et al. (2013) developed a mathematical model for solid–liquid mix-
ture in a commercial Ohmic heater with electrical field perpendicular to the flowing of food mate-
rial. From the safety point of view, they have emphasized that the slowest heating solid particle 
needs to receive sufficient heat treatment at the outlet of the holding section to ensure sterility of a 
solid–liquid mixture processed in continuous flow Ohmic systems. Therefore, the fastest moving 
particle velocity was identified using over 299 particles through a radio-frequency identification 
technique and the results were used as an input to the model for the worst-case heating scenario. 
Thermal verification was conducted by comparing predicted and measured fluid temperatures at 
heater and hold tube outlets. In a case study using chicken alginate particles, their model predicted 
the length of the holding tube to be 15.85 m for a process temperature of 134°C to achieve a target 
lethal effect at the cold spot of the slowest-heating particle. The following microbiological verifica-
tion tests were conducted using at least 299 chicken/alginate particles inoculated with Clostridium 
sporogenes spores per run and proved the absence of viable microorganisms at the target treatment. 
It was concluded that the procedures could be used to validate the sterilization capability of a con-
tinuous Ohmic heating system for producing low-acid foods containing particulates.

Chen et al. (2010) studied the process sensitivity analysis of continuous Ohmic heating process 
for soup products containing large particulates by using a computer modeling tool to determine 
the critical controlling points during Ohmic heating process. In order to evaluate the process tem-
peratures and accumulated lethality for both carrier fluid and particles at the end of the holding 
tube, they investigated the main influencing processing parameters (electrical conductivities of 
carrier fluid and particles, particle thermal diffusivity, surface heat transfer coefficient, particle 
size, particle concentration, flow rate, and initial product temperature). They showed the results of 
their study showed that under given basic processing conditions with a control target process tem-
perature of 133°C (the carrier fluid temperature at the entrance of the holding tube or the end of the 
heating tube), increasing carrier fluid EC from 1.42 to 2.13 S/m at a reference temperature of 70°C, 
particle size from 16 to 24 mm, and flow rate from 1600 to 2400 L/h could result in lower particle 
center temperature than surrounding liquid at the end of the holding tube. However, increasing 
particle EC from 0.96 to 1.44 S/m (at a reference temperature of 70°C), thermal diffusivity from 
1.16 × 10–7 to 1.74 × 10–7 m2/s, surface heat transfer coefficient from 112 to 168 W/m2 °C, particle 
concentration from 52% to 78%, and initial product temperature from 56°C to 84°C could generate 
higher particle center temperature than liquid. They have concluded that EC of both carrier liquid 
and particles are the most sensitive variables to process temperature and target lethality. Based on 
their analysis, under a given control temperature, increasing carrier fluid EC would result in lower 
process temperatures for carrier fluid and particles at the end of the holding tube, while increas-
ing particle conductivity would generate higher process temperatures for them. An interesting 
finding is the possibility of particles to reach a higher temperature during Ohmic heating process 
than the carrier fluid if the particle conductivity is increased close to the carrier fluid conductiv-
ity. Other processing variables such as particle size, particle concentration, flow rate, and initial 
product temperature are also needed to be controlled and monitored during the process in order to 
achieve the expected process temperature and lethality value at the end of the holding tube. Chen 
et al. (2010) reported that thermal diffusivity of the processed materials and fluid-to-particle heat 
transfer coefficient have less effect on the process temperature and accumulated lethality value for 
both carrier fluid and particles as compared with other influencing factors in their study. It is worth 
mentioning that the results from their study were based on the effects from the individual process-
ing variable deviations, while multi-variable changes simultaneously may reflect differently, and 
biological validation is a must to confirm the modeling prediction.
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10.7 miCroBial destruCtion

A serious question of a possible additional effect of electric field on food-borne microorganisms in 
Ohmic heating was present since an early step of its development. The thermal effect is very clear 
and typical as for conventional heating in food pasteurization, cooking, and sterilization (Koutchma, 
2009). There are many discrepancies and controversies in the results already published, and some of 
them were summarized by Sastry (2005), Sun et al. (2008), Knirsch et al. (2010), FDA (2011), Deak 
and Farkas (2013), and Kamonpatana et al. (2013).

According to these reviews, nonthermal effects have been inconclusive. Most studies either 
did not specify food sample temperatures or failed to eliminate temperature as a variable. It is 
critically important that any studies comparing conventional and Ohmic heating were conducted 
under similar temperature histories. Table 10.4 presents some experimental data of Ohmic heat-
ing for selected food microorganisms. For example, Palaniappan et al. (1992) found no difference 
between the effects of Ohmic and conventional heat treatments on the death kinetics of yeast cells 
(Zygosaccharomyces bailii) under identical thermal histories. In some cases, however, a mild elec-
trical pretreatment of E. coli decreased the subsequent inactivation requirement.

Some studies suggest that a mild electroporation mechanism may contribute to microbial cells 
inactivation during Ohmic heating. For example, studies on fermentation with Lactobacillus 
acidophilus under the presence of a mild electric field (Cho et  al., 1996) have indicated that 
although the fermentation lag phase can be significantly reduced, the productivity of the fer-
mentation is also lowered by the presence of the electrical field. According to the authors, this 
may be due to the presence of mild electroporation, which improves the transport of substrates 
at the early stages of fermentation, thereby accelerating it. At the later stages, the electroporation 
effect would improve the transport of metabolites into the cell and thereby inhibit fermenta-
tion. The presence of pore-forming mechanisms on cellular tissue of microorganisms has been 

taBle 10.4 
examples of existing information Concerning the additional effect of ohmic heating 
on selected Food microorganisms

no. 
Food 

microorganism t (°C) 
Frequency 

(hz) 
additional 

effect 
D (ohmic) 

(min) 
D (thermal) 

(min) 
z (ohmic) 

(°C) source 

1. S. thermophilus 
2646

70
75
80

20 k Yes 6.59 + 0.35
3.09 + 0.55
0.16 + 0.03

7.54 + 0.37
3.30 + 0.42
0.20 + 0.03

— Sun et al. 
(2008)

2. B. subtilis 88
92.3

60 Yes 30.2
9.87

32.8
9.87

9.16 Cho et al. 
(1999)

3. Z. bailii 49.8
52.3
55.8
58.8

60 No 274
113
43.11
17.84

294.6
149.7
47.21
16.88

7.68 Palaniappan 
and Sastry 
(1992)

4. E. coli (vegetative 
cells)

60
64.5
68.5
71

60 No 180.4
51.17
21.19
11.79

165
48.2
22.97
11.83

9.36 Sastry and 
Barach 
(2000)

5. C. sporogenes 110 60–20 k No 1.4 1.38 12.7 Marcotte 
et al. (2009)

6. E. coli O157:H7; 
Salmonella 
enterica serovar 
Typhimurium

60–90.9 60–20 k Yes 0.4 at 60 Hz
0.25 at 1 kHz

Lee et al. 
(2012, 2013)
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confirmed by work, for example, of Imai et al. (1995). Another similar study (Cho et al., 1999), 
conducted under near-identical temperature conditions, indicates that the kinetics of inactiva-
tion of Bacillus subtilis spores can be accelerated by an Ohmic treatment. A two-stage Ohmic 
treatment (Ohmic heating, followed by a holding time prior to a second heat treatment) further 
accelerated death rates. Yoon et al. (2002) have indicated that leakage of intracellular constitu-
ents of Saccharomyces cerevisiae was enhanced under Ohmic heating as compared to conven-
tional heating. The authors suggested, like some other researchers (Uemura and Isobe, 2003; 
Praporscic et al., 2006), that mild electroporation might occur during Ohmic heating with low-
voltage electrical treatment (less than 500 V/cm) as well as at high-voltage treatment (14–16.3 
kV/cm). The principal reason for the additional effect of these Ohmic treatments may be the low 
frequency (50–60 Hz) used, which allows cell walls to build up charges and form pores (electro-
poration mechanism). This is in contrast to high-frequency methods such as radio or microwave 
frequency heating, where the electric field is essentially reversed before sufficient wall charge 
buildup occurs. Some contrary evidence has also been noted. In particular, the work of Lee 
and Yoon (1999) has indicated that greater leakage of S. cerevisiae intracellular constituents is 
detected under high frequencies.

Sun et al. (2008) published some experimental data of microbial counts of Streptococcus ther-
mophilus in raw milk processed for comparison in Ohmic heating and conventional thermal units. 
The D-value of these bacteria in Ohmic heating at 70°C–80°C was lower than that in conven-
tional heating. These results clearly show that Ohmic heating causes a higher microbial death rate 
than conventional heating does. It is interesting that such an effect was achieved with high-fre-
quency Ohmic heating of 20 kHz, i.e., much higher than that described in previous references (for 
50–60 Hz). Figure 10.5 presents a graphical illustration of some of the results achieved in this study. 
It is interesting to observe that an additional effect of electric field becomes relatively smaller with 
increase of the processing temperature.
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Figure 10.5 Comparison of thermal reduction of Streptococcus thermophiles in raw milk processed by 
Ohmic heating and conventional thermal treatment. (Data from Sun, H.-X. et al., Food Sci. Technol. Res., 
14(2), 117, 2008.)
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Little or no information is available regarding the effects on survivor counts from Ohmic heating 
processes on post-processing storage. In some experimental study, survivor counts in a pasteurized 
liquid egg product decreased over storage time, apparently due to injury effects (Reznik, 1999). 
In this study, initial post-pasteurization plate counts from conventional and Ohmic heating were 
similar; however, after 12 weeks of storage, many conventionally heated samples were reported to 
reach counts of 10,000 cfu/mL, while the Ohmic-heated samples exhibited less than 10 cfu/mL in 
most samples. As expected, electrical field-related injuries can be the explanation for this observa-
tion. Contrary to this, in another pilot-plant study, Marcotte et al. (2009) reported that there was no 
additional Ohmic heating effect for C. sporogenes spores suspended in a buffer as compared with 
conventional thermal treatment. However, it is possible that such an additional effect was covered 
by a strong thermal effect at 110°C.

In conclusion, the principal mechanism of microbial inactivation in Ohmic heating is the thermal 
one. Of course, it is possible that for some food microorganisms different additional nonthermal 
effects exist as presented in Table 10.4. However, it is worth mentioning that although some evi-
dence exists of such the nonthermal effects, it may be unnecessary for processors to claim this addi-
tional effect in their process filings (Marcotte et al., 2009; Deak and Farkas, 2013; Kamonpatana 
et al., 2013). More data is still needed before this additional microorganism destruction effect could 
be added to the typical thermal effect.

10.8 Closing remarKs

The advantages of Ohmic heating technology have been listed, such as uniform heating; internal 
heat generation without the limitation of conventional heat transfer and the nonuniformity com-
monly associated with microwave heating due to limited dielectric penetration; volumetrically 
heating process, and not a large temperature gradient; possibility of faster heating of particulates 
than liquid, which is impossible in conventional heating; reducing risks of fouling on heat transfer 
surface and burning of the food product, resulting in better nutrients and vitamin retention and 
minimal mechanical damage; high energy efficiency because almost all of the electrical energy is 
converted into heat; ease of process control; and more quiet working environment.

Fryer and de Alwis (1989) already concluded that Ohmic heating technique is suitable for ther-
mal treatment of heterogeneous foods like fruits, meat mixtures, and tomato particles while there 
was some technical limitation. Later on Legrand et al. (2007) reported that the developments of new 
Ohmic sterilizers overcome the technical problems associated with the electrodes and have reduced 
the investment costs by a factor of 10 between 1993 and 2003. Recently, Fryer and Versteege (2008) 
illustrated that Ohmic heating process, along with the high-pressure technique, are the leading 
advanced technologies in the food processing field. These two techniques already pass the feasibil-
ity and capability stages, scale up to commercial applications was achieved, and we are in the tech-
nology transfer phase to the industrial needs. They also underlined that this process is more energy 
efficient than microwaves as most of the energy goes to the food and mentioned that the uniformity 
of heating depends on the uniformity in the EC of the foodstuff. More recently, Varghese et al. 
(2014) has reviewed the application of Ohmic heating technology and highlighted the advantage 
of the technology as it uniformly heats in contrast with the nonuniform distribution of microwave 
heating (Decareau, 1985; Datta and Hu, 1992). In the absence of a hot wall, Ohmic heating provides 
a considerable advantage for foodstuff applications by not only avoiding the degradation of thermo-
sensitive compounds through overheating but also by reducing the fouling of treated food surfaces 
during processing (Ayadi et al., 2005). Special advantages are that Ohmic heating can improve food 
quality and saves cost and energy to processors.

Although the technique appears both simple and advantageous, several difficulties are encoun-
tered in its application. Ruan et al. (2001) specified that the disadvantages of Ohmic heating are 
associated with its unique electrical heating mechanisms. For example, the heat generation rate may 
be easily affected by the electrical heterogeneity of the particle, heat channeling, complex coupling 
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between temperature and electrical field distributions, and particle shape and orientation. All these 
make the process complex and contribute to some, rather small, nonuniformity in temperature, 
which may be difficult to monitor and control. It is already known that Ohmic heaters powered 
by low-frequency (50–60 Hz) alternating currents induced a corrosion of stainless steel electrodes 
and apparent electrolysis of the heating medium. However, these electrochemical phenomena can 
be effectively suppressed by using high-frequency alternating currents (Armatore et al., 1998; Wu 
et al., 1998; Samaranayake and Sastry, 2005) and many industrial unit operations have been already 
developed and applied by food processing companies.

10.9 ConClusions

Ohmic heating, a very promising food processing technique, is one of the fastest-growing advanced 
thermal processing technologies among the food processing industries due to very high energy effi-
ciency, environmentally friendly conditions, low operating cost, and possible better processed food 
quality due to high-temperature short-time conditions. It is applicable to a wide range of foods with 
electrical conductivities between 0.1 and 3 S/m. In some cases, by application of specific additives 
or pretreatment, an adjustment of EC of food to the above practical range and then Ohmic heating of 
such a food is also possible. Thermal effects on microbial survival are well documented. However, 
the additional effects of electrical field are not yet confirmed, and therefore, cannot be included in 
the calculation of process lethality. In other words, while processing under Ohmic heating condi-
tions, D and z values for food pathogen of public health concern have to be assumed to be the same 
as for the standard thermal treatment. High-frequency power supply (1 kHz or higher) is recom-
mended to prevent erosion of electrodes and food contamination.
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11 High-Pressure Process 
Design and Evaluation

Eleni Gogou and Petros Taoukis

11.1 introduCtion

High-pressure (HP) processing, especially HP pasteurization, is one of the most interesting nonther-
mal processes of foods due to its growing commercial application over the past few years (Tonello-
Samson, 2014); the number of industrially installed HP processing lines has reached 261 worldwide. 
More than 50% of the industrial HP units are located in North America, and 25% is installed in 
Europe, mainly in the Mediterranean countries: Spain, France, Italy, Greece, and Portugal (Tonello-
Samson, 2014).

The commercial success of HP processing can be mainly attributed to the ability to produce 
fresh-like food products with superior nutritional value and extended shelf life when compared 
with the respective thermally treated food products. These two basic aspects of HP-processed food 
products successfully fulfill both consumers’ demand for fresh-like foods and the food industry’s 
requirement for shelf-life extension. Apart from retaining food quality and extending shelf life, HP 
processing applications have been proven to assure food safety in terms of inactivating vegetative 
pathogens. Vegetative pathogens like Escherichia coli, Listeria monocytogenes, and Salmonella 
can be inactivated under HP conditions. On the other hand, bacterial spores are more pressure 
and temperature resistant; thus, more intense HP treatment conditions in combination with high 
temperatures need to be applied. HP processing is thus distinguished in HP pasteurization and 
pressure-assisted thermal sterilization (PATS) according to the magnitude of pressure applied and 
intensity of combined temperature. HP pasteurization processes are usually performed in the pres-
sure domain of 300–650 MPa either at room temperature or at moderate temperature of 30°C–50°C. 
PATS processes involve treatment of foods at the pressure domain of 600–1400 MPa combined with 
elevated temperature in the range of 70°C–130°C (Barbosa-Canovas and Juliano, 2008).
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Process deviations can be expected in any routine manufacturing process including HP processing; 
thus, pressure and temperature monitoring during processing is crucial to guarantee the efficiency of 
the process. Process evaluation is the determination of the process impact on the process target. In HP 
processes, the target is either an enzyme or a microorganism or both. In general, in order to perform 
a HP process evaluation, the target should be selected taking into account the most pressure and tem-
perature resistant among the food attributes under consideration. In HP processing, the most important 
processing parameters are pressure, time, and temperature. In general, the high hydrostatic pressure 
is in principle assumed to be uniform and not affected by geometry or uniformity of the processed 
food product. This has been theoretically questioned (Minerich and Labuza, 2003; Maldonado et al., 
2014) but in practice is accepted to be held. Process time is fixed, taking into account come-up time 
and time for release of pressure. On the other hand, temperature nonuniformity can be expected in 
HP processes due to adiabatic heating during pressure buildup and to heat transfer phenomena during 
the treatment holding. Consequently, HP process nonuniformity mainly lies in temperature gradients 
inside the HP vessel.

11.2 temperature uniFormity oF hp proCesses

The uniformity of the HP process is under consideration. Studies have demonstrated that during 
a HP process, the adiabatic heat (during buildup) and the heat loss through the HP vessel wall 
(during holding time) can cause temperature gradients in the processing unit and the processed 
products (Denys et al., 2000b; Otero et al., 2000; Delgado et al., 2008).

It has been recognized that pressurization and depressurization during pressure buildup and at 
the end of the pressure holding time induce a temperature change due to compression and expansion 
in both the food and the pressure transmitting fluid. The magnitude of these temperature changes 
depends on

• HP process conditions; pressure and temperature applied
• Rate of compression/decompression
• Composition of the food and more specifically the water content
• Type of pressure transmitting fluid
• Type of HP vessel (vertical or horizontal)

One important aspect when designing and evaluating a HP process is to identify the thermal effect 
implied by the pressure treatment. During compression, temperature changes in the sample and the 
pressurizing fluid is expected to be different due to the different thermophysical properties of the 
food sample and the pressure transmitting fluid.

Grauwet et al. (2012) published an extensive review on the two promising methods for assessing 
and evaluating temperature uniformity in HP processing:

 1. Computational thermal fluid dynamics (CTFD) modeling and simulation of temperature 
fields

 2. Pressure–temperature–time indicators (PTTIs) for experimental temperature uniformity 
assessment and process evaluation

11.2.1 DeVelopment of heat transfer phenomena moDels

Temperature changes during HP processes are mainly attributed to heat transfer phenomena that take 
place between food samples, pressure transmitting fluid, pressure vessel, and pressure surrounding 
equipment. As expected, heat transfer phenomena impose temperature gradients in the HP-treated 
food products. This means that HP treatments of food products take place at temperatures different 
from the initial HP vessel temperature, and this temperature difference is not homogeneous within 
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the HP vessel, resulting in HP-treated food products treated at a pressure in combination with quite 
different treatment temperatures (Otero et al., 2002). Thus, the development of mathematical mod-
els to describe the heat transfer phenomena during HP processes is a very interesting field for HP 
process evaluation that has been addressed by several researchers (Denys et al., 2000a; Otero et al., 
2006; Knoerzer et al., 2007; Smith et al., 2014a,b). The use of numerical heat transfer models has 
been introduced, and in most cases, the predicted temperature profiles during a HP process based 
on the developed models have been compared to the experimentally recorded temperature profiles. 
Discrete numerical modeling has been used to predict temperature and flow distribution inside the 
HP vessel. Numerical heat transfer models have been also used in conjunction with computational 
fluid dynamics (CFD) by several authors (Denys et  al., 2000a,b; Hartmann and Delgado, 2002, 
2003; Hartmann, et al., 2003, 2004; Ghani and Farid, 2007; Knoerzer et al., 2007; Otero et al., 2007; 
Juliano et al., 2008; Infante et al., 2009) to predict temperature along with flow distributions within 
the HP vessel. In most of these works, the distribution of enzyme and/or microbial inactivation in 
food products or food system models were investigated in parallel throughout the HP vessel with the 
aim to evaluate process uniformity.

Denys et  al. (2000b) developed a modeling approach to evaluate process uniformity during 
batch HP processing. Heat transfer models were developed for apple sauce and tomato paste. 
The results confirmed a satisfactory agreement between experimental and predicted temperature 
profiles (Figure 11.1).

The developed heat transfer models were incorporated in available enzyme kinetics of Bacillus 
subtilis α-amylase inactivation (Ludikhuyze et  al., 1997) and soybean lipoxygenase inactivation 
(Ludikhuyze et  al., 1998). The uniformity of HP-induced inactivation of the selected enzymes 
 during batch HP processing was evaluated. The residual enzyme activity distribution appeared 
to be dependent on the inactivation kinetics of the enzyme under consideration and the selected 
 pressure–temperature combinations used.

The combined use of the heat transfer model with inactivation kinetics was recognized to be a 
useful tool to evaluate enzyme inactivation uniformity during batch HP processing of foods. It was 
demonstrated that the uniformity of B. subtilis α-amylase and soybean lipoxygenase inactivation 
(Figure 11.2) during batch HP processing is dependent on the inactivation kinetics of the enzyme 
under consideration and on the temperature uniformity during the treatment time.

0
18

20

22

24

26

28

30

32

34

10 20
Time (min)

Te
m

pe
ra

tu
re

 (°
C

)

0

50

100

150

200

250

300

350

400

Pr
es

su
re

 (M
Pa

)

305 15 25

Center
Border
Between
Predicted
Pressure

Figure 11.1 Experimental and predicted temperature profiles for a “conventional” batch HP process of 
tomato paste initial temperature 20.2°C ± 0.1°C; maximum pressure 342 MPa. (From Denys, S. et al., Innov. 
Food Sci. Emerg. Technol., 1, 5, 2000b.)
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Another mathematical model was developed by Otero et al. (2006) to describe the heat and mass 
transfer phenomena occurring during HP treatments of foods, using agar as a food model system. 
The authors developed the heat and mass transfer model including factors like the filling ratio as 
the models were developed for one high and one low filling ratio, 71% and 12%, respectively. As 
depicted in Figure 11.3, temperature gradients within the same HP vessel are quite different when 
the filling ratios are different. According to this work, when the filling ratio is low, thermal re-
equilibrium is reached sooner. However, this could not be proposed for HP industrial practices as 
low filling ratios are not feasible from an economical point of view.

Smith et al. (2014a) recently published a work where they evaluated the temperature differences 
taking place during HP processes in vertical and horizontal HP equipment based on developed heat 
transfer models. As it was demonstrated, horizontal and vertical flows inside a solvent food undergo-
ing a HP process are different. This flow difference leads to different temperature distributions, which 
is potentially challenging for the food manufacturing industry as long as uniformity of HP effects on 
enzymatic and/or microbial inactivation is required. At this point, it has to be noted that most available 
industrial-scale HP units have a horizontal orientation. Smith et al. (2014a) developed a horizontal heat 
transfer model by adapting an existing vertical one developed by Infante et al. (2009).

The results, as depicted in Figures 11.4 and 11.5, showed that temperature uniformity is different 
for the two orientations. For a liquid-type food (in this work water) and for a long and thin machine, 
it was shown that the temperature in general was more uniform for the horizontal case, for the pro-
cesses discussed. For the vertical model temperatures changed along height, while for the horizontal 
model they changed more radially.

The numerical simulations available through the developed heat transfer models can be cou-
pled with kinetic models of a food quality and/or safety attribute. This approach can be used 
to evaluate the nonuniform inactivation of a selected quality and/or safety food attribute when 
subjected to nonuniform temperature distribution within the HP treatment vessel. This approach 
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Figure 11.2 Spacial distribution of the lipoxygenase activity retention (%) for two HP treatments LOX3 
(initial temperature: 15°C, pressure: 539 MPa, time 25 min) and LOX10 (initial temperature: 50°C, pressure: 
354.9 MPa, time 25 min) (upper quarter of the pressure vessel). (From Denys, S. et al., Innov. Food Sci. Emerg. 
Technol., 1, 5, 2000b.)
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was very well exploited by Rauh et  al. (2009) focusing on the effect of temperature gradients 
within the HP vessel on food quality-related enzymes; α-amylase, lipoxygenase, and polyphenol 
oxidase. Enzymes with different pressure and temperature kinetics were chosen to examine the 
extent of the impact of temperature inhomogeneities during HP processes to the final target, that 
is, α-amylase, lipoxygenase, and polyphenol oxidase. The kinetics of inactivation of B. subtilis 
α-amylase and soybean lipoxygenase were taken from Denys et al. (2000b), who examined the 
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Figure 11.3 Temperature and velocity fields inside the high-pressure vessel 5 min after compression. 
(a) HP vessel high filling ratio of 71% and (b) HP vessel low filling ratio of 12%. (From Otero, L. et al., 
J. Food Eng., 78, 1463, 2006.)
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Figure 11.4 Slice plots of 3D vertical model; HP process conditions of initial temperature: 40°C, pres-
sure: 360 MPa, and time: 15 min. (a) End of pressure buildup (Pup) and (b) end of pressure holding time (Phold). 
(From Smith, N.A.S. et al., Innov. Food Sci. Emerg. Technol., 22, 51, 2014a.)
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kinetics in 0.01 M Tris buffer at pH 8.6 and 9, respectively. Pressure-induced inactivation of 
 polyphenol oxidase from avocado follows a description of Weemaes et al. (1998), who determined 
the kinetics in phosphate buffer (pH 7; 0.1 M).

The results depicted in Figure 11.6 confirm that temperature gradients within the HP vessel 
(Figure 11.7) can result in nonuniform inactivation of the studied enzymes. Gradients in enzyme 
activities are expected to be broader for enzymes with higher temperature sensitivity, that is, 
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Figure 11.5 Slice plots of 3D horizontal model; HP process conditions of initial temperature: 40°C, pres-
sure: 360 MPa, and time: 15 min. (a) End of pressure buildup and (b) end of pressure holding time. (From Smith, 
N.A.S. et al., Appl. Math. Comput., 226, 20, 2014b.)
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Figure 11.6 Dimensionless enzyme activity A* at the end of the pressure holding time for processes: 
(a) upper figure and (b) lower figure. (From Rauh, C. et al., J. Food Eng., 91, 154, 2009.)
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enzymes characterized by inactivation kinetics with strong temperature dependence. The extent of 
nonuniform process impact on inactivation of enzymes or microorganisms may be also dependent 
on thermophysical properties of the treated food products, for example, viscosity, water content.

11.2.2 artifiCial neural networKs DeVelopment

The use of artificial neural networks (ANN) has been explored earlier for thermal processes of 
foods by Afaghi et al. (2001) and Sablani et al. (1995) and for drying processes by Farkas et al. 
(2000). Torrecilla et al. (2005) explored the use of ANN with the objective to predict temperature 
after pressure buildup as well as the time needed for the sample under HP to reach isothermal 
conditions.

An ANN is a mathematical algorithm, which has the capability of relating the input and output 
parameters, learning from examples through iteration without requiring prior knowledge of the 
relationships between the process variables. The ANN developed by Torrecilla et al. (2005) was 
designed to have an input layer of five nodes that corresponded to five input processing variables:

 1. Applied pressure
 2. Pressure increase rate
 3. Initial set temperature
 4. High-pressure vessel temperature
 5. Temperature of the air surrounding the HP system

The output layer consisted of two neurons; one representing the maximum or minimum temperature 
reached in the sample after compression and one representing the time needed to re-equilibrate the 
temperature in the sample after decompression. The ANN structure is depicted in Figure 11.8.

The available numerical simulations based either on heat transfer models or ANN can serve as 
valuable tools to calculate temperature at any position inside the HP vessel and the food product, 
not only at individual positions. The aim of securing temperature uniformity in HP-processed 
products is crucial to be able to extract valid conclusions about the effects that a given pressure 
and temperature treatment produces in a specific food. These different temperature–time profiles 
detected during the process at different sample locations may result in a pronounced nonuni-
form distribution of enzyme and/or microbial inactivation and nutritional and/or sensorial quality 
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Figure 11.7 Dimensionless temperature field at the end of the pressure holding time (t* = t/tprocess = 0.99) 
for a high-pressure process with initial temperature of (a) 50°C and (b) 20°C. (From Rauh, C. et al., J. Food 
Eng., 91, 154, 2009.)
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degradation within the processed product. Depending on the pressure–temperature degradation 
and the kinetics of the component that is focused on, the effect will be more or less pronounced 
(Denys et al., 2000a).

11.3 KinetiCs under dynamiC high-pressure proCess Conditions

Industrial applications of HP processing are usually performed at the pressure range of 300–600 
MPa. When pressure magnitude of 300–600 MPa is applied, adiabatic heating can lead to a 
significant temperature increase, which plays a significant role and should not be ignored when 
developing kinetic models of food quality attributes. Most published results in the field of kinetic 
models development under HP conditions generate isobaric curves of food quality attributes, 
 deterioration, survival curves of spoilage microorganisms, and isorate contour plots of remaining 
enzymatic activity (Figure 11.9).

Most of these curves are considered to be developed both at isobaric and isothermal con-
ditions. Although researchers state that these curves were generated from isobaric pressure 
conditions, the same thing cannot be stated for temperature conditions. However, adiabatic 
heating effect is actually involved; thus, most kinetic models have been generated using data 
obtained under varying temperature conditions (Peleg, 2006). The effect of varying temperature 
magnitude depends on the magnitude of pressure and temperature synergism on the selected 
food attribute. This attribute can be an endogenous enzyme or a spoilage and/or pathogenic 
microorganism.
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Figure 11.8 (a) Structure of the neural network model schematically shown. (b) Detail of the function of a 
neuron. (From Torrecilla, J.S. et al., J. Food Eng., 69(3), 299, 2005.)
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11.3.1  KinetiC moDeling taKing into ConsiDeration nonisothermal 
ConDitions During isobariC hp proCesses

The impact of varying temperature in a HP treatment efficacy can be accessed through the devel-
opment of proper mathematical modeling strategy where temperature variations and gradients are 
taken into consideration.

In Figure 11.8, a typical time–temperature–pressure profile of a HP treatment is depicted. The 
recording of pressure and temperature corresponds to a HP treatment performed at 450 MPa and 
initial HP vessel temperature of 50°C, using the high-pressure unit (Food Pressure Unit FPU 1.01, 
Resato International BV, Roden, Holland, pressure transmitting fluid: polyglycol ISO viscosity class 
VG 15, pressure buildup: 15 MPa/s). As depicted in Figure 11.10, the maximum temperature is 
recorded when the desired pressure is achieved (pressure buildup).

A typical experimental protocol of collecting kinetic data to develop a mathematical kinetic 
model involves samples treated for different times leading to different levels of a selected food 
quality attribute, that is, remaining enzyme activity. According to the recorded temperature during 
an isobaric HP treatment, samples of different treatment times are actually subjected to different 
nonisothermal time–temperature profiles, and this should be taken into account in the development 
of a mathematical kinetic model.

In a recent study, Gogou et al. (2010b) developed a kinetic model for xylanase inactivation using 
the effective temperature concept instead of constant nominal temperature for given HP treatments. 
The effective temperature concept was used in the Arrhenius equation and first-order inactivation 
kinetics (Equation 11.1).
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where
( )A A P/ 0  is the remaining enzyme activity after processing for a time period t at isobaric conditions
kTref

 is the inactivation rate constant at a constant reference temperature (min−1)
Ea is the activation energy (J/mol)
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Figure 11.9 Isorate contour plots of (a) Clostridium botulinum death. (From Margosch, D. et  al., 
Appl. Environ. Microbiol., 72, 3476, 2006.) (b) Pectinmethyleastarase inactivation in carrot puree. (From 
Ly-Nguyen, B. et al., J. Food Sci., 68, 1377, 2003.)
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R is the universal gas constant (8.314 J/mol∙K)
Tm(t) is the mean value of the recorded nonisothermal temperature profile for the time period t (K)
Tref is a reference temperature (333.16 K = 60°C) and t is the processing time (min)

Using a rough estimation of the activation energy value (Ea) for HP enzyme inactivation of 100 kJ/
mol the effective temperature, Teff, can be used for each processing time instead of the temperature 
recorder at the different sampling times. The effective temperature is the constant temperature that 
results in the same remaining enzyme activity as the variable temperature profile and depends on 
the Ea value of the inactivation (Equation 11.2)
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The comparison between the recorded temperature and the effective temperature at the different 
sampling times depicted in Table 11.1 is actually describing the necessity of taking into account 
the dynamic nonisothermal nature of HP processes for the estimation of HP kinetic parameters to 
be precise. The difference between the effective temperature and initial vessel temperature values is 
generally expected to be more pronounced at the high pressures domain due to increased adiabatic 
heating. As it can be assumed, samples remaining for shorter times in the pressure vessel are actually 
subjected to higher effective temperatures than those remaining for longer times.

In order to use the commonly applied kinetic approach of depicting and calculating inactivation 
rate constant at constant temperature and pressure conditions, the concept of equivalent time for 
each experimental point can be used:
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Figure 11.10 Pressure (– –) and temperature (—) profile during an isobaric HP treatment at 450 MPa 
combined with initial vessel temperature of 50°C.
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where
teq is the equivalent time, which is defined as the time of treatment at a constant temperature ( )Tin  that 

results in the same remaining enzyme activity as the variable temperature distribution over 
the experimental time of treatment (t)

Tin is the initial temperature of the pressure vessel before the adiabatic heating and t is the time 
of treatment (min)

For first-order kinetics, enzyme inactivation under HP processing can be described by:
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Pressure effect on the inactivation rate constant can be expressed through the activation volume 
value, Va:
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where
Pref is the reference pressure
kPref  is the inactivation rate constant at Pref

T is the temperature (K)

Negative activation volumes indicate that the observed inactivation is favored by pressure; the 
increase of temperature usually leads to in reduced absolute values of activation volume, indicating 
that  inactivation rate constant becomes less pressure dependent. Temperature dependence of the inac-
tivation rate constant can be expressed by the Ea values calculated by Equation 11.1 by the described 
iterative process. A lot of published data agree that activation energy decreases with increasing pres-
sure indicating less temperature dependence of the inactivation rate at the high pressures domain.

11.3.2 F-Value Determination

The traditional approach of modeling the inactivation kinetics of microorganisms and enzymes 
under HP has been based on the assumption that inactivation kinetics follows first-order kinetics. 
Based on this assumption, an analogy between the lethal effect of HP and thermal processes can 
be alleged. In the literature, there are a lot of kinetic parameters available (Table 11.2) describing 

taBle 11.1 
Comparison Between the recorded temperature and the effective 
temperature at different treatment times during a high pressure process 
performed at 450 mpa with initial Vessel temperature of 50°C (Figure 11.10)

time (min) 
initial hp Vessel 
temperature (tin) 

recorded hp Vessel 
temperature (tt) 

effective temperature 
(teff,t) 

 3 50.0 56.8 55.4

 6 50.0 54.0 54.3

12 50.0 52.0 53.2

20 50.0 51.4 52.6

30 50.0 51.4 52.2
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the effect of pressure on the inactivation parameters either in terms of DP and zP values (Equation 
11.6) or in terms of rate constants (k) at specific isobaric pressure conditions and corresponding 
activation volume values (Va); a term used to describe pressure dependence of inactivation kinetics 
(Equation 11.7) in analogy with activation energy (Ea) used to describe the corresponding tempera-
ture dependence (Equation 11.8).
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taBle 11.2 
decimal reduction times reported in high pressure inactivation of microorganisms 
in high pressure treated Food products

microorganism Food product 

high pressure Conditions tested 
D-Value 

(min) references pressure (mpa) temperature (°C)

Clostridium 
sporogenes 
PA3679

Meat broth 800 108 0.695 Rovere et al. (1996)

Total microbial 
flora

Milk 300 Ambient 22.9 Mussa and 
Ramaswamy (1997)

L. monocytogenes Pork 414 25 2.17 Ananth et al. (1998)

Salmonella 
typhimurium

1.48

Saccharomyces 
cerevisiae

Orange juice 350 Ambient 0.63 Parish (1998)

L. monocytogenes Pork 400 Ambient 3.5 Mussa et al. (1999)

C. sporogenes Meat broth 800 90 5.3 Rovere et al. (1999)

S. cerevisia 
ascospores

Orange juice
Apple	juice

400 37.2 0.97
0.88

Zook et al. (1999)

E. coli Egg 300 5 3.8 Lee (2002)

L. monocytogenes Milk
Peach	juice
Orange	juice

600 Ambient 2.43
1.52
0.87

Dogan and Erkmen 
(2004)

E. coli Milk 600 25 1.66 Erkmen and Dogan 
(2004)Peach juice 1.22

Orange juice 0.68

Total aerobic 
count

Milk 600 25 3.19 Erkmen and Dogan 
(2004)Peach juice 1.50

Orange juice 0.83

E. coli Carrot juice 300 40 7.9 Van Opstal et al. 
(2005)

E. coli Cashew apple juice 400 1.21 Lavinas et al. (2008)

S. typhimurium Milk 300 25 9.21 Erkmen (2009)

Orange juice 1.50
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where
kP is the inactivation rate constant at pressure P
kT is the inactivation rate constant at temperature T
Pref is the reference pressure
kPref  is the inactivation rate at Pref

Tref is the reference temperature
kTref  is the inactivation rate at Tref

Va is the activation volume
Ea is the activation energy and R the universal gas constant

The above equation kinetics should be applied to experimental findings only when isothermal 
and isobaric conditions can be achieved. Several published studies (Rovere et al., 1998; Stoforos 
and Taoukis, 1998; de Heij et al., 2003; Koutcma et al., 2005) have demonstrated that a linear 
model is suitable to predict the microbial inactivation of G. stearothermophilus and C. sporo-
genes PA3679 considered as classical surrogates in a thermally assisted HP process (when pro-
cessed at isobaric and isothermal conditions during holding time). Consequently, the approaches 
used in thermal processing can be applied for HP process evaluation. Pflug’s concept (Pflug and 
Zeghman, 1985) can be adapted for determining the F-value for the HP pasteurization and ster-
ilization of foods:
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11.4  deVelopment oF pressure–temperature–time  
indiCators

11.4.1 pttis Definition anD requirements

The control of a HP process used for the preservation of food requires effective and reliable tools 
that can monitor the cumulative impact of pressure and temperature on food safety and quality attri-
butes. In analogy to time–temperature–integrators (TTIs) for thermal processes (Maesmans et al., 
1994; Hendrickx et  al., 1995), the use of PTTIs has been proposed for impact evaluation of HP 
processes (Van der Plancken et al., 2008). A potential PTTI can be a component that has an irrevers-
ible change, dependent on both pressure and temperature, which can be correlated to the changes 
of a target quality or safety attribute undergoing the same HP process, without the knowledge of 
the actual  pressure–temperature–time profile. Van der Plancken et al. (2008) defined the PTTI as “a 
small, wireless device that shows a pressure, temperature, and time dependent, easily and accurately 
measurable, irreversible read-out to the HP treatment.”

In order to investigate a system as a PTTI, a full kinetic characterization of the system is required. 
A candidate PTTI ideally should display a sensitivity of its kinetic parameter to both small differ-
ences in temperature and in pressure. Enzymes and microorganisms are considered to be good 
candidates for the development of PPTI systems.

For a candidate PTTI to be used in evaluating HP processes, its temperature and pressure sensi-
tivity should be similar to the respective temperature and pressure sensitivity of the HP process tar-
get. The HP process target can be either an enzyme or microorganisms (spoilage and/or pathogens) 
in the case of HP pasteurization. In the case of HP sterilization processes, the target is the more 
thermotolerant spores. As pressure is assumed to be constant and uniform while temperature is on 
the one hand not constant (due to adiabatic heating and heat transfer phenomena) and on the other 
hand has been reported to be nonuniform.
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11.4.2 proposeD ptti systems

Several researchers have proposed different systems to be used as PTTIs; the proposed PTTIs are 
summarized in Table 11.3. Although most of the proposed PTTI systems are enzymes, other sys-
tems like powdered copper tablet (Minerich and Labuza, 2003), microorganisms like C. sporogenes 
(Koutcma et al., 2005), and starch (Bauer and Knorr, 2005) have also been investigated to be used 
as PTTIs with the aim to be used as HP process evaluation tools.

Minerich and Labuza (2003) published one of the first studies in developing a pressure indicator 
for HP processing of foods. They developed a tablet consisting of compressed powdered copper. The 
specific system cannot be considered as a PTTI as the tablet density, serving as the indicator response, 
was affected only by the applied pressure and treatment time and not temperature. However, reference 
to the specific study should not be overlooked when studying the PTTIs concept as it is considered to 
be one of the first approaches to develop an indicator to evaluate the pressure applied in HP process-
ing. As described by the authors, the tablet comprised of uniaxially compressed powdered copper; 
the density of the tablet was found to increase with increasing pressure in the range of 400–600 MPa. 
The tablet density was also found to increase as treatment time increased. However, the performance 
of HP treatments at different temperatures in the range of 7°C–28°C had no significant effect in tablet 
density. The indicator response was the observed density of the tablet that can be further translated to 
the Heckel value (Heckel, 1961a,b) leading to the indicator response function as given in Equation 11.6.

 
H KP A=

−
= +ln

1
1 Φ  

(11.6)

where
H is the Heckel value
Φ is the relative density (ρο/ρabsolute)
ρο, ρabsolute are the observed and absolute density
ρabsolute is 8.96 g/cm3 for copper
P is the applied pressure
K, A are the constants

taBle 11.3
proposed systems serving as pttis for hp process evaluation

ptti system ptti response 

hp Conditions tested 

references P (mpa) t (°C)

B. subtilis α-amylase 250–550 25–55 Ludikhuyze et al. (1997)

Milk alkaline phosphatase Remaining enzyme activity 100–800 10–60 Claeys et al. (2003)

Compressed powdered 
copper tablet

Density 400–600 7–24 Minerich and Labuza (2003)

C. sporogenes Color 600–800 91–108 Koutchma et al. (2005)

Starch Starch gelatinization 100–700 29–57 Bauer and Knorr (2005)

Coenzyme Q(0) Degradation of ubiquinone Q(0) 400–800 40, 80 Fernández García et al. (2009)

B. subtilis α-amylase Remaining enzyme activity 400–600 10–40 Grauwet et al. (2009a)

Bacillus amyloliquefaciens 
α-amylase

Remaining enzyme activity 150–680 10–45 Grauwet et al. (2009b)

Thermomyces lanuginosus 
β-xylanase 

Remaining enzyme activity 100–600 50–70 Gogou et al. (2010b)

Ovomucoid system Residual trypsin inhibitor activity 400–700 99–111 Grauwet et al. (2010, 2011)

Thermotoga maritima 
β-xylanase 

Remaining enzyme activity 500–700 99.4–113.8 Vervoort et al. (2011)
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The developed indicator was further used in experiments where it was placed in the geomet-
ric center of ham samples and further treated with HP. According to the results, ham samples 
were found to receive approximately 9 MPa less pressure than the applied pressure (400 MPa) 
with  the HP equipment. This pressure receiving difference is rather small and can be attrib-
uted to the fact that ham has a considerable structure and cannot be considered to perform as 
a liquid.

Bauer and Knorr (2005) investigated the potential use of pressure-induced starch gelatiniza-
tion as a PTTI. The impact of HP processing on different types (A-type, B-type, and C-type) 
of starches crystallinity was examined. As anticipated, starch gelatinization was sensitive to 
the changes of HP processing conditions of temperature, pressure, and time. The velocity rate 
of gelatinization increased, the higher the constant pressure, indicating that pressure-induced 
gelatinization is a time-dependent process. Although the authors recognized that starches could 
be considered as potential PTTIs, it was noted that starches have to be carefully selected taking 
into account maximum gelatinization at selected HP processing conditions. Moreover, more 
work needs to be done on starch gelatinization in order to use it as PTTIs as the indicator 
response should be validated, and a PTTI response function should be developed and kinetically 
studied. This work can only be considered as the basis for starch-based PTTIs proposition that 
has to be further explored and challenged.

So far, the proposed PTTI systems of copper tablet and starch can be considered as extrinsic 
PTTI systems. Claeys et al. (2003) on the other hand investigated the effect of HP on some milk pro-
teins and the potential of using milk alkaline phosphatase as an intrinsic PTTI for milk HP pasteuri-
zation. Claeys et al. (2003) used the available kinetic model of alkaline phosphatase by Ludikhuyze 
et al. (2000). Although the specific indicator has been successfully used as a thermal pasteurization 
indicator for milk, its application as PTTI has some restrictions according to the results; pressure 
and temperature sensitivity of alkaline phosphatase is not adequate for HP pasteurization processes 
at ambient temperature.

Fernández García et al. (2009) studied the Diels–Alder reactions between coenzyme Q(0) as 
dienophile and sorbic acid as diene compounds under HP treatments combined with temperature 
of 40°C and 80°C. The proposed PTTI response was the remaining concentration of coenzyme 
Q(0) that was kinetically modeled as a function of pressure and temperature:
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where
R is the universal gas constant (8.314472 J/K/mol)
t0, which is fixed to be t0 = 2.5 min, is the time to achieve the nominal pressure P
T is the temperature
C is the concentration of coenzyme Q(0) at time t, with C0 its initial value at time t = −t0

The proposed PTTI by Fernández García et al. (2009) was reported to show a pressure depen-
dence (expressed by the zP-value of 222 MPa at 80°C) comparable to the zP-values described for 
some microorganisms that are suggested as surrogates of C. botulinum in HP treatments. This is 
the case of B. amyloliquefaciens spores at 95°C (Rajan et al., 2006), with a zP-value of 170 MPa. 
However, it must be pointed out that the proposed PTTI was calibrated for HP treatments com-
bined with temperature up to a maximum temperature of 80°C. Its use at HP treatments with 
elevated temperature of 95°C designed to inactivate more pressure-resistant compounds such as 
spores seems to be restricted as noted by the authors.
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Another very promising system to serve as a PTTI is amylase. Ludikhuyze et al. (1997) were 
the first to investigate the potential use of B. subtilis α-amylase as a tool to assess the impact of HP 
treatments. A kinetic model was earlier developed by Ludikhuyze et al. (1996) describing the com-
bining effect of pressure and temperature on the remaining enzyme activity. The derived kinetic 
model (Equation 11.8) was further validated by Ludikhuyze et al. (1997) under dynamic HP condi-
tions including multiple successive HP cycles.
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where
A is the enzyme activity at time t
A0 is the enzyme activity at time 0
B is the parameter expressing the temperature dependence of the k value
C is the parameter expressing the pressure dependence of the k value
k is the inactivation rate constant at P and T (min−1)
krefP T,

 is the inactivation rate constant at Pref and Tref (min−1)
Pref is the reference pressure (500 MPa)
P is the pressure (MPa)
Tref is the absolute reference temperature (313 K)
T is the absolute temperature (K) and dt is the time interval (min)

The authors reported that validation tests at dynamic HP conditions led to the conclusion that 
amylase remaining enzyme activity can be used as a PTTI response to predict the impact of HP 
processes. However, the repeatability of the PTTI response is an issue as the enzyme used was a 
commercially available enzyme that was found to show different kinetic parameters between dif-
ferent production lots. Another issue raised by the authors was the observation that in order to have 
accurate predictions, the kinetic model should be developed and calibrated within the pressure and 
temperature range of interest.

Grauwet et al. (2009b) continued studying the kinetics of B. subtilis α-amylase inactivation under 
HP treatments in the pressure range of 400–600 MPa combined with temperatures of 10°C–40°C. 
Solvent engineering was used to optimize the required enzyme stability of α-amylase (1 g/L—
MES 0.05 M pH 5.0) in the pressure–temperature range of interest. The authors developed a model 
derived from the thermodynamic behavior of the difference in free energy in the pressure–tempera-
ture domain:
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where
A is the enzyme activity at processing time t
Aunt is the initial enzyme activity of the untreated enzyme sample
h–j and l–n are unknown, empirical model parameters
kref is the rate constant at reference temperature of 308 K (Tref) and reference pressure of 

500 MPa (Pref)
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Another α-amylase (B. amyloliquefaciens) was also kinetically modeled by Grauwet et al. (2009b). 
The remaining enzyme activity was modeled in order to serve as a reliable PTTI response:

 

ln

ln ( ) ( ) ( )(
A

A

k
h

T
T T

i

T
P P

j

T
P P T T

unt

ref ref ref ref ref

=

+ + +

∫−
− − − −τ

0

))

ln ( )+








 +









 +

















l

T
T

T

T
T

m

T
P P

ref
ref ref− −1 2




⋅dt  (11.10)

where
A is the enzyme activity at processing time t
Aunt is the initial enzyme activity of the untreated enzyme sample
h–j and l–m are unknown, empirical model parameters
kref is the rate constant at reference temperature of 308 K (Tref) and reference pressure of 

500 MPa (Pref).

The determined kinetic parameters of Equations 11.9 and 11.10 were reestimated under dynamic 
conditions and subsequently successfully validated under dynamic HP conditions relevant for 
the food industry. The α-amylase-based PTTIs proposed by Grauwet et al. (2009a,b) were used 
to map temperature uniformity in industrial-scale HP equipment. On the one hand, based on 
numerical integration of different pressure–temperature profiles and kinetic data, the potential 
amylase–based PTTIs were assessed in simulated HP pasteurization processes. The potential 
of both PTTIs to detect temperature differences was experimentally assessed in horizontally 
oriented industrial-scale HP equipment. It was experimentally demonstrated that the proposed 
PTTIs response readings were adequate to detect different temperature zones in a HP ves-
sel intended for pasteurization processes. However, it must be pointed out that for successive 
and reliable use of any proposed PTTI system, another very important prerequisite should 
not be neglected. Only when pressure and temperature dependence of the PTTI is similar to 
the process target (i.e., endogenous enzyme, spoilage or pathogen microorganism) pressure 
and temperature dependence, the PPTIs response can be reliably used for HP process impact 
evaluation.

Enzymes apart from being candidate PTTIs for HP pasteurization, can be also used as PTTIs for 
high-pressure high-temperature (HPHT) processes. In a HPHT process, food products are subjected 
to high pressure combined with elevated temperatures including product preheating, adiabatic heat-
ing during pressure buildup, pressure holding possibly accompanied by heat exchange between com-
ponents with a different compression heat, and finally temperature decrease during pressure release 
accompanied with subsequent cooling (Barbosa-Canovas and Juliano, 2008). For an enzyme-based 
PTTI to be applicable in HPHT processes, it must be assured that the candidate enzyme is thermo-
tolerant enough to undergo intense HP conditions combined with temperatures exceeding 80°C. The 
use of thermo and piezo-tolerant enzymes as PTTIs can ensure that the PTTI response; remaining 
enzyme activity, after the HPHT process can be assayed within the respective detection limits in 
order to be used to determine the impact of the process. Thermotolerance of enzymes can be further 
enhanced by means of pH adjustment or water activity decrease. Ovomucoid, a trypsin inhibitor 
present in chicken egg-white, is a protein that was investigated by Grauwet et al. (2010) as a candi-
date for PTTI development. In this study, different pH values were used to assess the enhancement of 
ovomucoid thermotolerance and the effect of pH shift in temperature sensitivity of the protein when 
subjected to HPHT processes. According to the results, the most suitable pH was 8.0 (adjusted with 
the temperature-stable phosphate buffer). The residual trypsin inhibitor activity served as the PTTI 
response, which was kinetically modeled (Equation 11.11) as a function of applied temperature in 
the pressure range of 400–700 MPa and temperature range of 95°C–117°C.
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where
resTIA is the residual trypsin inhibitor activity at treatment time t
a and b are empirical model parameters
Ea is the activation energy (J/mol) expressing the temperature dependency at constant pressure
R is the universal gas
kref is the reaction rate constant (min−1) at temperature T (K) and reference temperature Tref (373 K)

The ovomucoid system showed clear temperature sensitivity under increased pressure enabling its 
use to assess temperature uniformity or to detect the lowest or highest temperature zones inside a 
HP vessel. With the assumption that the kinetics of target attributes (safety and/or quality) and more 
specifically the temperature dependency of the target attributes show a similar dependency with 
that of the proposed PTTI, process impact evaluation can be performed. However, the response of 
the proposed ovomucoid-based PTTI is restricted to HPHT processes where the temperature does 
not exceed 111°C in combination with holding times up to 3 min. This is limiting the use of the 
proposed PTTI as it could not be used for process evaluation where the target is spores inactivation. 
However, the Grauwet et al. (2010) approach was the first one to address the challenge of HPHT pro-
cess evaluation. The specific protein-based PTTI was further optimized and challenged by Grauwet 
et al. (2011). The kinetic model was optimized to include both temperature and pressure effect on 
the reaction rate constant of residual trypsin inhibitor activity:
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where
krefT P,  is the reaction rate constant of the trypsin-inhibitor inactivation at reference temperature 

(Tref) and reference pressure (Pref)
Ea is the activation energy
Va is the activation volume
R the universal gas constant

The optimized ovomucoid-based PTTI was treated at six different coordinates in a pilot-scale 
HPHT vessel (Figure 11.11), and it was verified that it can be used to assess temperature uniformity 
issues of HPHT processes of 600 MPa, initial temperature of 85°C, and treatment time of 5 min by 
detecting the lower and higher temperature zones within the HP vessel.

Xylanase is another enzyme that has been considered to be a good candidate for PTTI devel-
opment (Gogou et  al., 2010b; Vervoort et  al. 2011). The specific enzyme originating from the 
hyperthermophile Thermotoga maritima was studied by Vervoort et al. (2011) with the aim to 
monitor temperature gradients in HPHT processes. The thermal inactivation at isothermal– 
isobaric conditions was described by a first-order model at atmospheric pressure as well as at 
elevated pressure. At HPHT conditions, the pressure dependence of the D-values was negligible, 
while the temperature dependence was distinct. This pressure independence suggests that a more 
accurate specific proposed system can serve more as a time–temperature indicator (TTI) rather 
than a PTTI. The authors suggested that the specific xylanase-based indicator can serve as a TTI 
for HP sterilization processes as the observed z-value of 17.16°C ± 0.04°C matches the tempera-
ture sensitivity of C. sporogenes spores’ inactivation. Xylanases originating from thermophilic 
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microorganisms have been earlier proposed (Gogou et al., 2010a) as TTIs for thermal processes 
due to their enhanced thermal resistance.

Another xylanase originating from Thermomyces lanuginosus was studied by Gogou et  al. 
(2010b) in pursuit of PTTI development applicable for HP pasteurization processes. The synergistic 
effect of pressure and temperature on xylanase inactivation rate constant was found to be adequately 
described as a function of pressure and temperature by Equation 11.13, usually applied to model 
enzyme inactivation (Polydera et al., 2004; Katsaros et al., 2009).
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The developed kinetic model, having as variables pressure and temperature, allows the cal-
culation of remaining enzyme activity (serving as the PTTI response) at any combination of 
HP processing conditions within the studied domain. The xylanase remaining enzyme activity 
after a HP process and the developed kinetic model can be used to estimate the F-value for 
the specific process and be correlated to the impact on the target attribute (e.g., an endogenous 
enzyme). Based on the mathematical model and the parameters estimation, an isorate contour 
plot can be constructed. The isokinetic diagram of xylanase is illustrated in Figure 11.12. From 
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Figure 11.11 Schematic overview of PTTI positioning throughout the HPHT vessel (dashed line: POM 
container; bold line: sample holder). Different distances from the vessel bottom (3.5 cm bottom [b]; 16 cm 
middle [m]; 29 cm top [t]) and different distances from the vessel wall (0.8 cm wall [w]; 5 cm center [c]) were 
studied. (From Grauwet, T. et al., J. Food Eng., 105, 36, 2011.)
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the isorate contour graph, it is clear that xylanase inactivation is strongly dependent on both 
pressure and temperature. High-pressure inactivation at low levels of pressure (<300 MPa) is 
dominantly affected by temperature with the inactivation rate constant to be sensitive to small 
temperature gradients.

The developed kinetic model of the proposed xylanase-based PTTI was challenged under 
various HP conditions (within the studied pressure–temperature domain). The remaining enzyme 
activity was used to predict the temperature history (expressed by the effective temperature value) 
for the given pressure and time combinations. The actual effective temperature, Teff (°C), was 
calculated integrating the recorded time–temperature profile of each HP treatment and com-
pared to the predicted effective temperature values, Teff (°C). The error in predicting the effective 
temperature based on the PTTI response was calculated for all HP conditions. The predictive 
performance of the PTTI was acceptable with the average error value equal to 3.4%. In 67% of 
the cases, the absolute error value was less than 10%. The maximum deviations observed were 
−15% and 27% based on single measurements. Such error values can be avoided by multiple 
measurements.

The application of the proposed xylanase-based PTTI in HP processing of orange juice was 
evaluated. The juice cloud is considered to be a desirable characteristic of orange juice, since it 
favorably affects turbidity, flavor, and the characteristic color of orange juice. Cloud loss accom-
panied by gelation of juice concentrates is a major problem associated with orange juice quality 
deterioration, which has been attributed primarily to the activity of PME, a cell wall-bound 
pectic enzyme released into the juice during juice extraction (Versteeg et al., 1980; Oakenfull 
and Scott, 1984; Cameron et al., 1999). Several studies have dealt with the impact of HP on PME 
inactivation in orange juice (Irwe and Olsson, 1994; Basak and Ramaswamy, 1996; Cano et al., 
1997; Nienaber and Shellhammer, 2001; Bull et al., 2004). Polydera et al. (2004) studied the inac-
tivation kinetics of PME in Greek navel orange juice during combined high pressure (100–800 
MPa) and moderate temperature (30°C–60°C) treatments. The activation energy values ranged 
from 177 kJ/mol at 100 MPa to 95 kJ/mol at 750 MPa. The activation volume values ranged from 
−36.7 mL/mol at 30°C to −14.2 mL/mol at 60°C. A mathematical model that describes the PME 
inactivation rate as a function of pressure and temperature conditions was developed. Process 
conditions of 600 MPa at 40°C for 4 min for sufficient inactivation of the pressure labile PME 
isoenzyme were proposed, that is, the minimum target F-value of an adequate HP process must 
be 4 min.
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Figure 11.12 Simulated isorate contour plot of xylanase inactivation under HP processing. (From Gogou, 
E. et al., J. Food Sci., 75(6), 379, 2010b.)
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The application of the xylanase-based PTTI was evaluated in simulated HP processes of navel 
orange juice at different pressure–temperature conditions designed to achieve the targeted F-value 
(Figure 11.13).

The effectiveness of each of these processes could be evaluated by the PTTI response, that is, the 
value of xylanase remaining activity, ( )A A xylanase/ 0 . The PTTI responses that would be obtained for 
the HP processes were calculated from the integration of the developed kinetic model of xylanase 
inactivation. Taking into account that in most HP processes pressure is constant and well defined, 
from the PTTI response the effective temperature, Teff, of the process is determined by solving 
Equation 11.14.
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where
( )A A P/ 0  is the remaining enzyme activity after processing for a time period t at isobaric 

conditions
kTref  is the inactivation rate constant at a constant reference temperature (min−1)
Ea is the activation energy (J/mol)
R is the universal gas constant (8.314 J/mol∙K)
Teff is the effective temperature that is the equivalent constant temperature corresponding to the 

nonisothermal temperature profile for the time period t (K)
Tref is a reference temperature (333.16 K = 60°C) and t is the processing time (min)
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Figure 11.13 Pressure–time–temperature profiles used for the evaluation of the xylanase-based PTTI 
application in the case study of PME inactivation in Navel orange juice (a) HP1, HP3, HP6; (b) HP5, HP8, 
HP10; (c) HP2, HP4, HP7, HP9. (From Gogou, E. et al., J. Food Sci., 75(6), 379, 2010b.)
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The PTTI-derived effective temperature, Teff,PTTI, is used to calculate the F-value of the process 
from the inactivation kinetic model of the target attribute (PME in navel orange juice) from 
Equation 11.15:

 
F

k T P

k
tT P

eff

ref
processref ref,

( , )
= ⋅  (11.15)

The estimated F-values based on the PTTI response for different HP processes are listed in 
Table 11.2 as FPTTI. They are compared to FPME, the F-values directly calculated from the PME 
kinetics and the actual P–T profile of each process (usually not available in a real process). The 
FPTTI slightly underpredicted the F-value for PME as the kinetic parameters of xylanase inac-
tivation used to calculate the Teff did not match the ones of PME. Based on the PTTI response, 
the adequacy of the processes (F-values of 4 min) can be verified. Similarly, in high HP condi-
tions, an error in the effective temperature estimation in the range of 10% leads to deviations in 
the F-value calculation of 14% for the inactivation of L. monocytogenes Scott A in bovine milk 
based on a large number of simulated P–T scenarios and unpublished kinetic data (Katsaros 
et al., 2007) (Table 11.4).

Gogou et al. (2010b) demonstrated that the use of the proposed xylanase-based PTTI allows the 
prediction of the temperature history of isobaric-nonisothermal HP treatments. The prediction of 
temperature history during HP processes is essential for processing optimization and quality control 
of the final food product. According to the results of this study, the effective temperature concept 
was satisfactorily applied in the laboratory-scale HP equipment.

The application of the proposed concept in commercial-size equipment is of practical interest. 
Separate enzyme-based PTTIs can be used to estimate the effective temperature of a given HP 
process for product units in representative locations in the vessel. Usually in commercial batch 
processes, HP treatment is applied to packaged food products. A PTTI can be part of the packaging, 
allowing the effective temperature estimation for specific processed products. An approach based 
on the estimation of the process’ effective temperature from the PTTIs’ response can be used in 
order to evaluate process impact on the target attribute.

taBle 11.4
hp process F-values for pme enzyme inactivation in orange Juice Calculated from the 
xylanase ptti response (FPtti) and the integration of the process Conditions (FPMe)

processa P (mpa) teff (°C) FPtti
b
 (min) FPMe

b
 (min) 

HP1 300 43.8 4.10 4.37

HP2 300 53.7 4.01 4.24

HP3 400 41.2 4.49 5.20

HP4 400 53.2 3.91 4.50

HP5 400 61.2 3.81 4.36

HP6 500 37.1 3.78 5.08

HP7 500 47.1 4.40 5.73

HP8 500 57.1 4.56 5.66

HP9 600 39.9 4.86 6.50

HP10 600 49.9 3.96 4.92

a HP process codes are referring to Figure 11.13.
b F-values are referred to 600 MPa and 40°C.

© 2016 by Taylor & Francis Group, LLC

  



439High-Pressure Process Design and Evaluation

11.5 ConClusion

HP processing of food products is a process that has been implemented industrially over the last 
few years. Although applications are successful and promising for delivering high quality, safe food 
with extended shelf-life design, optimization and evaluation of HP processes is still under consider-
ation. The development of reliable tools to evaluate the impact of HP processing is a very interest-
ing research field that a lot of research groups worldwide have addressed. A lot of published data 
have proven that temperature nonuniformity is expected during HP processes (pasteurization and 
sterilization). Two promising tools in evaluating temperature nonuniformity and its impact in food 
safety and quality attributes were thoroughly described in this chapter: development of heat transfer 
models and PTTIs. However, further work needs to be done for these tools to be validated and their 
accuracy to be determined and finally applied for HP processing evaluation.
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12 High-Pressure 
Processing of Foods
Technology and Applications

George Katsaros, Z. Alexandrakis, and Petros Taoukis

12.1  demand For nonthermal proCessing 
oF Foods—the teChnology oF hp

The potential of applying high pressure (HP) as the main physical process for food treatment and 
preservation has been reported at the beginning of the last century (Hite, 1899). In the 1990s, several 
researchers showed that HP treatment can lead to food products free from undesirable microorgan-
isms and enzymes with minor changes in their quality and sensory attributes (Grant et al., 2000). 
Additionally, HP-treated products such as jams, fruit products, fruit jellies, salad dressings, sauces, 
etc., were introduced and launched onto the Japanese, American, and European market (Tewari 
et al., 1999). In 2000, more innovative products (guacamole, peeled oysters, fruit juices, and poultry) 
appeared in the United States (Meyer, 2000). Food preservation using high-pressure pasteurization 
as an alternative to thermal pasteurization leads to products with extended shelf life and improved 
sensory and nutritional characteristics (preservation of thermally sensitive flavor compounds and 
nutrients, color, and texture) (Fondberg-Broczek, 1998). HP treatments, in general, are effective in 
inactivating most vegetative pathogenic and spoilage microorganisms at pressures above 200 MPa 
at chilled or process temperatures less than 45°C, but the rate of inactivation is strongly influenced 
by the peak pressure and the process time (Raoult-Wack, 1994). Sterilization, that is, inactivation of 
spores such as Clostridium botulinum and Bacillus could be achieved through synergies of elevated 
heat and pressure (Ahn et al., 2007). High pressure processing (HPP) technology, as commercially 
defined today, is unable to produce low-acid shelf stable products since bacterial spore inactivation 
requires high pressures of at least 800–1700 MPa at room temperature, far in excess of what is com-
mercially available today. High-pressure high-temperature (HPHT) processing (HP sterilization), 
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or pressure-assisted thermal sterilization (PATS), involves the use of moderate initial chamber tem-
peratures between 60°C and 90°C in which, through internal compression heating at pressures of 
600 MPa or greater, in-process temperatures can reach 90°C–130°C. The process has been pro-
posed as a high-temperature short-time process, where both pressure and compression heat con-
tribute to the process’s lethality (Leadley, 2005). In this case, compression heat developed through 
pressurization allows instantaneous and volumetric temperature increase, which, in combination 
with high pressure, accelerates spore inactivation in low-acid media. The main advantage of HPHT 
treatment is the shorter processing time compared to conventional thermal processing in eliminat-
ing spore-forming microorganisms (Matser et al., 2004). This shorter process time and ultimate 
pressurization temperatures lower than 121°C have resulted in higher quality and nutrient retention 
in selected products. For example, better retention of flavor components in fresh basil, firmness in 
green beans, and color in carrots, spinach, and tomato puree have been found after HPHT process-
ing (Krebbers et al., 2002, 2003). Nutrients such as vitamins C and A have also shown higher reten-
tion after HPHT processing in comparison to retort methods (Matser et al., 2004).

Apart from HP cold pasteurization and sterilization, use of HP for homogenization of liquid foods 
is another approach. High-pressure homogenization (HPH) is a technique in which a fluidic product is 
forced through a narrow gap at high pressures (150–400 MPa). Thus, the product is subjected to very 
high shear stress causing the formation of fine emulsion droplets. The resistance to droplet deforma-
tion and breakup caused by the Laplace pressure has to be reduced. The high pressures applied cause a 
temperature increase due to adiabatic heating, and it has to be controlled in order to avoid food texture 
deterioration. HPH also enhances product texture and mouthfeel. Using nanoemulsions in food prod-
ucts can facilitate the use of less fat without a compromise in creaminess, thus offering the consumer 
a healthier option. Some applications of HPH include the formation of the acid gelation properties 
of recombined whole milk, the viscosity of fermented dairy beverages, the microstructure of low-fat 
yoghurt and low-fat emulsions, as well as the rheological properties of ice cream mixtures.

Despite the substantial research activity of the last years and the continuously growing applica-
tion of HP technology, scientific, technological, and technical issues should be answered for each 
product before HP industrial application. Food industry is in need of fully substantiated and vali-
dated answers regarding the applicability and the benefits of HP as a physical process for better 
preservation of the various food products. The optimization of the conditions (safety, quality reten-
tion, nutritional value, and consumer acceptability being the main parameters) combined with the 
accurate design and control of the process is essential. The systematic study of the technical param-
eters (that would allow for the use of the scientific achievements in a controlled and effective indus-
trial process) is based on the kinetic approach of the destructive reactions of several factors that lead 
to spoilage or degradation of quality and functional properties of the food during HP treatments 
(Hendrickx and Knorr, 2002). This approach is detailed by Stoforos and Taoukis (1998) in analogy 
to the conventional thermal processing and constitutes the basis for the design, the treatment, and 
the modeling of the procedure that would offer the possibility of a safe and effective industrial use. 
The degree of deterioration of an index sensitive to the HP process is a function of its resistance at 
various pressure–temperature conditions, depending also on the treatment duration. Assuming that 
the deterioration is described by a first-order reaction:

 
− = =dC

dt
kC k f T P, ( , , )…  (12.1)

where
C is the concentration (or activity or population, etc.) of the HP sensitive index (e.g., number of 

microorganisms/mL, g/L, etc.)
k is the reaction rate constant at constant conditions of the procedure (min−1)
t the time of the treatment (min)
T the temperature during the HP treatment (K)
P the pressure (MPa)
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Integrating Equation 12.1 leads to:
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where
Co is the initial concentration
subscripts a and b refer to the initial and the final condition, respectively (in this case, the begin-

ning and the end of the procedure)

If the effect of pressure and temperature on the reaction rate is known, then the integral of 
Equation 12.2 can be calculated using the appropriate Arrhenius (Equation 12.3) and Eyring 
(Equation 12.4) expressions:
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where
Tref and Pref represent a reference temperature and a reference pressure, respectively
Ea (J/mol) and Va (mL/mol) the activation energy and volume, respectively
R the universal gas constant (8.314 J/(mol K)

Using Equations 12.3 and 12.4 in Equation 12.2, assuming that the activation energy and volume 
depend on the pressure and the temperature respectively, Equation 12.2 is finally expressed as follows:

 

ln
C

C
k

E P

R T T

V T

R

P P
t

o
ref

a

ref

a refexp








 =

( ) 








( ) (∫
0

1 1− − − −
− ))





















T

dt  (12.5)

This equation forms the basis for the modeling of the HP treatment (e.g., for the determination of an 
equivalent time of treatment, for example, the calculation of the F-value) in a similar way as this is 
done for conventional thermal treatments.

The quantification of the effect of the process conditions and the subsequent storage on the shelf 
life of products allows for the optimization of the design of the overall production. Products that 
have been manufactured under “optimized” conditions must be tested for their acceptability by 
representative consumer groups and appropriate sensory methodology.

Effective implementation of HP technology in the food industry requires knowledge of the opti-
mal conditions of processing. Hence, the following steps for each product need to be taken before 
the product is marketed:

 1. Determination of the main factors that cause safety issues (growth of pathogens) and quality 
deterioration of the product (specific spoilage microorganisms and undesirable enzymes)

 2. Determination of the kinetics inactivation of the above mentioned factors in food models 
and real food matrices in order to find an adequate HP process for the preservation of the 
food in question

© 2016 by Taylor & Francis Group, LLC

  



446 Handbook of Food Processing: Food Preservation

 3. Evaluation of HP-treated food products’ quality and nutritional characteristics
 4. Determination and modeling of the shelf life of HP-treated products and comparison with 

products that have been subjected to conventional preservation methods (heating, addition 
of preservatives)

 5. Consumer acceptability and preference test

Several case studies will be presented in this chapter to illustrate the potential of HP for the develop-
ment of food products of high quality with extended shelf life.

In HP treatments, the process conditions are a function of the following extrinsic parameters:

• Applied pressure (MPa)
• Temperature (C)
• Holding time (min)
• Pressure buildup time (min)
• Pressure release time (min)
• Number of pulses and time interval between pulses when pulsed pressures are used

Adiabatic heating should be considered when applying high pressures.

12.1.1 high-pressure equipment

HP processing in an industrial scale is conducted at various pressures (usually from 100 to 600 
MPa) and room temperature 25°C or chill temperatures (4°C–10°C), for various processing times 
(ranging from 1 to 15 min). The high-pressure units available, comprise one or a set of pressure 
intensifiers and usually one vessel (volume depending on the models available ranging from 40 up 
to 525 L), with a maximum operating pressure and temperature of usually 600 MPa. The pressure 
transmitting fluid used is water. The desired value of pressure is set and after pressure buildup 
(rate depending on the number of intensifiers and the volume of the vessel), the pressure vessel 
is isolated. This point defines the time zero of this process. Pressure of the vessel is released 
(trelease < 1 min) after a preset time interval (according to the production design). The temperature 
in the chamber is monitored during the process. The initial adiabatic temperature increase dur-
ing pressure buildup should be taken into consideration in order to achieve the desired operating 
temperature during pressurization. Products are usually precooled at appropriate temperatures in 
order to reach the target temperature after pressure buildup, taking into consideration the moni-
tored adiabatic heating (approximately 3°C/100 MPa).

The cost of HP processing is dependent on the volume of the units and is presented in Figure 12.1.
Fruits and vegetables and meat and meat products are the main food sectors that HP technology 

has found application, as evidenced by the number of products produced worldwide (Figures 12.2 
and 12.3).

The United States is the leader in food production using HP technology for cold pasteurization, 
followed by Europe (Figure 12.4).

The growing interest in HP-treated food products is also depicted in the number of HP units 
installed worldwide, and the rate is continuously growing. Figure 12.5 shows the continuous 
installed units all over the world, while the trend shows that in a few years (2018) more than 600 
units will be installed in industries all over the world.

Nowadays, there are HP units available for vessel volumes ranging from 50 to more than 500 L, 
depending on the industry needs. In Figure 12.6, a unit developed and produced by Hiperbaric 
(www.hiperbaric.com) is shown. It is a unit comprising a 525 L capacity vessel, large 380 mm diam-
eter, and throughput of over 3000 kg of product per hour.
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Figure 12.3 Market value of food sectors in which HP technology is being applied over the last years. 
(From MarketsandMarkets Analysis, November 2013.)
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Figure 12.2 Diagram of the operation of a HP unit. (From NC Hiperbaric web page http://www. hiperbaric.
com/en/high-pressure, HIPERBARIC, Miami.)
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(From MarketsandMarkets Analysis, November 2013.)

Figure 12.6 Model 525 HP unit developed by Hiperbaric with a vessel of 525 L capacity and 380 mm 
diameter.
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12.2 eFFeCt oF hp on miCroorganisms oF Foods

HP inactivates microorganisms by altering their morphology and several vulnerable components 
such as cell membranes, ribosomes, and enzymes, including those involved in the reproduction and 
survival procedures (the replication and transcription of DNA) (Yuste et al., 2001; Norton and Sun, 
2008). The primary site of pressure damage is usually the cytoplasmic membrane. Cell permeability 
and ion exchange are altered (Hoover et al., 1989). These modifications in the microbial cell mem-
brane are probably the main cause of sublethal injury generated by the pressure treatment (Patterson 
et al., 1995). A variety of factors can affect the sensitivity of microorganisms to HP, including the 
species and strain of the microorganism, the growth temperature and growth phase prior to HP, the 
composition of the suspending medium, and the magnitude and duration of the applied pressure 
(Patterson et al., 1995).

Bacterial vegetative cells, yeasts, and molds are relatively sensitive to pressurization since they 
are inactivated in the range of pressure 400–600 MPa at ambient temperature, while the bacte-
rial spores (several Clostridium species) appeared to be relatively resistant to it. Spores are highly 
pressure resistant since pressures exceeding 1200 MPa may be needed to obtain a significant level 
of inactivation (Sale et al., 1970; Hoover et al., 1989; Knorr, 1995; Smelt, 1998). In general, gram-
positive bacteria (Listeria monocytogenes, Staphylococcus aureus) are more resistant to pressure 
than gram-negative (Pseudomonas, Salmonella spp, Yersinia enterocolitica, Vibrio parahaemo-
lyticus) (Hayakawa et al., 1994; Cheftel, 1995; Mackey et al., 1995) due to the rigidity of teichoic 
acids in the peptidoglycan layer of the gram-positive cell wall (Lado and Yousef, 2002).

Furthermore, cultures in the exponential growth phase have been shown to be far more sensitive 
than cultures in the logarithmic growth or stationary phase (Hoover et al., 1989). Microbial cells 
surviving pressurization become sublethally injured and develop sensitivity to physical and chemi-
cal environments to which the normal cells are resistant (Kalchayanand et al., 1995, 1998; Hauben 
et al., 1996). In addition, pressurization can inactivate some parasites such as Trichinella spiralis, 
but its efficiency on inactivation of viruses is limited (Cheftel, 1995). Extensive studies have been 
concentrated on several species including gram-negative pathogens Salmonella and Escherchia coli 
OI57:H7; gram-positive microorganisms S. aureus and L. monocytogenes; spore-forming patho-
gens Bacillus cereus; and nonpathogenic flora like Pediococcus spp., Lactobacillus brevis, and 
Lactobacillus plantarum strains.

The approach in the thermal processing literature for the quantification of microbial inactiva-
tion uses the decimal reduction time (D) and the thermal resistant constant z. Equivalently for HP 
processing, the D-value is defined as the treatment time at a constant pressure and temperature that 
is required to reduce the microbial count by 90%, zT: the thermal resistance constant, the tempera-
ture increase for 90% decrease of D-value (at a constant reference pressure), zP: the pressure resis-
tance constant, the pressure increase needed for 90% decrease of D-value (at a constant reference 
temperature).

The effect of HP (300–600 MPa) combined with temperature (25°C–40°C) on the inactivation 
of L. monocytogenes in bovine and sheep milk and the baroprotective effect of their constituents on 
the viability of this microorganism is presented to demonstrate the kinetic approach to be employed 
(unpublished own data). Inactivation followed first-order reaction kinetics at all pressures and tem-
peratures tested. The decimal reduction times (D-values) were estimated for the microorganism 
at all conditions tested (Table 12.1). An increase of HP and temperature led to a reduction of the 
D-values of the microorganism, indicating a synergistic effect of these process parameters on the 
inactivation. The inoculated L. monocytogenes (strain Scott A) in the sheep milk appeared to be 
more pressure-resistant compared to the same microorganism in the bovine milk due to the baro-
protective effect of its higher lipid content. D-values of 0.9 and 2.6 min for inactivation of L. mono-
cytogenes in bovine and sheep milk, respectively, were calculated after processing at 600 MPa and 
25°C. At the highest applied pressure–temperature condition (600 MPa, 40°C), the D-value of L. 
monocytogenes was lesser than 1 min for both tested media.
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Similar D-values have been reported in the literature (Styles et al., 1991; Mussa and Ramaswamy, 
1999). D-values are in the range of 9.3 min (Styles et al., 1991) and 8.1 min (Mussa and Ramaswamy, 
1999) for inactivation of L. monocytogenes in raw milk by applying pressure of 340 and 350 MPa, 
respectively, in the range of the the D-values presented in Table 12.1 for bovine milk and ovine milk.

Koseki et al. (2008) reported that 5 min treatment of 500 MPa at 25°C resulted in an approxi-
mately 5 log10 reduction of L. monocytogenes in UHT whole milk compared to 600 MPa and 25°C 
or 500 MPa and 40°C in Table 12.1.

A model that can predict the D-values of a microorganism in the range of process pressure–
temperature combinations studied could be used (Equation 12.6), taking into account all the data 
obtained from L. monocytogenes inactivation as well as the temperature effect on the zP-value and 
the pressure effect on the zT-value.
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 (12.6)

where
Do is the decimal reduction time at Pref = 500 MPa and Tref = 32°C
zT is the thermal resistance constant (temperature needed for 90% increase or decrease of the 

D-value)
zP is the pressure resistance constant (pressure needed for 90% increase or decrease of the D-value)

taBle 12.1
estimated decimal reduction times, D (min), for hp inactivation of l. monocytogenes 
in Bovine and sheep milk in the range of temperature from 25°C to 40°C
t (°C) 25 32 40 

Zt (°C) P (mpa) D (min) D (min) D (min) 

Bovine milk

300 10.80 ± 1.321,a 9.75 ± 0.861,a 3.33 ± 0.742,a 28.6 ± 8.9a

400 8.34 ± 0.521,b 2.75 ± 0.482,b 2.54 ± 0.242,a 29.6 ± 10.3a

500 1.96 ± 0.461,c 1.32 ± 0.261,c 1.01 ± 0.361,b 50.3 ± 21.4a

600 0.92 ± 0.141,d 0.43 ± 0.082,d 0.40 ± 0.122,c 41.1 ± 16.3a

ZP (MPa) 286.4 ± 65.11 262.5 ± 63.7 369.0 ± 128.01

Sheep Milk

300 12.40 ± 1.271,a 11.20 ± 1.261,a 9.12 ± 0.442,a 112.7 ± 40.3a

400 9.09 ± 0.551,b 4.10 ± 1.412,b 3.09 ± 0.282,b 32.4 ± 10.6b

500 3.31 ± 0.331,c 2.34 ± 0.392,b 1.27 ± 0.253,c 35.5 ± 8.5b

600 2.60 ± 0.261,d 1.04 ± 0.072,c 0.61 ± 0.132,d 23.8 ± 4.6b

ZP (MPa) 432.0 ± 90.71 339.0 ± 77.21 284.3 ± 66.51

Average value ± standard error between three measurements.
Different superscript letters indicate significantly different means (P < 0.05) within a column (differences between pressures).
Different superscript numbers indicate significantly different means (P < 0.05) within a row (differences between 

temperatures).
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A is parameter that expresses the effect of pressure on the zT-value
B is parameter that expresses the effect of temperature on the zP-value
R is the universal gas constant

The parameters of Equation 12.6 were estimated by nonlinear regression (Table 12.2).
HP can also inactivate spoilage microorganisms such as Pediococcus spp. found in sea bream 

fillets or lactic acid bacteria (LAB) found in orange juices. HP inactivation of Pediococcus spp. 
followed first-order kinetics (Figures 12.3 through 12.5 and 12.7) with a tailing region at all treat-
ment conditions. The decimal reduction times (D-values) as a function of pressure and temperature 
conditions are presented in Table 12.3.

The pressure–temperature combinations necessary to achieve the targeted inactivation of 
Pediococcus spp., the main deteriorative factor of high-pressured gilthead sea bream fillets, can be 
estimated by Equation 12.6, enabling the proper design of high pressure combined with tempera-
tures treatment of the fillets (Table 12.4).

Quality degradation of untreated orange juice is due to the presence of spoilage microorganisms 
and the activity of pectinolytic enzymes. The inactivation of orange juice spoilage microflora by 
HP has been reported by many researchers. Yeasts have been shown to be considerably more sensi-
tive to HP than LAB, while moulds are the most labile of the spoilage microflora of orange juice 

taBle 12.2
estimated parameters of the multiparameter equation (equation 12.6) that describe the 
decimal reduction time D (min) of l. monocytogenes at any Combination of pressures 
and temperatures (tref = 305 K and Pref = 500 mpa)

parameter 

estimated Values 
(l. monocytogenes 

in Bovine milk) 

95% Confidence 
interval 

estimated Values 
(l. monocytogenes 

in sheep milk) 

95% Confidence 
interval 

lowera uppera lowera uppera

Do (min) 1.50 0.11 2.92 2.17 1.40 2.93

ZT (°C) 21.5 6.7 50.6 22.5 2.3 63.0

ZP (MPa) 278.3 108.9 447.7 281.3 63.5 485.2

A (MPa−1) 0.001 −0.001 0.002 0.0012 −0.032 0.019

B (mol/KJ) −0.889 −3.256 1.482 −1.359 −2.09 −0.423

R2 0.95 0.98

a Upper and lower values were estimated for 95% confidence intervals by the nonlinear regression routine (SYSTAT 8.0).
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Figure 12.7 (a) Lactobacillus brevis inactivation during HP processing at 250 MPa combined with tem-
peratures in the range of 25°C–40°C and (b) L. plantarum inactivation during HP processing at 200–350 MPa 
at 35°C and 200–350 MPa. (Bars denote the standard deviation of triplicate measurements).
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(Hoover et al., 1989). Several studies on the inactivation of the microflora of orange juice have been 
published, and they mainly deal with the issue of inactivation of certain foodborne pathogens and 
spoilage bacteria (Alpas and Bozoglu, 2003; Erkmen and Dogan, 2004; Bayindirli et al., 2006). 
Basak et al. (2002) investigated Leuconostoc mesenteroides and Saccharomyces cerevisiae inac-
tivation in single-strength and concentrated orange juice in the range of 100–400 MPa. Kinetic 
analysis revealed the presence of a dual effect of pressure inactivation, an instantaneous pressure 
kill (dependent on the pressure level), and a first-order inactivation (dependent on the holding 
time). Both microorganisms revealed similar zP values when tested in the same type of juice.

Inactivation kinetics of L. plantarum and L. brevis in neutral and acid media (pH value of 7.0 and 
4.2, respectively) was studied at a pressure range of 400–534 MPa and ambient temperature. Both 
bacteria exhibited similar zP values when tested in neutral medium. In acid medium, L. plantarum 
seemed to be more resistant than L. brevis (Mallidis et al., 2003). Katsaros et al. (2010) investigated 
L. brevis and L. plantarum strains inactivation in valencia orange juice in the range of 200–350 MPa.

In Figure 12.7a, the effect of process temperature at 250 MPa on the reduction of L. brevis counts 
and in Figure 12.7b, the effect of pressure processing at 35°C on the reduction of L. plantarum 
counts are shown. HP inactivation of both LAB species was described by first-order kinetics. The 
D-values were estimated for each microorganism within the studied domain (200–350 MPa and 
25°C–40°C). The D-values were estimated for each microorganism at all studied pressure and tem-
perature combinations (Table 12.5). The D-values decreased with increasing processing pressure 
and temperature at all temperature and pressure levels tested, respectively. A synergistic effect of 
temperature and pressure was observed.

The multiparameter Equation 12.6 was applied to describe the effect of pressure and temperature 
process conditions on the D-value of each microorganism, combining the aforementioned effect of 
pressure on the zT values and considering that the effect of process temperature on the zP values is 
small and follows no clear trend (zP values ranged from 80 to 105 MPa at 25°C–40°C) (predicted 
parameters of the model presented in Table 12.6). LAB appeared to be very sensitive to pressures 
above 300 MPa. Thus, a moderate high pressure–temperature process condition, sufficient for 

taBle 12.4
parameters of the multiparameter equation (equation 12.6) that describe the decimal 
reduction time D (min) of Pediococcus spp. at any Combination of pressures and 
temperatures (tref = 303 K and Pref = 300 mpa)

parameter Do (min) Zt (°C) Zp (mpa) a (mpa−1) r2 

Estimated values (Pediococcus spp. of Sea Bream fillets) 4.38 31 178 −0.002 0.99

taBle 12.3
estimated decimal reduction times, D (min), for high-pressure inactivation of Pediococcus spp. 
of sea Bream Fillets in the range of temperature from 20°C to 40°C using the Baranyi model

sea Bream Fillets

t (°C) 20 30 40 
Zt (°C) P (mpa) D (min) D (min) D (min) 

150 205 138 50 32.8

300 8.7 5.0 1.5 26.5

450 3.6 0.9 0.5 23.4

600 0.8 0.3 0.2 34.5

ZP (MPa) 196 172 196
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inactivation of both microorganisms, offers the ability of a minimal process design with a minimum 
nutritional and sensorial characteristic deterioration.

12.3  eFFeCt oF hp proCessing on endogenous and 
exogenous enzymes oF Food produCts

Enzymes participate in cellular metabolic processes with the ability to enhance the rate of reaction 
between biomolecules. The changes in their active site or enzyme denaturation can lead to a revers-
ible or an irreversible loss of their activity. HP mechanism for enzyme denaturation is governed by 
the Le Chatelier principle, which predicts that application of pressure shifts an equilibrium to the 
state that occupies the smallest volume, so any reaction accompanied by volume decrease is acceler-
ated by elevated pressures (Cano et al., 1997). The decrease of the enzyme activity can be attributed 
to the fact that high pressure affects the substrate–enzyme interaction. In the case that the substrate 
is a macromolecule, the effects may be on the structure of the macromolecule making the enzymic 
action easier or more difficult. The effect of HP on the activity of enzymes that are important to food 
quality, such as polyphenoloxidases (Rapeanu et al., 2005; Buckow et al., 2009), pectin methylester-
ases (Polydera et al., 2004; Guiavarch et al., 2005; Plaza et al., 2007; Boulekou et al., 2009; Katsaros 
et al., 2010; Alexandrakis et al., 2014a,b), peroxidases (Garcia-Palazon et al., 2004; Terefe et al., 
2010), cysteine proteases (Katsaros et al., 2009b,c), and aminopeptidases (Katsaros et al., 2009a), 
has been studied and reported in several publications.

taBle 12.6
parameters of the model of Valencia orange laB inactivation (equation 12.6) 
as a Function of pressure and temperature for tref = 30°C and Pref = 300 mpa

parameter l. brevis l. plantarum 

Do (min) 342 ± 0.51 1.32 ± 0.11

zT (°C) 23.8 ± 1.4 18.8 ± 1.3

zP (MPa) 94.7 ± 7.8 95.0 ± 11

A (MPa–1) −0.009 ± 0.001 −0.013 ± 0.002

Notes: ± Values represent the standard error of regression.

taBle 12.5
decimal reduction times, D (min), of hp-treated Valencia orange dominant laB species 
l. brevis (l. b) and l. plantarum (l. p)

pressure 

25°C 30°C 35°C 40°C zt

Dl. b Dl. p Dl. b Dl. p Dl. b Dl. p Dl. b Dl. p l. b l. p

200 MPa 15.53 17.82 14.93 14.90 9.27 14.73 3.77 10.31 31.5 77.5

250 MPa 7.21 8.65 2.82 3.00 2.02 2.30 0.84 2.21 18.9 29.0

300 MPa 1.07 1.97 0.68 1.11 0.49 0.71 0.41 0.32 40.0 19.5

350 MPa 0.67 0.50 0.31 0.32 0.28 0.29 0.19 0.17 32.5 36.6

ZP 105 81 82 95 97 92 79 80

Note: ZP and ZT values are also presented. Bold values indicate the treatment time (D, min) adequate for the inactivation of 
both microorganisms.
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The enzymes found in different systems (buffer, juice, tissue) often follow first-order  inactivation 
kinetics (Equation 12.7). However, the existence of several isoenzymes that show different heat 
or/and pressure resistance has been observed. The biphasic model signifies the coexistence of at 
least two isoenzymes, a pressure-resistant and a pressure-labile one. In the case of fractional conver-
sion model (Equation 12.8), first-order inactivation is applied taking into account a nonzero residual 
activity upon prolonged processing.

Specifically, the inactivation of enzymes can often be described by a first-order kinetic model 
(Equation 12.7) (Eagerman and Rouse, 1976):
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where
Ao and At are the initial activity and the remaining activity at time t, respectively
k the inactivation rate constant (min−1)

In the case of the fractional-conversion model for all pressure–temperature conditions, Equation 12.8 
could be used:
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where
A is the enzyme activity after processing for a treatment duration t
Af the residual activity after processing
Ao the initial activity
t the processing time (min)
k the inactivation rate constant (min−1)

The kinetic model adequately described the loss of enzyme activity during processing, showing a 
first-order inactivation of the sensitive portion of the enzyme (labile isoenzyme) and the presence of 
a resistant enzyme fraction that is hardly inactivated by the pressure or temperature applied.

One of the key enzymes in fruit and vegetable processing is pectin methylesterase (PME), 
which mainly affects the texture of fruits and vegetables, lowering their viscosity as well as 
deteriorating the quality of citrus juices by the destabilization of clouds. In the literature, there 
is a significant number of papers describing the effect of HP and temperature on PME activity 
from different fruits and vegetables, such as citrus-based foods (Versteeg et  al., 1980; Basak 
and Ramaswamy, 1996; Cano et  al., 1997; Goodner et  al., 1998, 1999; Van den Broeck et  al., 
2000b; Polydera et al., 2004; Guiavarch et al., 2005; Sampedro et al., 2008; Katsaros et al., 2010; 
Alexandrakis et al., 2014a), tomato-based foods (Van den Broeck et al., 2000a; Stoforos et al., 
2002; Rodrigo et al., 2006; Plaza et al., 2007; Verlent et al., 2007), peach (Boulekou et al., 2009), 
strawberry (Cano et al., 1997; Ly-Nguyen et al, 2002c), fruits and vegetables and other materials 
(Castro et al., 2006, 2008),  carrot (Ly-Nguyen et al., 2002b, 2003a; Balogh et al., 2004; Sila et al., 
2007), banana (Ly-Nguyen et al., 2002a, 2003b), apple (Riahi and Ramaswamy, 2003), persim-
mon (Katsaros et al., 2006), and sea buckthorn (Alexandrakis et al., 2014b). The results obtained 
from these studies indicate that the specific origin of the enzyme, both fruit and variety of fruits, 
results in different inactivation kinetics. For example, it was found that the pressure stability of 
PMEs can vary by several orders of magnitude ranging from pressure-sensitive types like orange 
juice (Valencia cv.) PME (Katsaros et al., 2010) to significantly barotolerant ones like persimmon 
juice (Hachiya cv.) PME. Overall, persimmon PME showed a high thermal and pressure stability 

© 2016 by Taylor & Francis Group, LLC

  



455High-Pressure Processing of Foods

requiring intense process conditions for adequate inactivation (500–800 MPa at 40°C–70°C). The 
controlled inactivation of this enzyme is necessary for the optimal production design of persim-
mon juice rich in antioxidants that could be consumed as is or mixed with other fruit juices.

In general, more intense pressure and temperature process conditions enhance enzyme inacti-
vation. In some cases, there is a synergistic effect of pressure and temperature (process combin-
ing pressure at a certain temperature results in faster inactivation when compared to the additive 
enzyme inactivation by thermal treatment at the same temperature at 1 MPa and by pressure 
treatment at low temperatures). However, at high temperatures (close to temperatures resulting in 
thermal inactivation of enzymes at atmospheric pressure) an antagonistic effect of pressure and 
temperature could be observed. In these cases, the enzyme inactivation is slower when the enzyme 
is treated at a certain temperature combined with pressure compared to the inactivation by only 
thermal processing. Polydera et al. (2004) studied the HP inactivation of orange juice (Navel cv.) 
PME and found a synergistic effect of pressure and temperature on this enzyme under HP process-
ing conditions, except in the high temperature–low pressure region where an antagonistic effect 
was noted. Boulekou et al. (2009) investigated the inactivation of endogenous PME in Greek com-
mercial peach pulp under high hydrostatic pressure (100–800 MPa) combined with moderate tem-
perature (30–70°C). High pressure and temperature acted synergistically on PME inactivation, 
except at the high temperature of 70°C at the middle pressure range (100–600 MPa), where an 
antagonistic effect of pressure and temperature was observed. At this specific middle pressure 
range, an increase of pressure processing led to increased inactivation rate constants of peach PME. 
The effect of pressure and temperature on the inactivation rate constant of peach PME is presented 
in Figure 12.8.

The multiparameter model (Equation 12.5) could be used to express the enzyme inactivation 
rate constant as a function of temperature and pressure process conditions, taking into account the 
dependence of both activation energy and activation volume on pressure and temperature, respec-
tively. This modeling approach enables the quantitative estimation of the HP–temperature condi-
tions needed to achieve targeted enzyme inactivation in different plant sources.

Pressure stability of enzymes is largely varied depending on the type of enzyme, presence of 
other enzymes, the type of substrates, ionic strength, pH, nature of the medium in which the enzyme 
is dispersed, pressure, temperature, and treatment time (Cheftel, 1991; Irwe and Olsson, 1994).

The selection of the optimal process conditions for the inactivation of the two more deteriorative 
factors for food products, that is, microorganisms and enzymes is necessary. Katsaros et al. (2010) 
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Figure 12.8 PME inactivation rate constant as a function of pressure and temperature. Lines represent 
values predicted from Equation 12.5.
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studied the effect of pressure on these two factors, and they estimated the necessary HP process 
conditions for the cold pasteurization of valencia orange juice. They concluded that both LAB 
and PME appeared to be relatively sensitive to pressures above 300 MPa. Valencia orange PME 
sensitivity is of high interest because at certain processing conditions, it does not comply with the 
general statement that PMEs are generally more resistant than microorganisms and that treatment 
for PME inactivation is sufficient for juices’ pasteurization. So, in the case of valencia orange juice, 
a selection of an adequate, moderate high pressure–temperature process condition, sufficient for 
inactivation of both factors is necessary for the process design of the pasteurization. For valencia 
orange juice pasteurization, inactivation of 90% of the pressure/temperature-labile PME fraction 
was considered as the process target. For LAB, a 7D reduction of the most resistant strain was 
considered.

The required processing times for pasteurization of valencia orange juice PME at different pro-
cess pressures, at 25°C and 30°C are shown in Figure 12.9. Processing at 25°C requires longer times 
for the inactivation of LAB species up to 250 MPa, while for higher pressures the process time for 
inactivation of PME is longer. At 30°C, the respective pressure at which the PME process time 
exceeds the time required for microbial inactivation is 300 MPa. The cross of PME and LAB curves 
for processing at 25°C (250 MPa pressure for 34 min) and 30°C (310 MPa pressure for 4 min) could 
be considered the optimum process conditions for these process temperatures, that is, the minimum 
times achieving the targeted PME and LAB inactivation.

12.4 eFFeCt oF hp on nutritional CharaCteristiCs oF Foods

l-Ascorbic acid, carotenoids, flavonoids, and other polyphenolic compounds are the most impor-
tant substances of orange juice contributing to its total antioxidant activity (Miller and Rice-Evans, 
1997; Rapisarda et  al., 1999; Gardner et  al., 2000). The effect of processing or storage on the 
antioxidant activity of orange juice is an important issue for investigation. A number of different 
phenomena (loss of naturally occurring antioxidants, improvement of their antioxidant activity, 
formation of various compounds having antioxidant or prooxidant properties) can occur during 
processing or postprocessing storage of orange juice, affecting its overall antioxidant activity (Lee 
and Alfred, 1992; Nicoli et al., 1997; Goyle and Ojha, 1998; Lee and Chen, 1998; Lindley, 1998; 
Arena et al., 2001).
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Figure 12.9 Required processing time for the inactivation of PME and LAB as a function of pressure at 
25°C and 30°C. Dashed lines represent a 7D LAB reduction and solid lines represent 90% PME inactivation. 
Black lines show processing at 25°C, gray lines show processing at 30°C.
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Few works have been published on the effect of HP on postprocessing total antioxidant 
activity of orange juice or other food systems. Fernández-Garcıá et al. (2001a) found that HP 
treatment and storage up to 21  days at 4°C caused no significant differences in antioxidant 
capacity, vitamin C, or carotene content of orange juice and an orange–lemon–carrot juice prod-
uct. Similar or better retention of antioxidant capacity of high-pressure treated products after 
1 month storage at 4°C, compared to untreated samples, was reported in apple juice and tomato 
puree (Fernández-Garcıá et al., 2000, 2001b). Butz et al. (2002) found that high pressure did 
not induce loss of health-promoting substances (e.g., vitamins, antioxidants, antimutagens) of 
vegetables. De Ancos et al. (2000) reported stability or even improvement of radical scaveng-
ing activity of persimmon fruit purees after HP treatment due to the stability of carotenoids. 
Polydera et  al. (2004a), working with reconstituted from frozen juice concentrate, reported 
higher antioxidant activities for high-pressurized orange juice compared to thermally pasteur-
ized orange juice during their storage.

The comparative kinetics of the effect of HP and thermal pasteurization on postprocessing anti-
oxidant activity of fresh navel orange juice was also studied. Ascorbic acid loss was found to follow 
apparent first-order kinetics during storage of both high-pressure and thermally pasteurized orange 
juice as depicted in Figure 12.10a and b, respectively.

Lower ascorbic acid loss rates were observed for HP orange juice compared to conventionally 
pasteurized juice especially at refrigeration temperatures. The retention of ascorbic acid after stor-
age of high-pressurized orange juice for 1 month at 5°C was 84%, in contrast to thermal treatment 
that led to retention of ascorbic acid equal to 72%. A possible explanation for the lower ascorbic acid 
degradation rates during storage of high-pressure-treated orange juice could be a loss of availability 
of metal ions (e.g., iron, copper), catalyzing the ascorbic acid degradation, due to their hydration or 
the formation of complexes with chelating agents, such as citric acid, reported to be favored by high 
pressure (Cheah and Ledward, 1995, 1997). The destruction of peroxides by HP application (Cheah 
and Ledward, 1995) may also be a possible reason for the retardation of ascorbic acid degradation 
after HP treatment of orange juice.

The effect of storage temperature on ascorbic acid degradation rate was described by Arrhenius 
kinetics (Equation 12.3), as illustrated in Figure 12.11 for both high-pressure and thermally treated 
orange juice.

The activation energy was determined to be 68.5 kJ/mol (R2 = 0.97) and 53.1 kJ/mol (R2 = 0.97) 
for high-pressurized and thermally pasteurized orange juice, respectively, suggesting greater tem-
perature dependence of the ascorbic acid degradation rate for HP orange juice. The same trend was 
observed for valencia orange juice reconstituted from frozen concentrate (Polydera et al., 2003). 
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Figure 12.10 Ascorbic acid loss during storage of (a) high-pressurized and (b) thermally pasteur-
ized orange juice at 0°C–30°C. (From Polydera, A.C. et  al., J. Food Eng., 62, 291, 2004, doi: 10.1016/
S0260-8774(03)00242-5.)
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It is worth noting that the respective rates of ascorbic acid degradation in the reconstituted juice at 
chill chain temperatures (0°C–10°C) were significantly higher than the ones in the fresh juice for 
both high pressure and thermal treatments.

12.5 eFFeCt oF hp on the shelF liFe oF Food produCts

12.5.1 shelf-life extension anD quality improVement of proCesseD meats

In-pack HP pasteurization of meat products can lead to a significant shelf life extension and 
organoleptic quality improvement. Prepacked bratwurst sausages have a limited durability of 
few days in chilled storage. Nitrates are used as preservatives, although not needed for color 
fixation. Bratwurst sausages can significantly benefit from cold-pasteurization in-pack by HP. 
HP processing can be used effectively for the production of extended shelf life, preservative-
free, packed bratwurst sausages. Bratwurst sausages vacuum packed in laminate polymer film 
(EVOH, LDPE) were HP processed (600 MPa, 25°C, 5 min) and were stored at different tem-
peratures in the range of 0°C–15°C. Change of selected quality indices was kinetically studied. 
Color, texture, sensory, and microbiological measurements were conducted for preservative-free 
HP-treated samples and for nontreated samples with and without nitrates. The HP process did 
not alter the color and the texture of the treated samples when compared to untreated ones with-
out nitrates. The use of nitrates leads to uncharacteristic-for-this-product pink coloration. LAB 
growth, the main spoilage mechanism, was correlated to sensory hedonic scores that exhibited 
an apparent zero-order behavior. The rates of microbiological and organoleptic deterioration 
were estimated, and their temperature dependence was modeled by Arrhenius. Activation ener-
gies, Ea, were calculated at 90 kJ/mol and 102 kJ/mol for the untreated samples without and 
with nitrates, respectively, and 101 kJ/mol for the HP-treated samples. For the HP cold pasteur-
ized samples, shelf life was practically tripled compared to untreated preservative-free ones and 
doubled compared to ones with nitrate days at 5°C, respectively (Table 12.7 (unpublished data)). 
The results confirm the potential for significant shelf-life extension and quality improvement of 
HP-processed bratwurst sausages.
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Figure 12.11 Effect of storage temperature (0°C–30°C) on ascorbic acid loss rate of HP and ther-
mally pasteurized orange juice. (From Polydera, A.C. et  al., J. Food Eng., 62, 291, 2004, doi: 10.1016/
S0260-8774(03)00242-5.)
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Similarly, sliced, cooked ham was treated at 500 and 600 MPa (25°C, 5 min) and its shelf life 
was estimated and compared to conventional samples for storage temperatures 0°C–15°C. The 
growth of LAB was determined and modeled.

The shelf life of samples processed at 500 and 600 MPa for 5 min and the corresponding conven-
tional ones was determined and presented in Table 12.8, where it is apparent that the treated ones’ 
shelf life was extended by about three to eight times when compared to untreated ones.

12.5.2  proDuCtion of a high-quality nfC orange JuiCe 
with a long shelf life at ChilleD ConDitions

Thermal pasteurization conditions (80°C, 60 s) were chosen among different conditions used in 
industrial practice also taking into consideration PME thermal inactivation kinetics (Polydera 
et al., 2004). About 95% inactivation of initial PME activity of untreated juice was achieved. The 
remaining 5% of the enzyme activity corresponds to the more heat-resistant isoenzyme, which can 
cause cloud loss after long periods of storage (Cameron et al., 1997; Versteeg et al., 1980). More 
intense thermal treatment in order to inactivate this portion would greatly affect sensory character-
istics of orange juice without contributing substantially to further PME inactivation. Selection of 
HP processing conditions was mainly based on PME inactivation kinetics (Polydera et al., 2004). 
From the conditions providing adequate PME inactivation, the ones resulting in optimum sensory 
quality were selected. These conditions also exceeded process requirements for microbial stabil-
ity of orange juice (Polydera et al., 2003). A treatment of fresh Greek navel orange juice at 600 
MPa and 40°C for 4 min can cause inactivation of the sensitive isoenzyme, leading to a remaining 
PME activity equal to approximately 7% of the initial activity of untreated juice (similar to that 
after thermal pasteurization). Application of more intense HP conditions ( pressure, temperature, 
or time) resulted in faster or further inactivation of PME, affecting, however, negatively the sen-
sory quality of orange juice. The effect on the organoleptic characteristics was comparatively 

taBle 12.7
shelf life (days) of preservative-Free hp-treated sausages and nontreated 
sausages with and without nitrite at 0°C–15°C

storage temperature (°C) Control samples nitrite-made samples hp-treated samples 

0 27 42 120*

5 20 32 70*

10 14 16 26

15 7 9 15

taBle 12.8
shelf life (days) of hp-(500 and 600 mpa) treated and nontreated packed 
sliced ham at 0°C–15°C

storage 
temperature (°C) 

nontreated packed 
sliced ham 

hp-treated packed 
sliced ham at 500 mpa 

hp-treated packed 
sliced ham at 600 mpa 

0 27 82 224

5 15 75 164

10 12 42 63

15 7 22 50
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evaluated through sensory testing of orange juice after treatment at various combinations of pres-
sure (400–900 MPa), temperature (30°C–60°C), and time (2–10 min), leading to inactivation of 
the labile portion of the enzyme. The selected processing conditions of 600 MPa and 40°C for 
4 min also did not affect nutritional parameters of orange juice like ascorbic acid concentration or 
total antioxidant activity.

The decrease of ascorbic acid concentration to levels unacceptable by legislation or industrial 
practice often defines orange juice shelf life. Shelf life of orange juice was estimated as the time 
period in which there is a 50% ascorbic acid loss. As discussed previously, the slower ascorbic acid 
loss rates during storage of high-pressurized orange juice led to a significant extension of its shelf 
life compared to that of the conventionally pasteurized juice (Table 12.9). The shelf life increase of 
high-pressure-processed juice compared to pasteurized juice ranged from 13 days (49% increases) 
for storage at 15°C to 99 days (112% increase) for storage at 0°C. When stored at 30°C, similar shelf-
life values were found for juices of both treatments. The above determined shelf-life values for fresh 
orange juice (Table 12.9) were up to double the respective values reported by Polydera et al. (2003) 
for reconstituted valencia orange juice.

High-pressure treatment of 600 MPa at 408°C for 4 min led to a better retention of ascorbic acid 
during postprocessing storage of fresh orange juice at 0°C–30°C compared to conventional ther-
mal pasteurization (80°C, 60 s). An extension of shelf life was therefore achieved for HP-treated 
orange juice. Immediately after processing, HP orange juice retained the flavor of untreated fresh 
juice better, while its sensory characteristics were also judged superior during storage compared to 
thermally pasteurized juice. Due to the above-described benefits of extension of shelf life, superior 
organoleptic quality, and better nutrient retention, HP technology emerges as an advantageous alter-
native process for high-valued products like orange juice.

Apart from HP application as a nonthermal pasteurization technique, there are other potential 
applications; HP processing ranging from 200 to 350 MPa may denature proteins from the adduct 
or muscle of mollusks such as oysters and clams. The treated muscle that is responsible for clos-
ing the shell will not be able to contract, and the oyster will open. This exposes the meat for easy 
extraction, resulting in a significant yield increase (He et al., 2002). Another potential application 
is cheese maturation enhancement (Malone et al., 2003) by increasing the aminopeptidases activity 
responsible for the maturation process (Katsaros et al., 2009c). The gelatinization of starch under 
pressure is significantly different from that induced by heat, and hence they offer unique functional 
properties, like for example, a formation of weak gels, which could be used as fat replacer in dietary 
foods (Zhang et al., 2008). Pressure-induced protein gels open up to possible generation of new tex-
tures as they additionally retain their original flavor and color accompanied by a glossy appearance. 
Such gels can be applied for the manufacturing of milk products, for example, to improve yoghurt 
texture (Johnston et al., 1993) or increase cheese yield (López-Fandino et al., 1996).

taBle 12.9
shelf life (days) of high-pressure or thermally pasteurized orange Juice stored 
at 0°C, 5°C, 10°C, 15°C, and 30°C

storage 
temperature (°C) 

high-pressurized orange Juice thermally pasteurized orange Juice 

Based on 50% 
ascorbic acid loss

Based on sensory 
evaluation

Based on 50% 
ascorbic acid loss

Based on sensory 
evaluation

0 187 147 88 111

5 109 89 58 66

10 64 55 39 40

15 39 35 26 24

30 9 10 9 6
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12.6  enVironmental and eConomiC aspeCts 
oF the use oF hp on the Food industry

HP pasteurization, apart from retaining the fresh-like characteristics of foods better than com-
monly used thermal treatments, is environmental friendly. A high-pressure process requires power to 
increase pressure, and part of the power consumed is converted to heat for the temperature increase 
due to pressurization. Theoretically, the compression work and energy required for temperature 
increase due to pressurization are about 52 kJ/kg and 70 kJ/kg upon compression of pure water up to 
600 MPa, respectively. In addition, it should be noted that high-pressure sterilization/pasteurization 
does not require a cooling process, and decompression will decrease the temperature of the product. 
The theoretical total energy input into a high-pressure process at 600 MPa for processing pure water 
is thus about 122 kJ/kg. During HP processing, water is used as a medium for pressure buildup. This 
water is normally recycled since it is not in contact with the food (HP processing of packaged prod-
ucts), allowing for minimum water consumption. Although high-pressure equipment is considered to 
be generally more expensive than conventional processing/packaging systems, significant energy cost 
savings may be accumulated over time through the use of high pressure rather than high temperature.

12.7 ConClusions—Future outlooK

High-pressure technology is, among the nonthermal technologies, the one with the higher potential 
for industrial applications. Several food products nowadays are produced using this technology 
for shelf-life extension. It is of high importance for the process that it is an in-pack pasteurization 
technique not allowing for cross-contamination. It is independent of the shape and size of treated 
products since pressure is considered to be applied uniformly in the whole food mass. Apart from 
pasteurization purposes, HP could be used for opening oysters resulting in yield increase of meat 
extraction, reduction of cheese maturation time, as well as help in the formation of weak gels to be 
used as fat replacer in dietary foods, etc.

In Table 12.10, the advantages, limitations (disadvantages), potential products to be treated, and 
products already available in the worldwide market are presented for this technology.

Strengths, weaknesses, opportunities and threats (SWOT) analysis could be used to evaluate the 
strengths, weaknesses, opportunities, and threats involved in HP technology (Katsaros and Taoukis, 
2015). SWOT analysis involves specifying the objective of the new technology implications and 
identifying the internal and external factors that are favorable and unfavorable to achieving that 
objective. Identification of SWOTs is important because they can inform later steps in planning to 
achieve the objective. This would allow for informing potential technology users of the importance 
of the technology application.

• Strengths: Characteristics of the business or project that give it an advantage over others
• Weaknesses: Characteristics that place the team at a disadvantage relative to others
• Opportunities: Elements that the project could exploit to its advantage
• Threats: Elements in the environment that could cause trouble for the business or project

In all new product development in minimal processing, it is not only the improved eating quality of 
products that is important. The process must be capable of operating in a factory environment and 
not just in a laboratory with highly qualified staff, it should ensure a financial benefit to the manu-
facturer, and it should be sufficiently flexible to accommodate a wide range of products, often hav-
ing short production runs and brief product life cycles (Manvell, 1996). In Table 12.11, the SWOT 
analysis for HP technology compared to conventional thermal treatment is presented (Katsaros and 
Taoukis, 2015).

Food industries’ interest is growing over the last years for the application of HP for the produc-
tion of novel products or superior products compared to conventional ones (longer shelf life and 
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better quality and organoleptic characteristics). The HP pasteurization technology has a high tech-
nology readiness level (TRL). The TRL is dependent on the research published in the cited literature 
of the maturation level of the equipment producing industries for industrial scale equipments and 
the advantages of the technology application when compared to conventional technologies. The pri-
mary purpose of using TRL is to help management in making decisions concerning the development 
and transitioning of technology. The TRL scoring for HP technology is depicted in Table 12.12.

taBle 12.10
advantages, limitations (disadvantages), potential products to Be treated, and products 
already available in the Worldwide market for hp technology

technology 
advantages of technology 

application 

disadvantages 
of technology 
application 

potential products 
for processing 
using specific 

technology 

products already 
available in the 
World market 

processed using 
this specific 
technology 

High hydrostatic 
pressure

Inactivation of microorganisms 
and enzymes, while 
simultaneously retaining 
organoleptic, nutritional, and 
textural characteristics.

Instant and uniform pressure 
transfer to the food.

The pressure transfer is 
independent of the size and 
shape of the processed product.

Food products high in water 
concentration do not deform 
due to pressure applied.

In-pack cold pasteurization of 
food products increasing 
significantly the shelf life of 
foods.

May be applied to liquid, 
semiliquid, and not liquid foods.

This technology may be applied 
to various food industries since 
significant number of studies 
have been conducted and cited 
in the literature demonstrating 
the potentials for its application.

Brined cheeses ripening time 
reduction.

Selective increase of specific 
enzymes activity.

Production of food products 
with novel rheological 
characteristics.

Energy efficient and 
environmental friendly 
technology.

Different optimal 
process 
conditions for 
different food 
products.

High capital cost.
Batch-type 
processing 
(semicontinuous 
processing could 
be achieved if 
more than one 
HP unit is used 
in parallel).

Pasteurization of 
fruits, vegetables, 
and their juices.

Pasteurization of 
milk and milk 
products.

Pasteurization of 
meat and meat 
products (the most 
promising 
application of this 
technology).

Ripening time 
reduction and 
pasteurization of 
cheeses.

Pasteurization of fish 
and fish products.

Crustacean meat 
extraction yield 
increase.

Pasteurization of 
fruit preparations 
and jams, retention 
of fresh-like 
characteristics.

Wines and beers 
clarification and 
pasteurization.

Pasteurization of deli 
salads, dips, and 
ready meals.

In the worldwide 
market, lots of 
HP-treated 
products may be 
found such as fruit 
juices, dairy and 
meat products, 
fruit preparations, 
wet salads, 
crustaceans, 
avocado-based 
products, etc.

© 2016 by Taylor & Francis Group, LLC

  



463High-Pressure Processing of Foods

reFerenCes

Ahn J, Balasubramaniam VM and Yousef AE (2007). Inactivation kinetics of selected aerobic and anaerobic 
bacterial spores by pressure-assisted thermal processing. International Journal of Food Microbiology 
113:321–329. 

Alexandrakis Z, Katsaros G, Stavros P, Katapodis P, Nounesis G, Taoukis P (2014a). Comparative structural 
changes and inactivation kinetics of pectin methylesterases from different orange cultivars processed by 
high pressure. Food Bioprocess Technology 7:853–867. doi: 10.1007/s11947-013-1087-7

taBle 12.11
sWot analysis for hp technology Compared to Conventional thermal treatment

strengths Weaknesses 

Significant increase of the shelf life of nonthermally 
pasteurized food products.

Nutritional and organoleptic characteristics similar to 
untreated products.

Potential of in-pack cold pasteurization avoiding 
cross-contaminations.

Availability of food products at longer distance markets.
Production of safe products minimizing the risk for 
foodborne illnesses.

Energy-efficient and environmental-friendly technologies.

Different optimal process conditions for treated products.
Significantly high capital cost.
Training of personnel to handle the equipment of the novel 
technology.

opportunities threats

The increased shelf life of the HP-treated products 
resulting in the reduction of food waste can 
counterbalance the increased capital cost.

Opportunities for spin-off industries development as well 
as for novel technologies equipment production 
industries.

The effectiveness of the application and adaptation of the 
novel technologies is a function of:

 The investment cost for a food industry.
 Th e added cost for processing compared to a conventional 

product.
 The consumer acceptance for the new products.

taBle 12.12
trl level for hp technology

technology readiness level (trl) score technology 

TRL 1—basic principles observed
TRL 2—technology concept formulated
TRL 3—experimental proof of concept
TRL 4—technology validated in LAB
TRL 5—technology validated in relevant environment (industrially 
relevant environment in the case of key enabling technologies)

TRL 6—technology demonstrated in relevant environment 
(industrially relevant environment in the case of key enabling 
technologies)

TRL 7—system prototype demonstration in operational environment
TRL 8—system complete and qualified
TRL 9—actual system proven in operational environment 
(competitive manufacturing in the case of key enabling 
technologies; or in space)

9 High hydrostatic pressure technology 
has already been applied industrially 
for the production of various food 
products with prolonged shelf life 
worldwide. Many research teams 
study the potentials of its application 
and present their works by a 
significant number of published 
papers cited in the literature. Some 
of the results may be directly 
applied in the food industry. 
Combining the above with the high 
maturation level of the appropriate 
HP equipment production industries, 
the TRL may be scored as TRL = 9.

Source: http://ec.europa.eu/research
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Pulsed Electric Fields

Gulsun Akdemir Evrendilek and Theodoros Varzakas

13.1 prinCiples oF peF teChnology

Application of pulsed electric field (PEF) technology is based on the fact that many foods can con-
duct electricity when they are placed between the electrodes of an electrical circuit because of the 
presence of ions (Zhang et al., 1994a,c). Foods are subjected to different electrochemical reactions 
or changes under the applied electric current, and these reactions can cause microbial inactivation. 
Because of the electrical resistance of the foods, several reactions such as ohmic heating, electroly-
sis, cell membrane disruption, and shock waves caused by arc discharge can occur (Hulsheger and 
Niemann, 1980; Sitzmann, 1995; Sastry and Barach, 2001; Zuckermann et al., 2002). Ohmic heat-
ing is formed by the conversation of applied electrical energy to the heat instantly inside the food, 
and the amount of the heat is directly related to the current induced by the voltage gradient in the 
field and the electrical conductivity (Sastry and Li, 1996). It should be noted that these reactions are 
not independent from each other, and the application of electrical energy determines the individual 
effect on microorganisms. In order to minimize the undesirable effect of each reaction such as 
temperature increase, electrolytic oxidative effects, and disintegration of food particles, which have 
adverse effect on foods, duration of the high-voltage pulses were applied with relatively long inter-
vals (Hulsheger and Niemann, 1980; Palaniappan and Sastry, 1990; Zhang et al., 1994a; Sitzmann 
1995), pulses applied during process is practiced with extremely short duration (1–100 μs), and pulse 
intervals between discharges is adjusted from 1 ms to several seconds (Qin et al., 1995b). On the 
other hand, applied electric field is kept between 10 and 80 kV/cm in order to obtain maxiumum 
amount of microbial and enzyme inactivation (Barbosa-Canovas et al., 1999).

13.2 peF proCessing system

Basic components of the PEF processing systems include a high-voltage repetitive pulser, a treatment 
chamber(s), a cooling system(s), voltage- and current-measuring devices such as an oscilloscope, 
a control unit (trigger generator where pulse width, pulse delay time, and frequency are set up), 
and a data acquisition system (Figure 13.1). In order to obtain PEFs, a fast discharge of electrical 
energy within a short period of time is required. This is done by the pulse-forming network (PFN), 
an electrical circuit consisting of one or more power supplies with the ability to charge voltages 
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(up to 60 kV), switches (ignitron, thyratron, tetrode, spark gap, and semiconductors), capacitors 
(0.1–10 μF), resistors (2–10 MΩ), and treatment chambers (Gongora-Nieto et al., 2002; Mohamed 
and Eissa, 2012).

The main issue in PEF systems is to obtain high voltage from the low utility level voltage, 
and this is done by the pulsed power supply. Low utility level voltage is used to charge a capaci-
tor bank, and a switch is used to discharge energy from the capacitor to the treatment chamber, 
and thus, across the food in. Food is placed in treatment chambers during the processing and 
they house the discharging electrodes. PEF-processed products need to be stored at refrigeration 
temperature; thus, after processed product is cooled, if necessary it is packed aseptically and then 
stored at refrigerated or ambient temperatures (Qin et al., 1995b; Zhang et al., 1997; Mohamed 
and Eissa, 2012).

Treatment chambers are evolved from static to continuous with recent developments, and 
researchers have designed various types of chambers with different materials (United States Patent, 
2014). Although static chambers were used in early studies where mostly static PEF processing 
system were constructed, continuous flow treatment chambers are being used with continuous PEF 
processing systems that resemble pilot scale or industrial scale systems. Processed liquid food is 
pumped through pulsing electrodes in the same or opposite direction of electric current in continu-
ous flow PEF treatment chambers; therefore, continuous flow PEF treatment chambers are more 
suitable for large-scale operations. Several types of continuous flow treatment chambers such as 
coaxial chamber (composed of an inner cylinder surrounded by an outer annular cylindrical elec-
trode that allows food to flow between them), cofield flow (electric field and food flow in the same 
direction), and parallel-plate treatment chambers were designed and developed (Martin-Belloso 
et al., 1997; Yin et al., 1997; Barbosa-Canovas et al., 1998; Fiala et al., 2001; Fox et al., 2007; Shamsi 
and Sherkat, 2009) (Figure 13.2).

Based on the high-voltage pulse generator circuit design, electric field can be applied in different 
shapes such as exponential decay, square wave pulses (in bipolar or monopolar form), and instant 
charge reversal (Figure 13.3). Exponential decay pulse has a rapid increase to a maximum value and 
then decays slowly to the minimum value. Due to the slow decay, it has a long tail, which causes heat 
generation that does not have bactericidal effect. Square wave pulses are more energy efficient and 
have more lethal effects than that of exponential decay pulses. Bipolar pulses because of the reversal 
in the orientation or polarity of the electric field results in a corresponding change in the direction of 
charged molecules on microbial cell membrane to further damage. In addition, bipolar pulses have 
minimum energy utilization and reduced deposition of solids on the electrode surface (Qin et al., 
1994; Ho et al., 1995; Barbosa-Canovas et al., 1998).

PEF treatment is mostly indicated by electric field strength (kV/cm), treatment time (from ns to µs), 
or energy (kJ/kg). PEF processing has lots of variables; however, the key parameters include 
15–50 kV/cm PEF intensity, 1–5 µs pulse width, 200–500 Hz (pulses/s) pulse frequency, treatment 
time (µs), and total applied energy (W) (Evrendilek et al., 2004c; Wan et al., 2009).

Oscilloscope

Trigger generator

Untreated
product

Untreated
product

PEF pulse generator

Treatment
chamber

Figure 13.1 Basic components of PEF systems.
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Figure 13.2 PEF treatment chamber classification. (Adapted from Shamsi, K. and Sherkat, F., Asian J. 
Food Agro Ind., 2(3), 216, 2009.)
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Figure 13.3 (a) Exponential decay, (b) instant charge reversal, (c) square wave, and (d) bipolar pulses.
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Applied electric field (Ep), treatment time (Tt), and total energy input (W) are calculated by the 
following expressions:

 
E

V

D
p =  (13.1)

 Tt = np τ n nt (13.2)

 W = V I τ ƒ 10 (13.3)

where
V is the applied voltage in kV
D is the gap distance of the treatment chamber in cm
np is thenumber of pulses per chamber
τ is the pulse width in µs
n is the number of chambers
nt is the number of times that the sample has been processed
I is the current in A
f is the frequency in Hz (Evrendilek et al., 2004c)

Different electrical parameters that influence the quality of PEF-processed juice have been exten-
sively studied over the past years, including pulse profile, pulse polarity, pulse duration, pulse fre-
quency, electric field strength, etc. (Aguilar-Rosas et al., 2007; Riener et al., 2008; Aguilό-Aguayo 
et al., 2010; Evrendilek et al., 2000; Morales de la Peña, et al., 2010).

13.3 inaCtiVation oF miCroorganisms and enzymes

Application of electric power for food processing was reported in the early 1900s; however, first 
studies regarding PEF processing of foods did not eliminate ohmic heating, and thus, inactivation 
energy generated by heat. Later studies have shown inactivation of microorganisms with the appli-
cation of 3000–4000 V (Beattie, 1915; Beattie and Lewis, 1925; Bendicho et al., 2002a). Processing 
of milk by the so-called electropure process included heating of milk up to 70°C and then passing 
it through carbon electrode to inactivate Mycobacterium tuberculosis and Escherichia coli. Even 
though previously attempts have been made to pasteurize food samples by electric power or elec-
tric field (Getchell, 1935), most of the studies give credit to a study involved processing of milk by 
heating at 71°C for 15 s with an alternating current of 220 V (Hall and Trout, 1968; Paleniappan 
and Sastry, 1990; Martin et al., 1994; Bendicho et al., 2002a). Even though earlier studies regarding 
PEF treatment of milk samples focused on microbial inactivation, it is still the main achievement 
in present studies.

Although numerous studies were performed to inspect and explore the microbial inactivation 
by PEF, the exact mechanisms are yet to be fully understood (Pagan et al., 2005). Inactivation by 
PEF—as a general acceptance—includes the electroporation theory (Zimmermann, 1986; Tsong, 
1991), explaining the destruction of the semipermeable barrier of the cell membrane and irrevers-
ible pore formation when PEF treatment at an electric field intensity greater than a critical threshold 
of transmembrane potential of 1 V across the target cells is applied. This theory has a big ground 
and acceptance as a general mechanism of inactivation since it is also visually proven by transmis-
sion (TEM) and scanning electron microscopy (SEM) (Harrison et al., 1997; Calderon-Miranda 
et al., 1999; Wan et al., 2009). Membrane damage was also shown by the increased uptake of the 
fluorescent dye propidium iodide (PI) and leakage of intracellular compounds of E. coli, Listeria 
innocua, and Saccharomyces cerevisiae cells (Aronsson et  al., 2005; Garcia et  al., 2005; Wan 
et al., 2009).

It was proposed that electroporation of cell membrane causes cell destruction (Pothakamury 
et al., 1997). Although pore formation that causes cell death is known, it is still not clear whether 
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the pores are formed in the lipid or the protein matrices (Barbosa-Canovas et  al., 1999). As 
it is mentioned, the magnitude of applied electric field strength is an important factor for cell 
damage, and damage is increased with increased field strength. Images from TEM show that 
Staphylococcus aureus cells exhibited rough surfaces when they were suspended in simulated 
milk ultrafiltrate (SMUF) with 64-pulse treatments of 20, 30, and 40 kV/cm. When S. aureus 
cells were exposed to more severe conditions, the treated cells showed small holes in the mem-
brane and leakage of cellular contents. Therefore, it was concluded that the increase in microbial 
inactivation with the applied electric field strength is related to the increase in cell deterioration 
(Pothakamury et al., 1997).

On the other hand, recent studies revealed that cytomembrane and RNA were primary targets of 
PEF-induced damage on S. cerevisiae. According to proposed mechanism, cell death occurs due to 
the accumulation of injury. Decrease in cytomembrane fluidity (lower cytomembrane fluidity and 
higher cytomembrane viscosity), increase in microviscosity, change in membrane lipid composition 
(decrease in ratio of contents of unsaturated fatty acids versus saturated fatty acids), and disruption 
of RNA are associated with the sublethally injured S. cerevisiae in PEF treatment defined as the 
damage of cytomembrane. Although PEF treatment caused no significant change in DNA, disruption 
occurred in RNA. It is also found that the injured S. cerevisiae can repair the damage and survive 
during PEF treatment if the culture conditions are favorable to cell growth, such as in nonselective 
medium or when supplemented with RNA stabilizer (Zhao et al., 2014). It is also proven that pore 
formation occurs due to the changes in the lipid matrix of the cell membrane; PEF can cause damage 
in the genetic material and intracellular nucleic acids such as RNA, which is more adversly affected 
than DNA.

Even though studies revealed the inactivation mechanisms of vegetative cells by PEF, it is known 
that microbial inactivation is affected by different factors. Today, the food industry is more inter-
ested in getting a reasonable amount of inactivation on the microorganism of significance on cer-
tain foods; thus, another challenge is to obtain at least 5 log reduction without adversely affecting 
the physical, nutritional, and sensory properties of foods. Although pasteurization has been based 
on thermal processing traditionally, it has been shown that there is potential for several nonther-
mal technologies to obtain the same goal (Barbosa-Cánovas and Bermúdez-Aguirre, 2011; Saldana 
et al., 2014). As a result, redefinition of pasteurization is made by the National Advisory Committee 
on Microbiological Criteria for Foods as “any process, treatment, or combination thereof that is 
applied to food to reduce the most resistant microorganism(s) of public health significance to a 
level that is not likely to present a public health risk under normal conditions of distribution and 
storage” (NACMCF, 2006; Saldana et al., 2014). Therefore, optimization PEF processing has to be 
realized in order to achieve maximum inactivation. It is a known fact that the effectiveness of PEF 
on microbial cells changes depending on the differences in the cell wall structure and cell size, 
process parameters, and treatment medium. Now, it is also known that compared to gram positive 
cells, gram negatives are easier to inactivate; yeasts and molds due to the larger size of the cells are 
easier to inhibit by high-intensity electric pulses. As the stationary state cells are the most resistant 
to PEF, cells in the log phase are the most sensitive to PEF.

On the other hand, the reason that this technology is not successful in inactivating bacterial 
spores is because spore form is structured from the envelope involving the coat and the cortex, 
and this rigid structure prevents the permeabilization effects of PEF on the spore cytoplasmatic 
membrane (Pagan et al., 1998; Saldana et al., 2014). Due to the very limited amount of water, the 
conductivity of the spore coat is very low and, therefore, high-intensity electric pulses cannot be 
transmitted through the spore structure. The best way to inactivate the spore by PEF is either to 
break the spore coat with other agents and/or heat higher than >50°C and then apply the PEF or to 
allow the germination of spores and to apply PEF after the germination (Su et al., 1996; Marquez 
et al., 1997; Barbosa-Canovas et al., 1999; Barsotti and Cheftel, 1999).

An increase in the magnitude of PEF process parameters usually causes an increase in cell 
inactivation. Food composition such as protein, lipid, carbohydrate, mineral, and water content as 
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well as pH, conductivity, and presence of inhibitors are important factors to increase or decrease the 
level of inactivation. In general, higher water activity, lower pH, and certain level of conductivity 
are desired for maximum inactivation (Su et al., 1996; Marquez et al., 1997; Barbosa-Canovas et al., 
1999; Barsotti and Cheftel, 1999).

In addition to microorganisms, a significant amount of enzyme inactivation should be achieved 
by PEF in order to be an alternative or replacement to heat treatment. In contrast to vegetative 
cells, enzymes are harder to inactivate, and usually longer treatment times and higher electric 
field strength are required for significant amount of inactivation for the enzymes naturally found 
or synthesized by microorganisms. Localized joule heating of cell membrane components may 
cause thermal denaturation of membrane-bound enzymes present in microorganism during PEF 
treatment (Simpson et al., 1999). As the structure and size of the enzymes are different, effective-
ness of the PEF changes among the enzymes, and magnitude of high voltage applied need to be 
much higher than that of the inactivation of microorganisms because some enzymes used in food 
processing may remain viable under PEF processing depending on processing conditions while 
microbial control is obtained (Ho et al., 1995; Giner et al., 2000; Deeth et al., 2007; Tewari and 
Juneja, 2007).

13.4 peF proCessing oF Foods

Fruit juices due to their low viscosity, high acidity, and suitable conductivity are the most appropri-
ate food products to be processed by PEF. Therefore, most of the studies were performed with fruit 
juices to inactivate various microorganisms including foodborne pathogens, food spoilage bacte-
ria, and plant pathogenic bacteria (Table 13.1); inactivation of enzymes including pectin methyl 
esterase (PME), lipoxygenase, polyphenol oxidase (PPO), peroxidase (PO), and poly galacturonase 
(PG) (Table 13.2); changes in the nutritive value such as vitamins, antioxidant properties, pheno-
lic compounds, anthocyanin compounds, and minerals as well as sensory properties and shelf-life 
extension.

Even though most of the inactivation studies are summarized in Table 13.1, there are some inter-
esting approaches on microbial inactivation by PEF that need to be mentioned. Propidium monoaz-
ide (PMA) is a DNA-intercalating dye. PMA-qPCR (quantitative PCR) has been reported as a novel 
method to detect alive bacteria in complex samples. Xing-long et al. (2013) employed this method to 
monitor the sterilization effects of UHP, ultrasound, and high PEF on E. coli O157:H7. The results 
showed that all three sterilization techniques are successful in killing viable E. coli O157:H7 cells 
under appropriate conditions. PMA-qPCR can effectively monitor the amount of DNA released 
from viable E. coli O157:H7 cells, and the results from PMA-qPCR were highly consistent with 
those from plate counting after treatment with UHP, ultrasound, and high PEF. The maximal ΔCt 
between PMA-qPCR and qPCR obtained in this study was 10.39 for UHP, 5.76 for ultrasound, and 
2.30 for high PEF. The maximal sterilization rates monitored by PMA-qPCR were 99.92% for UHP, 
99.99% for ultrasound, and 100% for high PEF. 

PEF is also used to treat different water samples, for example, hospital wastewaters (Rieder et al., 
2008; Gusbeth et al., 2009), that are usually contaminated with pathogenic bacteria (Kummerer, 
2001). The main advantages of PEF technology in water treatment are less unwanted by-products 
compared to other inactivation techniques such as chlorination, ozonation, and UV irradiation 
(Rook, 1977; Paraskeva and Graham, 2002; Schwartz et al., 2003) and no developed adaptation to 
electric field by the descendants of treated bacteria (Gusbeth et al., 2009).

Inactivation of microorganisms with PEFs is one of the nonthermal methods most commonly 
used in biotechnological applications such as liquid food pasteurization and water treatment. Zgalin 
et al. (2012) studied the effects of microsecond and nanosecond pulses on inactivation of E. coli in 
distilled water. According to these results, when using microsecond pulses, the level of inactiva-
tion increases with the application of more intense electric field strengths and with the number of 
pulses delivered. Almost 2-log reductions in bacterial counts were achieved at the field strength of 
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taBle 13.1
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

Orange juice 29.5 kV/cm, 60 μs of treatment time, square 
wave, cofield flow tubular

Aerobic microorganisms 4.2 Qiu et al. (1998)

30 kV/cm, 240 μs of treatment time, 2 μs of 
pulse width, 1000 Hz, 2 mL/s, cofield flow 
tubular

Aerobic microorganisms; yeasts and molds 2.5; 2.5 Jia et al. (1999)

30 or 50 kV/cm, 100 L/h Leuconostoc mesenteroides; Escherichia coli; 
L. innocua; S. cerevisiae ascospore

2–6; 5.5–6.6; 5–5.5; 2 McDonald et al. (2000)

90 kV/cm, 55°C, 50 pulses S. typhimurium 5.9 Liang et al. (2002)

35 kV/cm, 59 μs of treatment time, 1.4 μs of 
pulse width, 600 pps, 98 L/h, pilot plant scale 
system, cofield flow tubular

Aerobic microorganisms; yeasts and molds 7; 7 Yeom et al. (2000b)

40 kV/cm, 97 μs of treatment time, 2.6 μs of 
pulse width, 1000 pps, 500 L/h, commercial 
scale system, cofield flow tubular

Aerobic microorganisms; yeasts and molds 6; 6 Min et al. (2003a)

P1: 120 pulses/mL, 46 kV/cm
P2: 120 pulses/mL, 46 kV/cm 45°C, thyratron-
based pulse power supply

Initial microorganisms P1: 2
P2: 3

El-Hag et al. (2006)

34.3 kV/cm, 20°C Zygosaccharomyces bailii ascospores; Z. bailii 
vegetative cells

3.8; 4.7 Raso et al. (1998b)

8–11 kV/cm, 3 pulses, 50 µF capacitance or 
12.5 kV/cm, 40 pulses, 1 µF capacitance, 
exponential decay pulses

S. cerevisiae 2–5.8 Molinari et al. (2004)

1000 µs (4 µs pulse width), 35 kV/cm, 200 Hz, 
bipolar mode

S. cerevisiae 5.1 Elez-Martinez et al. 
(2004)

8 chambers, 1–10 µs pulse width, 1000 Hz, 1–12 
kV electric field strength, mono-bipolar pulse

Lactobacillus brevis 5.8 Elez-Martinez et al. 
(2005)

P1: 120 pulses/mL, 46 kV/cm
P2: 120 pulses/mL, 46 kV/cm 45°C, thyratron-
based pulse power supply

Initial microorganisms P1: 2
P2: 3

El-Hag et al. (2006)

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

30, 35, 40 kV, 19°C–34°C, 2–3 µs pulse width, 
pilot size, continuous coaxial treatment 
chamber, exponential decay pulses

Byssochlamys fulva conidiospores; Neosartoria 
fischeri ascospores

6; negligible inactivation Raso et al. (1998b)

Orange–carrot 
juice

28, 25, 22 × 105 V/m, 11.5, 7 and 9 × 10−5 s 
total treatment time

L. plantarum; E. coli; R. rubra 1.3; 2.6; 6.5 Selma et al. (2004)

22 kV/cm, 1000 μs L. plantarum 5.8 Gomez et al. (2005)

28 kV/cm, <35°C Yersinia enterocolitica 6

Whey protein 
fortified 
orange juice

32 kV/cm, 92 μs of treatment time, 3.3 μs of 
pulse width, 800 Hz, 79 L/h, cofield flow 
tubular

Aerobic microorganisms; yeasts and molds 0.5; 3.5 Sharma et al. (1998)

Tomato juice 40 kV/cm, 57 μs of treatment time, 2 μs of pulse 
width, 1000 pps, 500 L/h, commercial scale 
system, cofield flow tubular

Aerobic microorganisms; yeasts and molds 6; 6 Min et al. (2003b)

80 kV/cm, 20 pulses, 50°C + nisin (100 U/mL), 
circular treatment chamber, square, 
exponential decay or bipolar shape

Naturally occurring microorganisms 4.4 Nguyen and Mittal 
(2007)

30, 35, 40 kV, 19°C–34°C, 2–3.3 µs pulse 
width, pilot size, continuous coaxial treatment 
chamber, exponential decay pulses

B. fulva conidiospores; N. fischeri ascospores 6; <1 Raso et al. (1998b)

Pineapple 
juice

33.0 kV/cm, 20°C Z. bailii ascospores; Z. bailii vegetative cells 3.4; 4.3

Cranberry 
juice

6.5 kV/cm, 22°C Z. bailii ascospores; Z. bailii vegetative cells 4.2; 4.6

0–40 kV/cm, 69–80 µs treatment time E. coli 6.4 Sen Gupta et al. (2005)

36.5 kV/cm, 22°C, coaxial treatment chamber; 
51.0 kV/cm, 34°C, coaxial treatment chamber

B. fulva conidiospores; N. fischeri 5.9; Not inactivated Raso et al. (1998a)

40 kV/cm, 150 μs of treatment time, square 
wave, cofield flow tubular

Aerobic microorganisms; yeasts and molds 4.8; 4.9 Jin and Zhang (1999)

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

Longan juice 32 kV/cm, 90 s tr. time, 3 µs pulse duration, 
10 Hz, laboratory unit, square wave bipolar 
pulse

E. coli; yeasts 2–3; 6–7 Zhang et al. (2010)

Sour cherry 
juice

30 kV/cm, 3 µs pulse duration, 20 µs pulse 
delay time, 500 pps frequency, bipolar square 
wave pulses, batch scale cofield flow tubular

E. coli O157:H7; S. aureus; Listeria 
monocytogenes; Pseudomonas syringae subs. 
syringae; Botyritis cinerea; Erwinia 
carotovara; Penicillum expansum

4.53; 3.82; 3.17; 4.69; 6.62; 4.90; 
5.68

Altuntas et al. (2010)

30 kV/cm, 3 µs pulse duration, 20 µs pulse 
delay time, 500 pps frequency, batch scale 
cofield flow tubular, bipolar square wave 
pulses

P. expansum; B. cinerea 100% inactivation in spore 
germination rate and germination 
tube elongation

Evrendilek et al. (2008, 
2009)

Apricot nectar 30 kV/cm, 3 µs pulse duration, 20 µs pulse 
delay time, 500 pps frequency, batch scale 
cofield flow tubular, bipolar square wave 
pulses

E. coli O157:H7; S. aureus; L. monocytogenes; 
Pseudomonas syringae subs. syringae; 
Erwinia carotovara; P. expansum; B. cinerea

3.10; 2.69; 2.91; 4.07; 4.73; 5.04; 
5.74

Evrendilek et al. (2013)

30 kV/cm, 3 µs pulse duration, 20 µs pulse delay 
time, 500 pps frequency, batch scale cofield 
flow tubular, bipolar square wave pulses

P. expansum; B. cinerea 100% inactivation in spore 
germination rate and germination 
tube elongation

Evrendilek et al. (2008, 
2009)

Peach nectar 30 kV/cm, 3 µs pulse duration, 20 µs pulse 
delay time, 500 pps frequency, batch scale 
cofield flow tubular, bipolar square wave 
pulses

E. coli O157:H7; S. aureus; L. monocytogenes; 
Pseudomonas syringae subs. syringae; 
Erwinia carotovara; P. expansum; B. cinerea

4.11; 4.02; 4.07; 3.59; 4.27; 4.73; 
4.28

Altuntas et al. (2011)

30 kV/cm, 3 µs pulse duration, 20 µs pulse delay 
time, 500 pps frequency, batch scale cofield 
flow tubular, bipolar square wave pulses

P. expansum; B. cinerea 100% inactivation in spore 
germination rate and germination 
tube elongation

Evrendilek et al. (2008, 
2009)

Melon juice 35 kV/cm for 1709 µs at 193 Hz and 4 µs pulse 
duration, batch scale bipolar and square wave

E. coli O157:H7; S. enteritidis; 
L. monocytogenes

3.71; 3.70; 3.56 Mosqueda-Melgar et al. 
(2008)

Watermelon 
juice

35 kV/cm for 1682 µs at 193 Hz and 4 µs pulse 
duration, batch scale bipolar and square wave

E. coli O157:H7; S. enteritidis; 
L. monocytogenes

3.56; 3.60; 3.41 Mosqueda-Melgar et al. 
(2008)

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples
media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

Pomegranate 
juice

17, 23, 30 kV/cm at 5°C, 15°C, 25°C, 35°C, 
bench scale, bipolar square wave pulses

E. coli O157:H7 S. aureus 1.1, 1.7, 2.3 (5°C)
1.5, 2.0, 2.8 (15°C)
2.0, 2.6, 3.6 (25°C)
2.3, 4.3, 5.3 (35°C)
1.0, 1.4, 2.1 (5°C)
1.4, 1.9, 2.5 (15°C)
1.9, 2.2, 2.8 (25°C)
2.0, 2.6, 3.0 (35°C)

Evrendilek (2009)

Carrot juice 1.5-μs pulse duration, 10 Hz pulse frequency, 
0.029 μF capacitor, 6 mL tr. chamber, 52.5 
mL/min flow rate, parallel-plate electrodes, 
exponentially decaying wave

E. coli 3.8 Zhong et al. (2005)

Formulated 
carrot juice

27 kV/cm, 3 µs pulse duration, 20 µs pulse 
delay time, batch scale cofield flow tubular, 
bipolar square wave pulses

Total aerobic mesophilic bacteria; total mold 
and yeast; total enterobactericeae; E. coli 
O157:H7

4.30; 3.42; 4.46; 3.57 Akin and Evrendilek 
(2009)

Grape juice 4 µs pulse width 35 kV/cm, 1000 Hz, 1 ms tr. 
time, bench scale, bipolar square wave pulses

S. cerevisiae 4 Garde-Cerdán et al. 
(2007)

35 kV/cm, 303 Hz, pulse width for 1 ms, bench 
scale, bipolar square wave pulses

Kloeckera apiculata; S. cerevisiae; L. plantarum + 
Lactobacillus hilgardii mixture; Gluconobacter 
oxydans

3.88; 3.94; 3.54; 2.24 Marselles-Fontanet 
et al. (2009)

35 kV/cm, 20°C Z. bailii ascospores; Z. bailii vegetative cells 3.5; 5.0 Raso et al. (1998b)
30, 35, and 40 kV, 19–34°C, 2–3.3 µs pulse 
width, pilot size, continuous coaxial treatment 
chamber, exponential decay pulses

B. fulva conidiospores; N. fischeri ascospores 6; negligible inactivation

34 kV/cm, initial temperature 55°C, 40 kJ/kg Aspergillus niger; E. coli; Lactobacillus 
rhamnosus; R. rubra

4.6; 6.4; 4.6; 5.4 Heinz et al. (2003)

Red and 
white grape 
juices

P1: 20 pulses 65 kV/cm (peak-to-peak), 50°C with 
2 h incubation of the juice with 1:3 lyso:chrisin 
(1:3 ratio of lysozyme and nisin; 0.4 g/100 mL).

P2: 51°C, 20 pulses of 80 kV/cm (peak-to-peak) 
with nisin (400 U/mL)

P3: 20, 65 kV/cm (peak-to-peak), 50°C to white 
grape juice with (0·4 g/1000 mL)

S. cerevisiae P1: 5.9

P2: 6.2

P3: 4.4

Wu et al. (2005)

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

Cranberry 
juice

30, 35, 40 kV, 19°C–34°C, 2–3.3 µs pulse 
width, pilot size, continuous coaxial treatment 
chamber, exponential decay pulses

B. fulva conidiospores; N. fischeri ascospores 6; negligible inactivation Raso et al. (1998b)

Pineapple 
juice

30, 35, 40 kV, 19°C–34°C, 2–3.3 µs pulse 
width, pilot size, continuous coaxial treatment 
chamber, exponential decay pulses

B. fulva conidiospores; N. fischeri ascospores 6; negligible inactivation Raso et al. (1998b)

Milk 33 kV/cm, 35 pulses, 43°C; 36.7 kV/cm, 36 μs 
of treatment time, 40 pulses, 63°C

E. coli; S. dublin 3; 4 Dunn and Pearlman 
(1987)

20–80 kV/cm, 0–100 pulses, 27–169 µs treatment 
time, exponential decay, square wave, oscillatory, 
bipolar (instant-charge-reversal) pulses

E. coli K12 6.25 Sen Gupta et al. (2003)

17–46 kV/cm electric field strength, 545 pulses, 
1.1 or 100 Hz frequency, exponentially decay 
pulses

L. innocua ~5 Picart et al. (2002)

25°C, 30 kV/cm, 400 pulses, 600 μs of 
treatment time, square wave pulses

L. monocytogenes 2.5 Reina et al. (1998)

UHT milk 22.4 kV/cm, 300 μs of treatment time E. coli 4.8 Grahl and Markl (1996)

60 kV/cm, 26–210 μs B. stearothermophilus 3 Shin et al. (2007)

35 kV/cm, 64 pulses of bipolar square wave for 
188 μs

P. fluorescens; Bacillus cereus; L. lactis 0.3–3 Michalac et al. (2003)

Homogenized 
milk

36.7 kV/cm, 40 pulses, 25 min S. dublin; E. coli Full reduction; 3 Dunn and Pearlman 
(1987)

SMUF 25 kV/cm, 20 pulses, exponential decay, <25°C E. coli 4 Zhang et al. (1994b)
7°C, 36 kV/cm, 16 pulses; 20°C, 36 kV/cm, 
8 pulses; 33°C, 36 kV/cm, 8 pulses

E. coli 2–3; 2.5; 2.5 Zhang et al. (1995)

40 kV/cm, oscillatory decay, <30°C 3 Qin et al. (1994)

16 kV/cm, 180 μs of treatment time, bipolar; 
50 kV/cm, 48 pulses, square wave, <30°C

Bacillus subtilis; E. coli 5.5; 3.6

16 kV/cm, 300 μs of treatment time, 40 pulses, 
exponential decay, <30°C

Lactobacillus delbrueckii ATCC 11842; 
L. subtilits ATCC 9372

4–5; 4–5 Pothakamury et al. (1995)

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

16 kV/cm, 300 μs of treatment time, 40 pulses 
or 50 pulses (L. subtilits ATCC 9372), 
exponential decay, <30°C

Lactobacillus delbrueckii ATCC 11842; 
L. subtilits ATCC 9372

4–5

16 kV/cm, 300 μs of treatment time, 40 pulses 
or 50 pulses (L. subtilits ATCC 9372), 
exponential decay, <30°C

E. coli 4 Pothakamury et al. (1995)

7°C, 36 kV/cm, 64 pulses; 20°C, 36 kV/cm, 
64 pulses

E. coli 4, 5 Pothakamury et al. (1996)

Skim milk 40 kV/cm, exponential decay, 15°C E. coli 6 Martin et al. (1997)

30°C, 25 kV/cm, 100 pulses; 50°C, 25 kV/cm, 
100 pulses

S. dublin 1, 2 Sensoy et al. (1997)

50 kV/cm, 62 pulses, square wave, <30°C E. coli 2.5 Qin et al. (1995b)

17–46 kV/cm electric field strength, 545 pulses, 
1.1 or 100 Hz frequency, exponentially decay 
pulses

L. innocua ~5 Picart et al. (2002)

3.7 μs pulse duration time, 250 Hz frequency, 
35 kV/cm electric field strength, 450 μs of 
treatment time (stepwise and circulation mode 
fluid handling system)

S. aureus 3.3 and 3.5 Evrendilek et al. (2004a)

Raw SM 30 and 40 kV/cm, 1–30 pulses, 20°C–72°C, 
<10 s. Best balance of inactivation at 55°C 
with 40 kV/cm.

L. innocua 4.3 Guerrero-Beltran et al. 
(2010)

50 kV/cm, 64 μs of treatment time, 36°C L. innocua 2.5 Calderon-Miranda et al. 
(1999)

SM gel 3.25 µs pulse width, 15, 20 or 30 kV/cm electric 
field strength, 5, 10, or 50 pulses

L. monocytogenes 4.5 Fleischman et al. (2004)

Phosphate 
buffer

2.5 µs pulse width, 3 Hz frequency, 0–60 pulses 
41 kV/cm electric field strength

E. coli; L. innocua 2.3–6.5; 0.7–2.8 Dutreux et al. (2000)

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

17–46 kV/cm electric field strength, 545 pulses, 
1.1 or 100 Hz frequency, exponentially decay 
pulses; 30, 40, or 50 kV/cm plus 10 IU nisin 
application

L. innocua ~5; 2.0, 2.7, and 4.3 Picart et al. (2002)

Fat-free milk 2.5 µs pulse width, 3 Hz frequency, 0–60 pulses 
41 kV/cm electric field strength,

E. coli; L. innocua 2.3–6.5, 0.7–2.8 Dutreux et al. (2000)

Dairy cream 17–46 kV/cm electric field strength, 545 pulses, 
1.1 or 100 Hz frequency, exponentially decay 
pulses

L. innocua ~5

Mcllvaine 
buffer

1 Hz, 2 µs pulse width, 15–28 kV/cm electric 
field strength, square waveform

L. monocytogenes ~5 Alvarez et al. (2003a)

1–5 Hz, 1–15 µs pulse width, 5.5–28 kV/cm 
electric field strength, square waveform

Yersinia enterocolitica 6 Alvarez et al. (2003b)

20 pulses, 40 kV/cm at 65°C, 25 pulses, 36 kV/cm 
at 61°C, or 31 pulses, 31 kV/cm at 56°C

L. innocua 6 Sepulveda et al. (2005)

Yogurt drink 30 kV/cm electric field strength, 1.4 µs pulse 
width, 500 pps frequency, 32 µs total treatment 
time, 100 L/h flow rate

Initial microflora Evrendilek et al. (2004b)

Yogurt 18 kV/cm, 55°C S. cerevisiae 3 Dunn and Pearlman 
(1987)

Cheese whey 40 kV/cm, 4937 μs PEF plus UV (with 7.7 s, 
229 mJ/mL dosage)

L. innocua, Z. bailii 3.0–5.0; 7.9–8.8 Dave et al. (2012)

Liquid whole 
egg

26 kV/cm, 2 and 4 μs pulse duration, 1.25 and 
2.50 Hz pulsing rates, up to 100 pulses/unit 
volume, temperature below <30°C

E. coli 6 Martin-Belloso et al. 
(1997)

2 µs pulse duration, 3.5 Hz, 10.6, 21.3, and 32 
pulses, 30, 35, and 40 kV, exponentially decay 
pulse

L. innocua 3.5 Calderon-Miranda et al. 
(1999)

20–35 kV/cm, 100–900 Hz pulse frequency, 2–8 
pulse number, 4°C–30°C temperature, 7–9 pH

S. enteritidis 3.5 Jeantet et al. (1999)

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

9–15 kV/cm, 138 pulses, 1 Hz frequency, 2 μs 
pulse duration, 138 s treatment time

E. coli O157:H7 4 Bazhal et al. (2006)

20–45 kV/cm, 106–472 kJ/kg S. enteritidis and the heat resistant Senftenberg 
775 W

3 Monfort et al. (2010)

25 kV/cm, 75–100 kJ/kg + heat (52°C/3.5′, 
55°C/2′, 60°C/1′) with 2% triethyl citrate

Salmonella serovars (dublin, enteritidis 4300, 
enteritidis 4396, typhimurium, typhi, 
Senftenberg, Virchow)

5 Monfort et al. (2012)

25 kV/cm, 200 kJ/kg followed by heat 
(60°C/3.5 min) to LWE added with 10 mM 
EDTA or 1% triethyl citrate

S. senftenberg 775W; L. monocytogenes 5; 5 Monfort et al. (2013)

Liquid-
dialyzed egg

L5 kV/cm at 0°C, 1 Hz, 500 pulses, square 
voltage fields

E. coli O157:H7 3.5 Amiali et al. (2004)

Egg white 200 pps frequency, 2.12 μs pulse duration, 
25 kV/cm electric field strength, 250 μs total 
treatment time, PEF + 55°C for 3.5 min

S. enteritidis 1 and 4.3 Hermawan et al. (2004)

Spices (dry) 65 kV/cm, 750 μs of treatment time Yeasts 4.2 Keith et al. (1997)

Pea soup 33 kV/cm, 0.5 L/min, 4.3 Hz, and 30 pulses E. coli; Bacillus subtilis 6.5; 5.3 Vega-Mercado et al. 
(1996a)

Model beer 28.8–34.8 kV/cm and 50 kJ/kg L. plantarum 2–4 Ulmer et al. (2002)

Beer 1 mL/s flow rate, 41 kV/cm, 600 pps pulse 
repetition rate, 4 µs pulse duration, 175 µs total 
treatment time; 10.5 mL/s flow rate, 22 kV/cm, 
14 µs pulse duration time, 800 pps pulse 
repetition rate, 216 µs total treatment time

L. plantarum; P. damnosus; Bacillus subtilis; 
S. uvarum; R. rubra

4.7; 5.8; 4.8; 4.1; 4.3 Evrendilek et al. (2004c)

45 kV/cm, 804 µs treatment time Bacillus subtilis; L. plantarum; S. cerevisiae 3.7; 4.8; 4.8

(Continued)
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taBle 13.1 (continued)
inactivation of microorganisms by peF in different Food samples

media treatment Conditions microorganism microbial reduction (log cfu/ml) references 

Must and 
wine

186 kJ/kg, 29 kV/cm Dekkera anomala; Brettanomyces bruxellensis; 
Lactobacillus hilgardii; L. plantarum

3; 3; 3, 3 Puertolas et al. (2009)

Red wine 17–31 kV/cm, 10°C–30°C, 40 mL/min flow 
rate, 3 μs pulse duration, 500 pps frequency

Escherichia coli O157:H7; C. lipolytica; 
S. cerevisiae; H. anomala; L. bulgaricus

3.5; 5.3; 5.95; 5.29; 4.0 Uysal (2010)

Liquid media 
and

65 kV/cm, 5 μs, 500 Hz Campylobacter jejuni isolates and three C. coli 
isolates

2.41–5.19 Haughton et al. (2012)

65 kV/cm, 5 μs, 500 Hz Escherichia coli (ATCC 25922); S. enteritidis 
(ATCC 13076)

4.33–7.22

Raw chicken 
meat

65 kV/cm, 5 μs, 500 Hz Total viable counts, Enterobacteriaceae, 
C. jejuni, Escherichia coli, S. enteritidis

No significant reduction

Smothie 25 kV, 1 kHz, 4–32 μs pulse width combined 
with pasteurization (72 for 26 s) and MTS 
(20 kHz, 31 mm amplitude, 40 W/cm2 
intensity

L. innocua PEF: 2.7
MTS:3
PEF + MST: 4.2
MST + PEF:5.6
PAST:6.5

Palgan et al. (2012)

Peptone water 10,000; 20,000; and 30,000 μs pulse period, of 
5, 15, and 25 kV/cm electric field strength, 3, 
6, and 9 μs pulse widths

Lactobacillus acidophilus LA-K Slower growth rate Cueva and Aryana (2012)

MRS broth Monopolar square pulses at varying nominal 
electric field strengths and number of pulses, 
energies of 34.6, 65.8, and 658.1 J/cm3

L. plantarum 564 Slower growth rate Seratlić et al. (2013)
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taBle 13.2
inactivation of enzymes in different Food samples

medium  enzyme peF treatment Condition reduction (%)  source 

Apple juice POD P1: 60°C + PEF (30 kV/cm, 100 kJ/kg) bench scale 100 Schilling et al. (2008a)

PPO P1: 60°C + PEF (30 kV/cm, 100 kJ/kg) bench scale
P2: 40°C + PEF (pilot plant scale)

P1: 100
P2: 48

Schilling et al. (2008a)

PPO 38.5 kV/cm and 300 pps combined with 50°C, bipolar pulses 70 Sanchez-Vega et al. 
(2009)

Orange juice PME 35 kV/cm, 59 μs of treatment time, 1.4 μs of pulse width, 600 pps, 98 L/h, pilot plant scale 88 Yeom et al. (2000a)

PME 20–35 kV/cm, 2.0 or 2.2 of pulse width, 700 pps, 0.42, 0.31 mL/s 90 Yeom et al. (2002)

PME 24 kV/cm, 1048 µs treatment time, 29.9 kJ, <50°C 95 Hitit (2011)

PME 25.26 kV/cm, 1033.9 and 1206.2 ms treatment time, 51.32 J 93.8 Agcam (2012)

Tomato juice POD 35 kV/cm, 1500 µs 4 µs pulses at 100 Hz 97 Aguilo-Aguayo et al. 
(2008)

PPO 24 kV/cm for 320 and 962 μs 69 Luo et al. (2010)

PME 35 kV/cm, 1500 µs treatment time, 4 µs pulse duration at 100 Hz 82 Aguilo-Aguayo et al. 
(2008)

PME 24 kV/cm, 800 μs of treatment time, 400 pulses 93.8 Giner et al. (2001)

PME 40 pulses of 87 kV/cm at 50°C 55 Nguyen and Mittal (2007)

Lypoxygenase 40 kV/cm, 57 μs of treatment time, 2 μs of pulse width, 1000 pps, 500 L/h 54 Min and Zhang (2007)

Lypoxygenase 30 kV/cm, 60 μs of treatment time, 3 μs of pulse width, 1 mL/s, 50°C 88.1 Min et al. (2003c)

Lypoxygenase 40 kV/cm for 57 μs 53 Min et al. (2003b)

Lypoxygenase 24 kV/cm for 320 and 962 μs 88 Luo et al. (2010)

Lypoxygenase 24 kV/cm, 1048 µs treatment time, 29.9 kJ, <50°C 89.1 Hitit (2011)

PG 40 pulses of 87 kV/cm at 50°C No inactivation Nguyen and Mittal (2007)

PG 35 kV/cm, 1500 µs 4 µs pulses at 100 Hz 12% PEG Aguilo-Aguayo et al. 
(2008)

Carrot juice POD 35 kV/cm for 1000 µs applying 6 µs pulse width at 200 Hz 73 Quitao-Teixeira et al. 
(2008)

35 kV/cm for 1500 μs 93 Quintao-Teixeira et al. 
(2013)

(Continued)
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taBle 13.2 (continued)
inactivation of enzymes in different Food samples

medium  enzyme peF treatment Condition reduction (%)  source 

Grape juice PPO 24 kV/cm, 1048 µs treatment time, 29.9 kJ, <50°C 93–98 Hitit (2011)
White grape 
juice

POD 25–35 kV/cm, 200–1000 Hz, 1–5 ms treatment time 50 Marselles-Fontanet et al. 
(2007)

PPO 25–35 kV/cm, 200–1000 Hz, 1–5 ms treatment time 100 Marselles-Fontanet et al. 
(2007)

Lipoxygenase 21.5 kV/cm, <50°C, 22 Hz, exponential decay Trace Grahl and Markl (1996)
Whole milk Lipoxygenase 19 kV/cm, 70°C, 1 Hz, monopolar square wave shape 0 Van Loey et al. (2002)

Lipase 21.5 kV/cm, <50°C, 22 Hz, exponential decay 60 Grahl and Markl (1996)
Lipase 80 pulses, 27.4 kV/cm 62 Bendicho et al. (2003)
Alkaine phosphatase 21.5 kV/cm, <50°C, 22 Hz, exponential decay 60 Grahl and Markl (1996)

19 kV/cm, 70°C, 1 Hz, monopolar square shape pulses 74 Van Loey et al. (2002)
Protease 35.5 kV/cm, 866 μs, 111 Hz 57.1 Bendicho et al. (2003)
Plasmin 50 pulses, 45 kV/cm, 15°C processing temperature 90 Vega-Mercado et al. 

(2006)
Raw milk Lipase 21.5 kV/cm, 400 kJ/L 65 Castro et al. (2001)

Peroxidase 21.5 kV/cm, 400 kJ/L 25 Castro et al. (2001)
Alkaline phosphatase 21.5 kV/cm, 400 kJ/L <5
Alkaline phosphatase 2.2 kV/mm 60

SM Alkaline phosphatase 21.8 kV/cm, 43.9°C, 700 pulses of 400 µs 65 Castro (1994)
Protease 35.5 kV/cm, 866 μs, 111 Hz 81.1 Bendicho et al. (2003)
Protease (Bacillus 
subtilis)

19.7–37.3 kV/cm, 34°C and 40°C, 22 pulses of 67 Hz and 80 pulses of 4 µs at 0.1 Hz, 
monopolar square

Depending on the 
frequency

Bendicho et al. (2003)

SMUF/SM Protease (Bacillus 
subtilis)

19.7–35.5 kV/cm, <46°C, 67.89 and 111 Hz, monopolar square 62.7–81 Bendicho et al. (2003)

SMUF Protease (Bacillus 
subtilis)

16.4–27.4 kV/cm, 34°C and 40°C, 22 pulses of 67 Hz and 80 pulses of 4 µs at 0.1 Hz, 
monopolar square

Depending on the 
frequency

Bendicho et al. (2003)

Plasmin 15–45 kV/cm, 60°C–80°C, 0.1 Hz 90 Vega-Mercado et al. 
(1995)

Lipase (P. fluorosens) 16.1–27.1 kV/cm, <31°C, 2–3.5 Hz, exponential decay 62.1 Bendicho et al. (2002b)
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30 kV/cm with 8 pulses, and a 4.5-log reduction was observed at the same field strength using 48 
pulses. Extending the duration of microsecond pulses from 100 to 250 μs showed no improvement 
in inactivation. Nanosecond pulses alone did not have any detectable effect on inactivation of E. coli 
regardless of the treatment time, but a significant 3-log reduction was achieved in combination with 
microsecond pulses (Zgalin et al., 2012).

Inactivation of E. coli and L. innocua by combinations of high-intensity light pulses (HILP), 
ultrasound (US), PEF, and sublethal concentrations of nisin (2.5 mg/L) or lactic acid (500 mg/L) 
was investigated by Muñoz et al. (2012) in two different buffer systems (pH 4 for E. coli and pH 7 
for L. innocua). Individually, HILP (3.3 J/cm2), US (126 s residence time, 500 W, 40°C), and PEF 
(24 kV/cm, 18 Hz, and 1 μs of pulse width) did not induce a microbial reduction of greater than 2.7 
or 3.6 log units for L. innocua and E. coli, respectively. Combined treatment using HILP + PEF 
sufficiently inactivated E. coli without antimicrobial addition. The addition of either antimicrobial 
enhanced the effect of US + PEF for both E. coli and L. innocua whereas the addition of lactic acid 
enhanced the effect of HILP + US. For L. innocua, the addition of nisin enhanced the effect of 
HILP + PEF. This confirms the potential of selected nonthermal technologies for microbial inacti-
vation when combined with antimicrobials.

Orange juice due to the popularity, and thus, the economic importance, is one of the most stud-
ied juice among others. One of the earliest study conducted by PEF treatment of orange juice 
at 36 kV/cm electric field strength and 250 μs treatment time provided microbial stability dur-
ing more than 3 weeks (Qin et al., 1995a). PEF processing of freshly squeezed orange juice at 
30 kV/cm electric field strength with 480 μs treatment time was found very effective to inacti-
vate the native microflora without significantly altering the measured sensory characteristics (Jia 
et al., 1999). Similar results were also reported from the processing of orange juice at 35 kV/cm 
electric field strength with 59 μs treatment time, and it was found that PEF and heat treatment 
at 94.6°C for 30 s had similar effects on orange juice quality. PEF processing provided greater 
amount of  vitamin C retention and better preservation of flavor compounds than heat treatment 
during shelf-life studies at 4°C. Measured quality attributes such as browning index, higher white-
ness, and higher hue angle values were obtained by PEF treatment, in addition to no significant 
change on pH and °Brix values. Processing of orange juice by PEF and heat provided a significant 
degree of microbial inactivation, and microbial count was reported below 1 log cfu/mL during 
shelf-life studies conducted at both refrigeration and ambient temperature (Yeom et al., 2000a,b). 
Application of 40 kV/cm electric field strength with 97 μs treatment time provided microbiologi-
cally stable juices during 112 days at 4°C (Min et al., 2003a). Processing of fruit juice at 35 kV/cm 
electric field strength and 1000 μs treatment time provided both significant amount of microbial 
and enzyme inactivation, and thus, the PEF-processed orange juice was stable at least 56 days of 
refrigerated storage at 4°C. A slight decrease in the antioxidant capacity of PEF-treated orange 
juice throughout storage was reported, and these changes were not significantly different to those 
observed in the fresh juice (Elez-Martinez et al., 2006; Martin-Belloso and Soliva-Fortuny, 2010).

Studies with PEF treatment of orange juices provide a significant increase on the shelf life. Although 
different shelf-life extensions were reported due to the differences on process parameters, reported 
shelf-life extensions for orange juice were up to 28 days at 4°C (80 kV/cm for 20 pulses, without aseptic 
packaging) (Hodgins et al., 2002). Moreover, better preservation of ascorbic acid content and the reten-
tion of flavor compounds in juices are reported as benefits of PEF over heat treatment (Hodgins et al., 
2002). Little or no effect on the vitamin C content of orange juice, which is sensitive to heat—less than 
80% retention after thermal pasteurization, is reported by the processing that includes the combination 
of PEF (80 kV/cm) and thermal treatment up to 50°C (Wu et al., 2005; Torregrosa et al., 2006).

When compared with control samples, PEF processing did not cause significant changes on pH, 
°Brix, electric conductivity, viscosity, nonenzymatic browning index (NEBI), hydroxymethylfurfu-
ral (HMF), color, organic acid content, and volatile flavor compounds in squeezed citrus juices of 
grapefruit, lemon, orange, and tangerine (Cserhalmi et al., 2006). Commercial-scale PEF treatment 
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at 40 kV/cm electric field strength and 97 µs treatment time provided higher amount of microbial 
inactivation and better preservation of quality parameters than that of heat treatment at 90°C for 
90 s (Min et al., 2006). No significant difference was detected in the HMF content between PEF 
and heat-treated orange juice samples. Moreover, PEF-treated orange juice samples showed lesser 
amount of changes in the color values than heat-pasteurized samples (Cortes et al., 2008).

PEF processing was also successful for enzyme inactivation in orange juice. Inactivation studies of 
PME showed 88% reduction in orange juice as compared to 98% reduction for thermally processed 
orange juice. After PEF processing and during subsequent storage, no increase in PME activity was 
reported (Yeom et al., 2000b). PEF processing successfully inactivated both PME and POD enzymes, 
and no changes were reported in the residual activities of both enzymes during 56 days of storage 
(Elez-Martinez et al., 2006). Combination of PEF with moderate heat (<50°C) caused 90%–92.7% 
reduction of PME activity in orange juice. It was reported that this amount of inactivation is suffi-
cient to prevent development of cloudiness in orange juice (Hodgins et al., 2002; Yeom et al., 2002). 
Inactivation kinetics of PME by PEF and heat pasteurization (90°C for 10 and 20 s), right after both 
treatments and during shelf-life studies at 4°C for 180 days in freshly squeezed-in orange juice sam-
ples, showed 93.82% inactivation after PEF applications and 6.82% and 4.15% residual PME activi-
ties after heat pasteurizations. PME activity of PEF-processed samples decreased or did not change 
during storage, while that of heat-pasteurized samples increased during storage (Agcam et al., 2014).

While heat processing caused 10%–41.7% loss of volatile flavor compounds, the maximum loss 
was 9.7% for PEF-processed orange juice samples (Jia et al., 1999). PEF treatment also caused less 
browning and a brighter color during storage at 4°C compared to a heat-treated sample. It is possible 
that the better properties obtained might be due to a higher retention of vitamin C (Min et al., 2003a).

Compared to heat treatment, PEF processing provided more stable vitamin C with the half-life 
of up to 60 days, 2–5 times longer, depending on the PEF treatment and storage temperature (Min 
et al., 2003a; Torregrosa et al., 2006). PEF-processed orange juice was found more bioavailable for 
human absorption than that of the fresh orange juice (Sanchez-Moreno et al., 2005). In addition to 
vitamin C, PEF-treated orange juice also had better texture, flavor, and overall acceptability than 
thermally processed juice. PEF processing provided significantly higher content of the flavor com-
pounds d-limonene, alpha-pinene, myrcene, and valencene as compared to thermally treated and 
untreated samples (Min et al., 2003a).

Freshly squeezed orange juice was PEF-processed using four electric field strengths (13.82, 17.06, 
21.50, and 25.26 kV/cm), two different treatment times (1033.9 and 1206.2 μs), and eight different 
electric energy intensities (10.89, 12.70, 17.37, 20.26, 29.57, 34.50, 43.99, and 51.32 J) compared with 
heat pasteurization at 90°C for 10 s (HP1) and for 20 s (HP2) during storage at 4°C for 180 days and 
total phenolic concentration was found higher after mild PEF and heat pasteurization treatments than 
both the other treatments and fresh orange juice. At the end of the storage, a higher amount of total 
phenolic concentration than that of the initial concentration was measured when processed after the 
low-intensity PEF treatments. Total phenolic compounds of orange juice started to degrade after being 
processed with high-intensity PEF treatments and heat pasteurization applications (Agcam, 2012). 

PEF processing of a blended orange–carrot juice mixture by 25 kV/cm electric field strength, 
280 and 330 µs treatment time, and conventional HTST at 98°C for 21 s presented that even though 
heat process provided more microbial inactivation, PEF provided better preservation of important 
quality properties as well as less ascorbic acid degradation with shelf-life extension of 50 days at 
2°C (Torregrosa et al., 2006).

Apple juice is also one of the most studied juices by PEF. Processing of fresh apple juice by PEF 
treatment at 30, 26, 22, and 18 kV/cm electric field strengths and 172, 144, 115, and 86 μs total treat-
ment times provided 5 log cfu/mL reduction on E. coli O157:H7 and E. coli 8739 (Evrendilek 
et al., 1999). The effect of PEF treatment on the inactivation of E. coli O157:H7 with 34, 31, 28, 
25, and 22 kV/cm electric field strengths and 166 μs mean total treatment time by bench scale 
system and shelf-life evaluation of aseptically packaged apple juice and cider with 35 kV/cm 
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electric field strength and 94 μs mean total treatment time by pilot plant scale were investigated 
with PEF and heat treatment (60°C for 30 s) combination to process fresh apple cider. Bench scale 
PEF system provided 4.5 log cfu/mL reduction of E. coli O157:H7 cells, and the pilot plant scale 
PEF system improved the microbial shelf life of apple cider without any alteration in the natural 
food color and vitamin C for both samples (Evrendilek et al., 2000). Processing of apple juice by 
PEF (4 µs wide bipolar pulse, 35 kV/cm electric field strength and 1200 pps frequency) or HTST 
(90°C for 30 s) revealed that measured attributes were less affected by PEF treatment than by 
thermal pasteurization (Aguilar-Rosas et al., 2007). Again, processing of apple juice by PEF or 
HTST showed that PEF was more effective than HTST process to preserve pH and color (Charles-
Rodríguez et al., 2007). Apple juice processed by UHT (115°C, 125°C, and 135°C for 3 or 5 s) or 
PEF (33–42 kV/cm with frequencies of 150, 200, 250, or 300 pps) showed that PEF processing 
provided better preservation of color, pH, acidity, and soluble solids (Sanchez-Vega et al., 2009).

Effects of electric field strength (0–35 kV/cm) and pulse rise time (PRT) of 2 and 0.2 μs dur-
ing PEFs on enzymatic activity, vitamin C, total phenols, antioxidant capacities, color, and rheo-
logical characteristics of fresh apple juice showed that the residual activity (RA) of PPO and 
peroxidase (POD) decreased with increased electric field strength and PRT, and almost complete 
inactivation of both enzymes was achieved at 35 kV/cm with 2 μs-PRT. Vitamin C content in apple 
juice decreased significantly during PEF treatment, and the largest loss was 36.6% at 30 kV/cm 
and 2 μs-PRT. The content of total phenols was not affected by PEF with 2 μs-PRT but decreased 
significantly by PEF with 0.2 μs-PRT. The antioxidant capacity of apple juice was evaluated by 
DPPH radical scavenging activity, ferric-reducing antioxidant power (FRAP), and oxygen radi-
cal absorbance capacity (ORAC). The DPPH value was not affected by PEF, whereas FRAP and 
ORAC values increased by increasing the electric field strength and decreasing the PRT. PEF-
treated apple juice had a significantly higher lightness and yellowness than the controlled sample. 
The apparent viscosity and consistency index (K) of apple juice decreased, while the flow behav-
ior index (n) increased by increasing the electric field strength, and apple juice treated at 2 μs-PRT 
had a significantly higher apparent viscosity than that treated at 0.2 μs-PRT (Bi et al., 2013).

Current bench-scale PEF treatment systems in different institutions are different; therefore, con-
flicting results are obtained sometimes because of the fact that even though electric field strength is 
similar, total energy and total treatment time might be different. As a result of this situation, reports 
on the color of PEF-treated apple juice are conflicting. While Ortega-Rivas et al. (1998) reported 
color fading after 2–16 pulses at 50–66 kV/cm, Evrendilek et al. (2000) observed no color loss after 
94 μs at 35 kV/cm in PEF-treated apple juice and cider.

Processing of freshly squeezed apple juice from golden delicious fruit by PEF (4 µs pulse width, 
35 kV/cm electric field strength, 1200 pps frequency) and HTST at 90°C for 30 s resulted in minimal 
variability in pH and no significant changes in acidity, phenolics content, and volatile compounds 
(Aguilar-Rosas et al., 2013). Apple juice processing with the same processing parameters ended up 
with a significant difference in the residual activities of PME and PPO as well as the chroma index 
for color compared to control samples. No statistically significant difference was observed for the 
hue colour index (Aguilar-Rosas et al., 2007).

Complete deactivation was achieved when PEF treatment and preheating of the juices to 60°C 
were combined to inactivate POD and PPO enzymes. Maximum PPO deactivation of 48% was 
achieved when the apple juice was preheated to 40°C and PEF-treated at 30 kV/cm (100 kJ/kg) by 
the pilot plant PEF system (Schilling et al., 2008a).

UHT (115°C, 125°C, and 135°C for 3 and 5 s) and PEF processing (between 33 and 42 kV/cm 
with frequencies of 150, 200, 250, and 300 pps) were compared to each other for the processing 
of apple juice, and UHT was found more efficient for the inactivation of PPO reducing 95% of the 
RA at the maximum temperature and time. However, 70% reduction of residual PFO activity was 
achieved by the PEF treatment at 38.5 kV/cm and 300 pps combined with 50°C. Color, pH, acidity, 
and soluble solids were all less affected by PEF than by UHT when compared with the untreated 
juice (Sanchez-Vega et al., 2009).
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In order to determine the effect of PEF processing on the shelf life and quality characteristics 
of tomato juice, both PEF and thermal treatments were compared to each other, and it was found 
that both thermally and PEF-processed juices showed microbial shelf life at 4°C for 112 days. The 
residual lipoxygenase activities of thermally and PEF-processed juices after the treatments were 
0% and 47%, respectively; however, PEF-processed juice retained more ascorbic acid than ther-
mally processed juice at 4°C for 42 days. Thermally and PEF-processed juices had no significant 
difference in the concentration of lycopene, °Brix, pH, or viscosity during the storage. The flavor 
and overall acceptability of PEF-processed juice were preferred to those of thermally processed 
juice according to sensory evaluations (Min et al., 2007). PEF also caused less browning in tomato 
juice, with a much slower browning rate during storage, decreasing little over 60 days. PEF-treated 
tomato samples were redder than heat-treated samples and similar to the untreated sample (Min 
and Zhang, 2003).

PEF, moderate temperature (<50°C), and antimicrobial compounds were tested to reduce natu-
rally growing microorganisms in tomato juice. The microbial count decreased with the increase 
in pulse number and treatment temperature at constant field strength, and a significant difference 
in the reduction of microbial count with temperature increase from 45°C to 50°C was found. No 
reduction was detected in vitamin C content due to the treatment. Polygalacturonase (PG) activ-
ity present in tomato juice was not affected by PEF, but the activity of PME was reduced by 55%. 
Antimicrobials such as clove oil and mint extract provided large microbial decay at low concentra-
tion and mild heat without PEF (Nguyen and Mittal, 2007).

PEF provided significant degree of PPO and LOX inactivation in tomato juice that activi-
ties of both enzymes decreased with the increase of the applied electric field and the number 
of pulses (Luo et al., 2010). Effects of PEF (35 kV/cm for 1500 µs using bipolar 4 µs pulses at 
100 Hz) processing of tomato juice color parameters and viscosity, as well as POD, PME, and 
PG activity during 77 days of storage at 4°C was measured and compared to the thermal treat-
ments at 90°C for 1 min or 30 s for unprocessed tomato juice. PEF-treated tomato juice showed 
higher values of lightness than both the thermally processed and the untreated juice throughout 
storage time. POD of PEF-treated tomato juice was inactivated by 97%, whereas in the case of 
the thermally treated juice, 90% and 79% inactivation was achieved after 1 min and 30 s, respec-
tively. The highest PME inactivation in tomato juice was obtained by PEF (82%) and heat treat-
ment at 90°C for 1 min (96%). PG of PEF-treated tomato juice was inactivated by 12%, whereas 
thermal treatments at 90°C for 1 min or 30 s achieved 44% and 22% inactivations, respectively. 
Despite the low rates of PG inactivation obtained, the pattern followed in the RA along the 
storage time was similar in the tomato juice treated by PEF than the thermally processed juice 
(Aguilo-Aguayo et al., 2008).

Sour cherry juice was successfully processed with increased electric field strengths (0, 17, 20, 
23, 27, and 30 kV/cm) and treatment times (0, 66, 105, 131, 157, and 210 µs), and measured proper-
ties of sour cherry juice such as pH, TA, °Brix, conductivity, color (L*, a*, and b*), NEBI, metal 
ion concentration, ascorbic acid as well as in the metal ion concentrations did not get adversly 
affected by PEF treatment (Altuntas et al., 2010). PEF processing of pomegranate juice with 0, 17, 
23, and 30 kV/cm electric field strengths at 5°C, 15°C, 25°C, and 35°C ended up with a significant 
decrease in the amount of total phenolic substances (TPS), antioxidant capacity, and total antho-
cyanin content (TAC) with increased processing temperature. Especially, the PEF processing at 
lower temperatures such as 5°C and 15°C caused less degradation than that of the treatment at 
25°C and 35°C (Evrendilek, 2009).

Grape juice physicochemical properties did not change with PEF processing; however, the con-
centration of lauric acid diminished after PEF processing, and the concentration of some amino 
acids varied after both PEF and thermal treatments (Garde-Cerdan et  al., 2007). PEF process-
ing of grape juice by 524, 655, 786, 917, and 1048 µs treatment time and 24 kV/cm electric field 
strength did not cause any significant difference on pH, °Brix, conductivity, titratable acidity, color 
(L*, a*, b*, and chroma), TPS, TAC, and FT-IR spectra of the samples. Increased treatment time 
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caused a significant decrease in the total antioxidant activity and PPO activity (Hitit, 2011). PEF 
and thermal processing of different varieties of freshly squeezed grape juice evidenced that grape 
variety is a factor to be taken into account when comparing the processing effects of PEF and heat 
treatments. Results of general and specific microbial populations were not affected by each pro-
cessing treatment. Soluble solids, pH, acidity, and the electrical conductivity of grape juice were 
not affected by PEF processing. On average, PEF treatment reduced radical scavenging activity by 
9% in front of the 13% of the heat treatment, whereas both treatments halved the protein content 
(Marsellés-Fontanet et al., 2013).

Cranberry juice processing either by PEF (20  and 40 kV/cm for 50 and 150 µs) or by thermal 
treatment (at 90°C for 90 s) showed that higher field strength and longer treatment time caused 
more reduction in viable microbial cells. Moreover, the overall volatile profile of the juice was not 
affected by PEF treatment, but it was affected by thermal treatment (Jin and Zhang, 2007).

A better knowledge of the effect of refrigerated storage on the nutritional and physicochemical 
characteristics of foods processed by emerging technologies with regard to unprocessed juices is 
necessary. Thus, blueberry juice was processed by HHP (600 MPa/42°C/5 min) and PEF (36 kV/cm, 
100 μs) and the stability of physicochemical parameters, antioxidant compounds (ascorbic acid, 
total phenolics, and total anthocyanins), and antioxidant capacity was studied just after treatment 
and during 56 days at refrigerated storage at 4°C. Just after treatment, all treated blueberry juices 
showed a decrease lower than 5% in ascorbic acid content as compared with the untreated one. 
At the end of refrigerated storage, unprocessed and PEF-treated juices showed similar ascorbic acid 
losses (50%) in relation to untreated juice, although HHP juices maintained better ascorbic acid 
content during storage time (31% losses). All juices exhibited fluctuations in total phenolic values 
with a marked decrease after 7 days in refrigerated storage; however, prolonged storage of the juices 
at 4°C, up to 56 days resulted in a change in the total phenolic content for all juices in comparison 
with day 7. HHP preserved antioxidant activity (21% losses) more than unprocessed (30%) and PEF-
(48%) processed juices after 56 days at 4°C. Color changes (a*, b*, L, Chroma, h°, and ΔE) were 
slightly noticeable after refrigerated storage for all juices (Barba et al., 2012).

The application of sublethal, nonthermal processing and GRAS antimicrobial hurdle combina-
tions has the potential to allow for the production of safe, stable products while also maintaining the 
desired organoleptic characteristics of a minimally processed product. An initial step to assessing 
the suitability of nonthermal treatments is to evaluate their efficacy in model solutions prior to their 
study in food systems. The effect of high-intensity PEFs (HIPEF) in combination with antimicro-
bial substances against spoilage microorganisms in fruit juices has been the focus of a few studies 
(Hodgins et al., 2002; Wu et al., 2005; Liang et al., 2006; Nguyen and Mittal, 2007; Mosqueda-
Melgar et  al., 2008). The effect of combining HIPEF with citric acid or cinnamon bark oil, as 
antimicrobial substances, on the microbiological shelf life of strawberry, orange, apple, pear, and 
tomato juices was evaluated by Mosqueda-Melgar et al. (2012) in addition to the sensory properties 
of these products. An extension of the microbiological shelf life of fruit juices treated by HIPEF 
with or without antimicrobial substances was observed in comparison with those juices without pro-
cessing. Naturally occurring microorganisms in the juices were successfully inactivated by HIPEF 
treatment. Among the HIPEF-treated juices, those from strawberry and orange did not show micro-
bial growth during the 91 days of storage at 5°C. However, resident microbial populations in apple, 
pear, and tomato juices only were controlled during that time when HIPEF was combined with 
antimicrobials. Therefore, combinations of those treatments may be a feasible alternative to thermal 
pasteurization to ensure the microbiological quality and safety in juices and to avoid the risk of 
foodborne illness caused by the consumption of these commodities. No significant changes on the 
sensory attributes in all studied fruit juices processed by HIPEF were found, but when citric acid or 
cinnamon bark oil were added, noticeable changes on some sensory attributes such as aroma, taste, 
and sourness of these fruit juices were perceived (Mosqueda-Melgar et al., 2012).

Nectars in contrast to juices have higher viscosity and fruit particles, thus it is difficult to process 
them by PEF. Even though processing of nectars by PEF is harder, it was feasible to process both 

© 2016 by Taylor & Francis Group, LLC

  



491Pulsed Electric Fields

apricot and peach nectars by different electric field strengths (0, 17, 20, 23, 27, and 30 kV/cm) and 
different treatment times (0, 66, 105, 131, 157, and 210 µs). It was revealed that processing of apricot 
and peach nectad by PEF did not cause a significant difference in pH, TA, °Brix, conductivity, color 
(L*, a*, and b*), NEBI, metal ion concentration, ascorbic acid, and beta carotene retention as well as 
in the metal ion concentrations (Altuntas et al., 2011; Evrendilek et al., 2013).

Tea is one of the most consumed beverages, and heat treatment has a detrimental effect on bioac-
tive compounds. Thus, PEF processing from 20 to 40 kV/cm electric field strength for 200 μs treat-
ment time was conducted for green tea infusions, and it was seen that the total free amino acids were 
efficiently retained by the application of electric field strength. There was a significant increase in 
the amount of polyphenols, catechins, and the total free amino acids of the samples by 7.5% after 
PEF treatment at 40 kV/cm. PEF treatment caused an increase in the total amino acids especially 
theanine, which is beneficial for the quality of commercial ready-to-drink green tea infusion prod-
ucts. While PEF treatment at 20 or 30 kV/cm had no significant effect on flavor compounds of green 
tea infusions, the total concentration of volatiles lost was approximately 10% after PEF treatment at 
40 kV/cm for 200 μs (Zhao et al., 2009).

Beside fruit juices, different liquid foods having low viscosity and high acidity, drinks such as 
wine and beer, are successfully processed by PEF. Wine is a very delicate product as any technology 
applied to process wine adversely affects the flavor, color, total polyphenol index (TPI), and TAC. 
Evaluation of PEF processing at the end of alcoholic fermentation resulted on higher color intensity 
(CI), TPI, and TAC than unprocessed wine. PEF provided shorter maceration time for wine produc-
tion, and CI, TPI and TAC of PEF-treated wine samples were 38%, 22%, and 11% higher than the 
unprocessed samples even after 4 months of aging in bottle. PEF-treated and unprocessed wines 
had no significant difference for the measured attributes (Puertolas et al., 2010a).

PEF processing with a maximum of 31 kV/cm at 40°C ± 2°C can be successfully used to pro-
cess red wine samples with no significant change on pH, °Brix, TA, color (L*, a*, b*, hue, and 
chroma), TMAC, TPSC, and TAC. Changes in these properties will also affect the sensory char-
acteristics of the red wine. Since no significant difference was detected for these quality charac-
teristics, sensory properties of the samples did not reveal any significant difference. Moreover, 
increased electric field strength and treatment temperature caused a significant inactivation on 
E. coli O157:H7, Lactobacillus bulgaricus, Candida lipolytica, S. cerevisiae, and Hansenula 
anomala cells (Abca, 2010).

Processing of beer, although it is a big challenge to be processed by PEF due to the amount of 
carbon dioxide present, was successfully performed. Inactivation induced by the PEF treatment 
of beer for the inactivation of natural flora and inoculated cultures of Saccharomyces uvarum, 
Rhodotorula rubra, Lactobacillus plantarum, Pediococcus damnosus, and Bacillus subtilis 
resulted in a significant decrease. However, there was a significant increase in the amount of Cr, 
Zn, Fe, and Mn ions in the beer samples resulting from the migration of electrode materials after 
PEF treatment leading to a statistically significant degradation in flavor and mouth feel (Evrendilek 
et al., 2004a).

Higher protein, carbohydrate, and fat content are not desirable for PEF processing due to poor 
electrical conductivity. Thus, it is sometimes a big challenge for PEF to be applied to high pro-
tein content foods such as milk and liquid whole egg (LWE). The application of 12.5 kV/cm high-
intensity electric fields and 10 pulses in the order of milliseconds to process egg products caused 
the structure modification of egg white proteins and β-lactoglobulin concentrate, and both proteins 
were partially denatured (26%–40%). Denaturation temperatures of the β-lactoglobulin concentrate 
were reduced by approximately 4°C–5°C, and the thermo stability of egg white proteins was par-
tially increased in addition to the increase in the gelation rate of β-lactoglobulin concentrate and the 
gelation rate of egg white at 63°C lowered by PEF treatment (Perez and Pilosof, 2004).

While LWE samples treated at 19 and 32 kV/cm electric field strength showed a similar foam-
ing capacity as fresh untreated egg, thermal processing and PEF treatments of 37 kV/cm caused a 
substantial decrease in the foaming capacity of untreated liquid egg. It was further reported that 
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PEF processing caused less changes in the microstructure, and the lipoprotein matrix appeared to 
be less affect by the PEF than by heat treatment when compared to the control. PEF processing did 
not significantly affect both the water-soluble protein content of the LWE samples (19.5%–23.6% 
decrease) and the mechanical properties of the egg gels (up to 21.3% and 14.5% increase in hard-
ness and cohesiveness, respectively); however, these properties were significantly affected by heat 
pasteurization. PEF-treated samples—compared to heat pasteurization—did not exhibit significant 
difference in the water holding capacity (WHC) (Marco-Moles et al., 2011).

PEF processing of LWE with 1.2 mL/s flow rate, 200 pps frequency, 2.12 μs pulse duration, 
25 kV/cm electric field strength, and 250 μs total treatment time caused no significant change in 
viscosity, electrical conductivity, color, pH, and °Brix relative to control samples. The PEF pro-
cessing resulted in 1 log cfu/mL reduction in Salmonella Enteritidis population in LWE. The PEF-
treated samples were subjected to heat at 55°C for 3.5 min to inactivate the remaining bacteria 
without denaturing the LWE. The combination of PEF and heat treatments led to a 4.3 log cfu/mL 
reduction in S. Enteritidis population, and the PEF + 55°C-treated LWE samples presented signifi-
cantly longer shelf life at 4°C as compared with the control and heat-treated samples (Hermawan 
et al., 2004).

PEF processing of ovalbumin solutions (2%, pH 7.0, 200 Ω cm) and dialyzed fresh egg white 
(pH 9.2, 200−250 Ω·cm) was performed with 50−400 exponential decay pulses, 27−33 kV/cm elec-
tric field strength, and 0.3 μs pulse width (at a capacitance of 20 nF) or 0.9 μs (at 80 nF) with processing 
temperature of 29°C. It was reported that while the four sulfhydryl groups of native ovalbumin did 
not react with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), they became reactive immediately after 
pulse processing, indicating either partial protein unfolding or enhanced SH ionization. Dissipated 
energy provided the extent of SH reactivity, and 3.7 SH groups becoming reactive after 100 or 200 
pulses at 31.5 kV/cm and 80 nF. Since only 0.79 or 0.2 SH group was found to remain reactive for 
30 min or 8 h after pulse processing, SH reactivity was reversible. Before and after 15–30 min pulse 
processing, the fourth derivatives of UV spectra of ovalbumin were determined. As a result, it 
was concluded that electric pulses known to induce significant microbial inactivation did not cause 
notable changes in the proteins investigated (Fernandez-Diaz et al., 2000).

Thermal processing of milk—even though it is the most common technology— is not desired 
due to the changes in the physical properties and aroma compounds, and thus, the potential of PEF 
processing for milk processing is being searched. It was revealed that PEF processing of milk up 
to 40 kV/cm provided no apparent changes in physical and chemical properties in addition to no 
significant difference in sensory attributes between heat pasteurized and PEF-treated milk (Qin 
et al., 1995c). PEF processing (40 kV/cm, 30 pulses, and 2 µs pulse width using exponential decay-
ing pulses) of raw skim milk (SM) (0.2% milk fat) provided shelf-life extension of 2 weeks at 4°C; 
however, combination of heat treatment (80°C for 6 s) followed by PEF (30 kV/cm, 30 pulses, and 
2 µs pulse width) increased the shelf life up to 22 days, with 3.6 log cfu/mL total aerobic plate, and 
no viable coliform count (Fernandez-Molina et al., 2000, 2001). Similarly, PEF processing (40 kV/
cm electric field strength) of milk (2% milk fat) extended the shelf life of the samples to 2 weeks at 
refrigeration temperature (Qin et al., 1995a).

PEF processing (30.76–53.84 kV/cm electric field strength and 12, 24, and 30 pulse numbers) of 
SM and whole milk (WM) in combination with heat treatment (20°C, 30°C, and 40°C) caused a 
decrease in solids nonfat (SNF) of SM samples. As treatment became stronger, similar behavior was 
observed for fat and protein content resulting in 0.18% and 0.17% decrease, respectively, under the 
strongest conditions. A 0.11% decrease in protein and an even higher decrease in fat content were 
obtained after 40°C heat treatment. Higher stability with minor variations was observed in PEF-
treated milk samples at 4°C after 33 days of storage (Bermudez-Aguirre et al., 2011). PEF process-
ing with 30–60 kV/cm electric field strength and 26–210 µs treatment time provided no significant 
difference in pH and titration acidity, although 8 log cfu/mL reductions in E. coli and Pseudomonas 
fluorescens and 3 log cfu/mL reductions in Bacillus stearothermophilus were obtained with 210 µs 
treatment time and 60 kV/cm electric field strength (Shin et al., 2007).
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B group vitamins, cholecalciferol, tocopherol, ascorbic acid, vitamin A, and other vitamins were 
not adversely affected by 1.8 and 2.7 kV/mm electric field strength, and application of electric 
field strength up to 80 kV/cm did not significantly alter the fat content and protein integrity of 
milk  samples (Deeth et al., 2007). Similarly, PEF processing of milk with 400 μs treatment time 
at 22.6 kV/cm electric field strength provided more ascorbic acid retention (93.4%), as well as 
water-soluble vitamins, such as thiamine, riboflavin, ascorbic acid, and fat-soluble vitamins, such 
as cholecalciferol and tocopherol, as compared to heat treatment (63°C for 30  min or 75°C for 
15 s) (Bendicho et al., 2002a). However, Floury et al. (2006) reported that PEF processing at the 
range of 45–55 kV/cm electric field strength with 2.1–3.5 μs treatment time caused enhancement 
of coagulation properties and decrease in viscosity. Moreover, no adverse effect on the bovine milk 
IgG in a protein-enriched soymilk was observed by the PEF treatment with 35 kV/cm for 73 μs (Li 
et al., 2003). PEF processing with 36.7 kV/cm electric field strength and 40 pulses over a 25 min 
time period resulted in less flavor degradation and no chemical or physical changes in milk quality 
attributes for cheese making (Dunn, 1996).

Nonthermal approaches such as HHP, PEF and ultrasound (US) were tested and used to increase 
the retention of omega-3 in Queso fresco (QF), cheddar (C) and mozzarella (M) fortified with 
omega-3. Three stages of cheese making were evaluated for fortification, after milk pasteurization, 
during curdling, and salting. Better retention was observed with microencapsulated oil, after milk 
pasteurization (8.49 mg/g) in QF, during salting (8.69 mg/g) in C, and during curdling (2.69 mg/g) 
in M. PEF, and US achieved the highest retention (5.20–5.12 mg/g) in QF samples, whereas HHP 
was the best method (5.49 and 6.64 mg/g) in C and M samples, respectively. Higher weight (up to 
19% more), increased moisture (5%), and increased pH (6.35) were observed in QF after sonication 
processing. Faster spoilage was observed in both QF and M samples during storage at 4°C, even 
though PEF was able to delay microbial growth in QF and HHP in M, consequently (Bermudez-
Aguirre and Barbosa-Canovas, 2012).

Although most of the studies reported no significant changes in measured properties of milk 
samples, it is shown that depending on the severity of PEF processing conditions, some changes in 
physical properties of milk may be observed. It is shown that PEF processing (square wave pulses, 
electric field strength, and pulse width applications of 45 kV/cm/500 ns and 55 kV/cm/250 ns, with 
increasing pulse frequencies from 40 to 120 Hz and energy input varying from range 0 to 100 kJ/kg) 
caused a decrease in viscosity and an enhancement of coagulation properties in addition to effects 
on casein micelles (Floury et al., 2006).

Besides processing of milk samples by PEF, changes in the technological properties of milk 
samples processed by PEF were also reported. For example, PEF processing of milk with 
36.7 kV/cm electric field strength and 40 pulses for more than 25  min treatment time used 
in cheese-making presented no chemical or physical changes in quality attributes and lesser 
amount of flavor degradation (Dunn, 1996). Cheese made from PEF-processed milk had bet-
ter flavor profile, better textural properties such as hardness and springiness of the cheese, 
while the other textural attributes (i.e., adhesiveness and cohesiveness) remained unchanged as 
compared to cheddar cheese produced from heat pasteurization (63°C for 30 min) (Sepúlveda-
Ahumada et al., 2000).

Yogurt-based products have gained popularity due to positive health effects; however, heat pro-
cessing destroys beneficial bacteria while extending shelf life, thus alternatives are also being 
searched for yogurt-based products. Formulated yogurt-based products processed by mild heat 
treatment at 60°C for 30 s and 30 kV/cm electric field strength for 32 μs total treatment time signifi-
cantly decreased the total viable aerobic bacteria and total mold and yeast of yogurt-based prod-
ucts during storage at both 4°C and 22°C, with no significant difference between the control and 
processed products in addition to no significant difference on color, pH, and °Brix (Yeom et al., 
2004). Similarly, compared to unprocessed control samples, 60°C + PEF at processing of yogurt-
based drink samples revealed no significant difference in the L*, a*, b* values, °Brix, in addition to 
no significant difference in the selected sensory attributes (Evrendilek et al., 2004b). No changes 
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in total solids, color, pH, proteins, moisture, particle size, and conductivity were detected in SM 
samples with PEF treatment (35 kV/cm field strength with 64 pulses of bipolar square wave for 
188 μs), while 0.3–3.0 log cfu/mL reductions of P. fluorescens, Lactococcus lactis were obtained 
(Michalac et al., 2003).

Some studies include a combination of antimicrobial agents with PEF to enhance efficacy of 
processing. For example, PEF processing caused a maximum of 2.5 log cfu/mL reduction in endog-
enous bacteria by 30, 40, and 50 kV/cm electric field strength. Inactivation of the bacteria changed to 
2, 2.7, or 3.4 log cfu/mL with the same PEF intensities and subsequent exposure to 10 IU nisin/mL 
(Calderon-Miranda, 1998).

Enzymes in milk systems are important for the determination of processing as well as the 
stability of processed product. Alkaline phosphatase treated by PEF at 22.3 kV/cm electric 
field strength with 0.78 ms pulse width showed a tendency to associate and aggregate. It is 
known that the polarization created by electrical charges of dipoles on the enzyme can cause 
the aggregate formation in enzymes; thus, proposed mechanism of the inactivation of alkaline 
phosphatase by PEF is the polarization of the molecule, which leads to the aggregation of the 
enzyme (Castro et al., 2001). Plasmin was inactivated by 90% with PEF processing at 45 kV/cm 
with 50 pulses in SMUF (Vega-Mercado et al., 1995). After application of PEF treatment at 
21.5 kV/cm electric field strength with 400 kJ/L energy, 65%, 25%, and <5% inactivation of 
lipase, peroxidase, and alkaline phosphatase were obtained (Grahl and Markl, 1996; Castro 
et al., 2001).

Different food products were successfully processed by PEF, and it can be concluded that gener-
ally PEF treatment alone does not adversely affect the physical, chemical, and sensory properties 
of fruit juices and nectars as well as milk and low-viscosity dairy products. Even though it was 
reported in some studies that PEF provides better sensory properties and longer and/or equal shelf 
life as compared to heat processing, one of the main issues is the temperature increase during PEF 
processing; thus, it must be monitored during processing.

Inulin is widely used in different food products for fat replacement and calorie reduction 
(Villegas and Costell, 2007). Inulin, a kind of fructan, is present in various plants such as chicory 
root, dahlia tuber, Jerusalem artichoke, and burdock root (Milani et al., 2011). Among these inulin-
containing plants, chicory root is considered as the most adapted plant for the industrial production 
of inulin. The influences of PEF parameters 600 V/cm for 10–50 ms treatment time and diffusion 
temperature (varied between 30°C and 80°C) on soluble matter extraction kinetics, inulin content 
of juice, and pulp exhaustion are investigated. The draft (liquid to solid mass ratio) was fixed at 
140%, similar to the industrial conditions. PEF treatment facilitates extraction of inulin at conven-
tional diffusion temperature (70°C–80°C), and the diffusion temperature can even be reduced by 
10°C–15°C with comparable juice inulin concentration. Less energy consumption can be achieved 
by reducing PEF treatment duration to 10 ms, which is observed sufficient for effective extraction 
(Zhu et al., 2012).

Currently, greater attention has been paid to side effects occurring during PEF treatment and the 
influences on food qualities and food components such as investigation of the electrochemical reac-
tion and oxidation of lecithin under PEF processing. Results showed that electrochemical reaction 
of NaCl solutions at different pH values occurred during PEF processing. Active chlorine, reactive 
oxygen, and free radicals were detected, which were related to the PEF parameters and pH values 
of the solution. Lecithin extracted from yolk was further selected to investigate the oxidation of 
food lipids under PEF processing, confirming the occurrence of oxidation of lecithin under PEF 
treatment. The oxidative agents induced by PEF might be responsible for the oxidation of extracted 
yolk lecithin. Moreover, this study found that vitamin C as a natural antioxidant could effectively 
quench free radicals and inhibit the oxidation of lipid in NaCl and lecithin solutions as model sys-
tems under PEF processing, representing a way to minimize the impact of PEF treatment on food 
qualities (Zhao et al., 2012).
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13.5  peF and reCoVery oF BioaCtiVe Compounds 
From By-produCts and extraCtion proCess

The use of PEF for the recovery of bioactive compounds from by-products is not well studied up 
to now. The technique has been mainly used to extract polyphenols from grape by-products. In red 
grape by-product, the level of anthocyanins was increased by 60% when PEF was applied as a 
 pretreatment of 1 min at 25°C in combination with a conventional thermal extraction at 70°C for 
1 h (Corrales et al., 2008). When white grape skins were treated with PEF at a temperature of 20°C, 
10% more polyphenols were extracted (Boussetta et al., 2009).

It has been demonstrated that the combination of PEF-assisted extraction and pressing is an effec-
tive technique to obtain different products from solid plant matrices. Several studies have shown the 
positive effect of this combined treatment on the yield and the quality of the juice extracted from 
apples and carrots (El-Belghiti et al., 2005; Schilling et al., 2007; Grimi et al., 2009; Jaeger et al., 
2012) and in the extraction yield of betanines from red beet (Lopez et al., 2009).

Fresh juice or citrus-based drinks are obtained by processing of orange fruits. This generates 
very large amounts of byproduct wastes such as orange peels. These peels are a rich source of 
polyphenols such as flavonoids. Extraction of these compounds from orange peels is a crucial step 
for use of these compounds in the food and pharmaceutical industries as antioxidants. PEF-assisted 
extraction by pressing of polyphenols from fresh orange peels stands as an economical and envi-
ronmentally friendly alternative to conventional extraction methods which require the product to be 
dried, use large amounts of organic solvents, and need long extraction times (Luengo et al., 2013).

The influence of PEF treatment on the extraction by pressing of total polyphenols and flavonoids 
(naringin and hesperin) from orange peel was investigated by Luengo et al. (2013). A treatment time 
of 60 μs (20 pulses of 3 μs) achieved the highest cell disintegration index (Zp) at the different elec-
tric field strengths tested. After 30 min of pressurization at 5 bars, the total polyphenol extraction 
yield (TPEY) increased 20%, 129%, 153%, and 159% for orange peel treated by PEF at 1, 3, 5, and 
7 kV/cm, respectively. PEF treatment of orange peels at 5 kV/cm increased the quantity of naringin 
and hesperidin in 100 g of orange peels extract from 1 to 3.1 mg/100 g of fresh weight (fw) orange 
peel and from 1.3 to 4.6 mg/100 g fw orange peel, respectively. Compared to the untreated sample, 
PEF treatments of 1, 3, 5, and 7 kV/cm increased the antioxidant activity of the extract by 51%, 94%, 
148%, and 192%, respectively.

PEF can enhance the efficiency of mass transfer of water or of valuable compounds from bio-
logical matrices during extraction, drying, or diffusion processes (Donsi et al., 2010; Hou et al., 
2010) and enhance the chemical reactions, such as Maillard reaction and ethanol–acetic acid esteri-
fication. Thus, the kinetics in color formation, pH decline, and antioxidant activity as assessed by 
DPPH radical in model Maillard reaction induced by PEF was investigated glucose–glycine aque-
ous solutions (pH 9.0) subjected to PEF treatment at different electric intensities (of 10–50 kV/cm, 
respectively) and treatment times (of 0.8–4.0 ms, respectively). Results showed that color formation 
and DPPH radical scavenging ability followed zero-order and first-order kinetics; however, glucose 
consumption and pH decline followed adequately first-order kinetics. These results demonstrated 
that first-order kinetics was a much more reasonable model to fit the PEF promoting Maillard reac-
tion (Wang et al., 2013). This study reinforces the idea that PEF might be a good candidate for 
controlling Maillard reaction in food processing (Wang et al., 2011; Lin et al., 2012).

The electrical treatment for solid–liquid extraction was also investigated on a batch pilot plant 
scale. The PEF treatment (E = 2 kV/cm, specific energy input Wspec = 6 kJ/kg) of mash obtained from 
the “Jona Gold” and “Royal Gala” apple varieties, followed by juice expression with a Hollmann 
baling press (50 kg of treated apples), resulted in a 14% and 5% increase in juice yield, respectively. 
The average size of apple mash was in the range of 2 cm (Toepfl, 2006). In contrast, the PEF treat-
ment (E = 3 kV/cm, Wspec = 10 kJ/kg) of mash from a blend of six cider apple varieties followed by 
expression with a horizontal HPL 200 filter-press (220 kg of treated apples) did not enhance juice 
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yield. Juice release amounted to an average of 84.9% ± 0.4% for the control and treated samples 
(Schilling et al., 2008b).

PEF treatment (E = 1000 V/cm, f = 200 Hz and tp = 100 μs) was applied to French cider apple 
mash pumped into a collinear treatment chamber at the flow rate of 280 kg/h. Juices were recovered 
continuously using a single belt press. PEF treatment of the mash (32 ms and 46 kJ/kg) increased 
the juice yield by 4.1%. The content of total native polyphenols decreased by 17.8% in the treated 
juice due to oxidation by PPO. Meanwhile, the activity of this enzyme in PEF-treated juices was 
also decreased by 18.3%. It was suggested that PEF treatment enhanced the oxidation of native 
polyphenol compounds in cells because of electroporation of the inner cell membrane. The loss 
of PPO activity was related to the inhibition of the enzyme by the oxidized phenolic compounds. 
For this reason, one of the oxidation markers (molecular ion [M−H] − of chlorogenic acid dimer 
m/z = 705) was monitored in the juices, and it was observed that electric treatment caused 6.8% 
increase in the amount of this compound in the treated samples. A significant difference in the color 
(DE = 6) in the L*, a*, and b* space was detected between the control and treated juices. The color 
of the treated juice was the most appreciated attribute among the sensorial panel when compared to 
the control. The overall chemical composition of the treated juices was not different when compared 
with the respective controls (Turk et al., 2012).

PEF pretreatment induced a reduction in drying time of up to 12% when 10 kV/cm and 50 pulses 
were applied. For instance, after 60 min of drying, the dimensionless moisture ratio for PEF-treated 
(10 kV/cm, 50 pulses) samples was 0.18 compared to 0.26 for the untreated apples. The effective 
moisture diffusivity, calculated on the basis of Fick’s second law, was 1.04 × 10−9 m2/s for intact 
samples and from 1.09 × 10−9 to 1.25 × 10−9 m2/s for PEF-treated samples with 10 pulses at 5 kV/cm 
and 50 pulses at 10 kV/cm, respectively (Wiktor et al., 2013).

PEF technology has been studied either as a way to extract nutritional components leading to 
wines with higher nutritive content or as a pressing aid to increase yield (Lopez et al., 2008a,b; 
Grimi et al., 2009; Puertolas et al., 2010b). Others have studied the technology as a preservation 
tool reporting the effects of PEF treatments on specific components such as fatty and amino acids 
(Garde-Cerdan et al., 2007), microorganisms (Jaya et al., 2004; Wu et al., 2005; Marselles-Fontanet 
et al., 2009), and enzymes (Marselles-Fontanet and Martin-Belloso, 2007).

Several studies have shown very effective separation of cellular content in microfluidic devices 
using PEF (McClain et al., 2003; Gao et al., 2004). Both studies were focussed on single cell analy-
sis, by immobilizing the cells in a micro device and in that way separating the soluble compounds 
from the cells. To analyze intracellular content this technique is very effective, however, to extract 
the content of cells on an industrial scale immobilization will not be efficient.

Microalgae are a promising source for proteins, lipids, and carbohydrates for the food/feed and 
biofuel industry. In comparison with soya and palm oil, microalgae can be grown in a more effi-
cient and sustainable way. To make microalgae production economically feasible, it is necessary to 
optimally use all produced compounds. To accomplish this, focus needs to be put on biorefinery 
techniques which are mild and effective. Of the techniques described, PEF seems to be the most 
developed technique as compared to other cell disruption applications. For separation technology, 
ionic liquids seem most promising as they are able to separate both hydrophobic and hydrophilic 
compounds. But additional studies need to be evolved in the coming years to investigate their rel-
evance as novel cell disruption and separation methods (Vanthoor-Koopmans et  al., 2013). PEF 
has been successfully applied to recover lipids from microalgae at low-energy intensities, and it 
was reported the extraction solvent could more easily reach the lipids by PEF treatment. Thus, it was 
suggested as a suitable technique to be used in large-scale processes (Sheng et al., 2012). In another 
study, electroporation was caused using PEF in Auxenochlorella protothecoides, and the spontane-
ous release of intracellular products was studied after electroporation (Gottel et al., 2011). It was 
found that 10%–15% of the initial biomass could be found in the supernatant after centrifugation; 
however, high molecular compounds were not released from the cells. The increase in dissolved 
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organic compounds in the supernatant after electroporation was mostly caused by small molecules 
like carbohydrates and amino acids.

Overall, PEF treatment shows to be a very promising technique useful for cell perforation at 
large scale. The energy consumption of PEF is much lower than for the conventional techniques 
(de Boer et al., 2012).

Different examples of acceleration of the mass transfer processes (Donsi et al., 2010; Porras-
Parral et al., 2012), pressing (Lebovka et al., 2004), drying (Ade-Omowaye et al., 2001), freezing 
(Jalte et al., 2009a), extraction (Loginova et al., 2011a,b), and osmotic dehydration (Amami et al., 
2008), were already reported.

PEF (100–1000 V electric field strength, 100 μs pulse duration) processing of potato slices for 
disintegration treated between parallel-plate electrodes by using a laboratory compression chamber 
equipped with a PEF-treatment system. The apparent density of slices (bed of particles), ρ, varied 
within 0.313 and 1 g/cm3. The electrical conductivity σ (ρ) of the packing of slices versus volume 
fraction of particles φ was approximated by the percolation law σ ∞ (φ − φc)t, where φc ≈ 0.290, 
t = ti ≈ 0.46 and t = td ≈ 1.39 for the intact and completely damaged tissues, respectively. The impact 
of electric field strength and apparent density of slices on PEF-induced damage kinetics was stud-
ied. The more accelerated kinetics of damage was observed for more dense packing of slices. The 
approximated relation between the applied, E, and effective, Ee, electric field strengths account-
ing for the σ (ρ) dependence was derived (Mhemdi et al., 2013). In this study, research toward the 
electroporation efficiency of PEF applied to the porous packing of sliced food particles is provided.

PEF treatment leads to pore formation in cell membrane, and thus, modifies diffusion of intra- 
and extracellular media. It is also suggested that PEF pretreatment prior to freezing could reduce 
shrinkage and help maintain the color and shape uniformity (Jalte et al., 2009b). PEF processing 
was utilized to prepare low-fat content potato chips, which also illustrated the utility of PEF in dif-
ferent food processing operations (Janositz et al., 2011).

The combination of PEF (0.5 kV/cm, 100 pulses, 4 Hz), texturizing, and antifreeze agents were 
applied to determine the effects of these technologies on quality retention of defrosted potato strips 
(10 mm thickness, 100 g) placed in different solutions (1%, w/v) of CaCl2, glycerol, trehalose as 
well as NaCl and sucrose. Then, all the samples were soaked in the same solution for 10  min. 
After draining, samples were packed into polypropylene pouches and stored at −18°C for 12  h. 
Samples were thawed at room temperature (20°C) for 3 h. Untreated controls and PEF-treated con-
trol samples were also frozen and thawed in similar conditions. To assess the potato strip quality, the 
thawed samples were analyzed for moisture content, weight loss, firmness, and color attributes. The 
results indicate that PEF treatment by itself is not a suitable pretreatment method for frozen potato 
strips and should be assisted by CaCl2 and trehalose treatment to prevent softening after defrost-
ing. Firmness analyses determined that application of PEF alone results in 2.38 N. However, PEF 
in combination with CaCl2 and trehalose results in 2.97 and 2.99 N, respectively, which are both 
significantly firmer than the samples solely treated with PEF. CaCl2 and trehalose were effective 
in not only maintaining the structural integrity of the cells but also retaining color attributes. The 
L* value was found to be higher in CaCl2 and trehalose treated samples (58.95 and 57.21, respec-
tively), as compared to PEF-treated samples (53.97) denoting a darker color. Application of CaCl2 
and trehalose in combination with PEF also resulted in significantly less weight loss after thawing 
(Shayanfar et al., 2013).

13.6 Current status oF the teChnology

Studies conducted with PEF processing are mostly accomplished with bench-scale systems. However, 
the pilot-plant systems constructed both in Washington State University and Ohio State University also 
add much information to literature regarding this technology. With the guidance of lab-scale as well 
as pilot-scale studies, industrial-scale PEF systems are currently developed (Puertolas et al., 2010a). 
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It is known that the capacity of PEF systems based on 80 kW modules are extended to the sys-
tems with an average power of up to 240 kW and treatment capacity of 10,000 L/h for microbial 
inactivation (Toepfl, 2011). Although previous reports indicated that as compared to heat treat-
ment PEF processing is costly due to the initial cost of equipment, recent studies revealed that 
energy saving with PEF processing is also an important advantage compared with conventional 
thermal treatment due to the estimated total treatment costs, which is in a range of 1–2 €/L of 
material to be treated for cell disintegration and 0.01–0.02 €/L of liquid media for preservation 
(Toepfl, 2011).

Commercial scale PEF processing systems have also been implemented by Genesis Juices 
(Oregon, USA) and, in 2004, these systems were developed, based on the patented technology, 
into commercial-scale systems. Besides Genesis Juices, Pure Pulse Technologies developed a 
 commercial-scale PEF processing system with a capacity of 600, 1200, or 1800 L/h, maximum 
power of 16, 30, and 50 kW with 1–4 µs pulse duration, and 20–40 kV/cm electric field with 
5°C–15°C temperature increase in the treatment chamber (Anonymous, 2014). PEF processing sys-
tems developed by Pure Pulse technologies are designed basically for fruit juices (Shamsi and 
Sherkat, 2009). Recent attempts have been made by the DIL system to preserve heat-sensitive liq-
uids such as fruit juices, preparations, beer, cocktail premixes, salsas, or plasmas. It was reported 
that the newly developed PEF systems were defined as cost-effective, and these systems provided 
short-time cell disintegration, improvement of mass transfer processes, and microbial inactivation 
(Anonymous, 2013). Even though the developments in PEF  technology are very promising, com-
mercial use of this technology requires more efforts from the food industry to replace heat treat-
ment or to be used in combination with heat treatment.
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14.1 introduCtion

In the last decades, food engineers have been looking for new alternatives to preserve and process 
food without the use of heat. Even though thermal treatment has been one of the main processes 
in the food industry, undesirable changes in the product are very well known. Thus, scientists and 
engineers have used alternative physical and chemical hurdles to inactivate microorganisms in 
food trying to minimize possible changes in the product and preserve the fresh-like characteristics. 
However, when these novel technologies have been tested in food, positive changes have been also 
observed in the product, for example, enhancement of color or texture and increase in the yield of 
specific products. These technologies have also been explored for further product development.

Some of the most well-known emerging technologies in food processing are high hydrostatic 
pressure, pulsed electric fields, and ultrasound, which have shown positive results in microbial 
inactivation and in the preservation of quality and sensory characteristics of food items. Another 
emerging technology in the food processing arena is the use of magnetic fields. This technology 
was under research for microbial inactivation about a decade ago, but results at that time were not 
favorable. However, research on the use of magnetic fields continued, and some applications have 
been found.

In this chapter, the basics of magnetic fields technology for food processing and preservation are 
presented along with some devices. The use of magnetic fields for microbial inactivation is briefly 
discussed and several cases are presented. Other uses of magnetic fields for food processing, such 
as the use of fermentation processes, are also included.
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14.2 magnetiC Fields teChnology

Magnetic fields are force fields surrounding electric current circuits or ferromagnetic materials, 
the first observations were made by the ancient Greeks, using iron. In the eighteenth century, 
Oersted showed that a magnetic field exists when an electric current flows in a wire. Later, Ampere 
affirmed that a magnetic field is produced from the movement of electrical charges (Grigelmo-
Miguel et al. 2011).

The use of magnetic fields in biological activities is not new; the first uses were reported in 1938, 
and Hoffman (1985) first used magnetic fields for food preservation in 1985 (Barbosa-Cánovas et al. 
2005). Most of the reports in the literature about magnetic fields are from the last decade of the last 
century or in the beginning of this century. During this time, a number of research groups around 
the world were devoted to the study of the possible effect of microbial inactivation of magnetic fields 
in a number of food items, trying to take advantage of its physicochemical effects to be used as a 
nonthermal technology. However, results showed different behavior of the microorganisms against 
magnetic fields during inactivation that, in some cases, were contradictory.

Now, after several years of research, it is possible to group the biological effects observed because 
of the presence of magnetic fields. Some of these effects are related to the direction of migration of 
certain microorganisms, growth and reproduction of microorganisms, increase of DNA synthesis, 
orientation of biomolecules, and reduction in the number of cells, among others (Barbosa-Cánovas 
et al. 1998).

Magnetic fields can be classified as static (SMF) or oscillating (OMF); the latter is applied in the 
form of pulses in which the intensity of the pulses decreases over time. Also, magnetic fields can be 
either homogeneous or heterogeneous depending on the intensity of the field in the area surrounded by 
the magnetic coil (Barbosa-Cánovas et al. 1998). Further, magnetic fields are classified as low- intensity 
(around 10 Gauss) or high-intensity (thousands of Gauss) fields (Barbosa-Cánovas et al. 2005).

14.3 eQuipment

Magnetic fields are generated by applying current into electric coils. For microbial inactivation, 
there are three types of coils that are often used: superconductive coils, coils producing DC fields, 
and coils energized through capacitors (Barbosa-Cánovas et al. 1998).

The magnetic field is more intense close to the coil; if there are many loops of wire, the current is 
greater and the field is stronger. When a coil is placed inside a core, the magnetic field can be more 
intense, and iron cores can reach magnetic fields about 3 T; if the intensity needs to be higher, such 
as 20 T, then superconductive coils made of superconductive filaments placed in a copper matrix 
should be used. Higher fields (30 T) can be generated using cooled resistive and hybrid magnets, 
produced from a superconductive magnetic coil with a water-cooled resistive coil. To supply these 
really high magnetic fields, energy is released in a pulsed way, and such magnetic fields are known 
as oscillating magnetic fields. Each applied pulse is applied for a short duration (Grigelmo-Miguel 
et al. 2011). In Figure 14.1, the typical configuration for magnetic fields equipment is shown for a 
continuous system (a) and for a batch system (b).

In most reports about magnetic fields, the intensity of the treatment is reported in Tesla (T); this 
unit is used in the SI to define flux density, which is the relationship between Weber per unit of area 
(Wb/m2). Weber is the international unit for flux, and it is equivalent to 108 lines. The field intensity 
is measured in Ampere/meter (A/m). In some reports, the flux density is also reported as Gauss (G), 
and the relationship between T and G is the following: 1 T = 104 G (Barbosa-Cánovas et al. 1998). 
G is used in the centimeter–gram–second (C.G.S.) system of units.

In order to process food items, the product is placed inside plastic bags and sealed, and then 
it is processed (as seen in Figure 14.2). Most of the reports for this technology show the use of 
oscillating magnetic fields. Butz and Tauscher (2002) mention the range of processing conditions 
between 1 and 100 pulses (5–50 T, 5–500 kHz, 0°C–50°C, 25–100 μs), according to research done 
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at this time. The increase in the temperature of food during the processing with magnetic fields is 
about 2°C–5°C (Barbosa-Cánovas et al. 2000). However, it is evident that this technology is not 
ready to be used for industry purposes, as these authors also mentioned, since the results regarding 
microbial inactivation are not consistent.

14.4 inaCtiVation oF miCroorganisms

The effect of magnetic fields on microorganisms is noticeable when the rate of the flow of the cyto-
plasm in algae is accelerated or retarded depending on the magnetic field or when the microorgan-
isms migrate in a specific direction according to the Earth’s magnetic field. Magnetotatic bacteria 
have magnetosomes, a kind of magnetic particle composed mainly of magnetite which is the original 
source of iron (Barbosa-Cánovas et al. 1998). Magnetic iron is present as mineral crystals surrounded 
by a phospholipid membrane (Grigelmo-Miguel et al. 2011). Because of the presence of magneto-
somes, bacteria can rotate and migrate according to the magnetic fields of the earth. The required 
flux density for microbial inactivation typically ranges from 5 to 50 T (Barbosa-Cánovas et al. 1998).

Reports in the literature about microbial inactivation using magnetic fields show contradictory 
results, as can be seen in Table 14.1. In some cases, inactivation has been observed under specific 
conditions; meanwhile, other researchers report null inactivation or even stimulation of the micro-
bial growth. In fact, this technology has not shown progress in its development in the last few years 
because of the unsuccessful results for microbial inactivation.

Food sample
sealed in a
plastic bagCapacitor

Resistor

Magnet coil

Switch

High voltage
DC power

supply

Resistor

Figure 14.2 Circuit for Magneform 7000 series coil. (Adapted from Barbosa-Cánovas, G.V. et  al., 
Nonthermal Preservation of Foods, Marcel Dekker, New York, 1998, pp. 113–138.)

Cell culture

Magnet

Petri dish

Treatment
chamber

Pump
(b)(a)

Iron core

Current
source

+

–

Figure 14.1 Basic configuration for magnetic fields treatment. (a) System to treat small volumes of cell 
suspension and (b) system for static treatment.
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Hofmann (1985) patented a device in the United States to inactivate microorganisms using mag-
netic fields. The tested food items and microorganisms were milk with S. thermophilus, yogurt and 
orange juice with Saccharomyces, and rolls of dough containing some spores. The field intensity 
ranged from 7 to 40 T, and room temperature was used in most of the cases. Results showed that 
microbial inactivation was feasible from 2 to 4 log reduction (Barbosa-Cánovas et al. 1998).

More recently, experiments at Washington State University involved the use of three target 
microorganisms, two surrogates of pathogens such as E. coli and Listeria innocua, and spoilage 
yeast, S. cerevisiae. The media for inactivation were mainly buffer solutions, and the equipment 
used was a Magneform 7000 series™ coil, as seen in Figure 14.2 (Maxwell Laboratory, San Diego, 
CA). Inactivation was conducted at 18 T, using 50 magnetic-field pulses with temperature from 
10°C to 50°C. Inactivation was negligible for most of the treatments, and the few observed reduc-
tions were due to the effect of thermal treatment rather than the effect of magnetic fields. Similar 
experiments were conducted at Los Alamos National High Magnetic Field Laboratory using two 
devices, one operated at 18 T and one operated at 50 T; microorganisms treated with 18 T were 
E. coli and S. cerevisiae for 1 h. A second set of experiments using 50 T were conducted using 
one, two, and three magnetic-field pulses testing Bacillus subtilis, Escherichia coli, L. innocua, 
and Saccharomyces cerevisiae. In all cases, no inactivation was observed because of the effect of 
magnetic fields (Barbosa-Cánovas et al. 2005).

In another attempt to achieve microbial inactivation, E. coli ATCC 11775 cells were subjected 
to several mild, nonthermal treatments before being treated with magnetic fields to study the effect 
of previous stress during inactivation. Cells were suspended in peptone water and conducted under 
pulsed electric fields (6.25 kV/cm, 5.6 ms), ultrasound (20 kHz, 70 W, 242 μm), high hydrostatic 

taBle 14.1
examples of the use of magnetic Fields in the treatment of microorganisms

microorganism processing Conditions media results references

Yeast 0.57 T, static and oscillating 
magnetic fields

N/A No inactivation with static fields, 
inactivation was increased 
using oscillating fields

Barbosa-
Cánovas 
et al. (1998)

Saccharomyces 
cerevisiae

4600 Gauss (1 T = 104 G),
28°C and 38°C, 0% and 15% 
NaCl,

24, 48, and 72 h

Sabouraud 
dextrose broth

Salt and temperature increases 
the growth of the yeast

Van Nostran 
et al. (1967)

Bacillus subtilis 50–900 Gauss (1 T = 104 G),
4 h

Trypticase soya 
broth

No effect on spore germination Moore (1979)

Escherichia coli 
ATCC 11775

18 T, 50 pulses, 30 μs, 42°C, 
combination with other 
nonthermal technologies: 
HHP, US, PEF, AM

Peptone solution No inactivation San Martín 
et al. (2001)

E. coli ATTC 
11775 and 
S. cerevisiae

OMF: 18 T, 20–40 μs, 
10–15 kHz

SMF: 20 T, 1 h holding time

Phosphate buffer, 
peptone water or 
McIlvaine buffer

No inactivation Harte et al. 
(2001)

E. coli B Homogeneous magnetic 
field: 7 T

Heterogeneous magnetic 
field: 5.2–6.1 T, 3.2–6.7 T

37°C

Culture broth Growth affected depending on 
the phase growth of the 
microorganism

Stronger effect of 
heterogeneous magnetic fields

Tsuchiya 
et al. (1996)

Note: N/A, not available; HHP, high hydrostatic pressure; US, ultrasound; PEF, pulsed electric fields; AM, antimicrobials; 
OMF, oscillating magnetic fields; SMF, static magnetic fields.
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pressure (207 MPa, 5 min), and antimicrobials (lysozyme 1 mg/mL or nisin 77.5 mg/L); all of these 
treatments were applied with mild conditions in order to observe the inactivation after the use of 
magnetic fields. However, once the main treatment was applied (18 T, 50 magnetic-field pulses, 
30 μs, 42°C), no further inactivation was observed in any of the experiments (San Martín et al. 2001). 
Here, it is evident that even after the cells have been stressed with other nonthermal technologies, 
cells are still strong enough to resist the inactivation from magnetic fields. In other words, magnetic 
fields are not affecting cell behavior in a significant way to conduct them to inactivation. Even though 
the intensity of the treatment can be considered as a high magnetic field (18 T), it is apparent that 
stronger intensities are required to inactivate cells. From a practical point of view, it is also worth 
considering whether higher magnetic fields or longer processing times should be used for cell inac-
tivation or if other innovative nonthermal technologies should be tried instead.

In a contradictory study, E. coli K12 cells were subjected to magnetic fields of very low inten-
sity and frequency (1–10 mT, 2–50 Hz) to observe the effect of this technology on the growth and 
protein synthesis of the cells after the treatment. Results showed that the growth of the bacteria 
was reduced by 3.8%. Regarding the stress proteins that bacteria can synthesize when they are 
subjected to some physical hurdles like heat, E. coli cells did not show any change in the protein 
pattern, even when magnetic fields treatment was applied together with heat (37° or 43°C). However, 
another microorganism, Proteus vulgaris did show a complete protein pattern because of the effect 
of magnetic fields (Mittenzwey et al. 1996). It is indeed an interesting study because the processing 
conditions were extremely light compared to the ones used for microbial inactivation mentioned 
previously. E. coli, a microorganism of interest in food microbiology, showed a slight response to 
these conditions regarding its growth, but the same treatment was not able to act as a stress factor 
together with temperature for inactivation. Although the authors mention that the reason could be 
the specific strain of E. coli used for this research, this same strain has been used in many food 
experiments and has been inactivated by several nonthermal technologies. Also, it is interesting to 
see how P. vulgaris, an enterobacteria that is not directly related with food, was able to show some 
stress after being treated with magnetic fields of very low intensity. Indeed, many parameters should 
be considered when the use of magnetic fields is explored, not only related with the process by itself 
but also regarding microbial strains and conditions and the medium of treatment.

Another strain of E. coli ATCC 25922 and a strain of Pseudomonas aeruginosa ATCC 27853 
were subjected to very low frequency and intensity of magnetic fields (2 mT, 50 Hz), and the growth 
rate was reduced significantly when an antibiotic (kanamycin or amikacin) was also used dur-
ing incubation for 4, 6, and 8 h. However, after 24 h, the number of treated cells of E. coli and 
P.  aeruginosa was increased by 5% and 42%, respectively, suggesting a possible progressive adap-
tive response (Segatore et al. 2012). Indeed, these results are not favorable for the food industry since 
nonthermal technologies should be used to inactivate microorganisms without sublethal injuries or 
adaptive response.

14.4.1 meChanisms of miCrobial inaCtiVation

There are two main models for microbial inactivation using magnetic fields: the ion cyclotron reso-
nance (ICR) model and the ion parametric resonance (IPR) model. The first model, ICR, is related to 
the effect of magnetic fields on ion behavior; once the energy is transferred from the magnetic fields 
to the ions, it is also transferred to the metabolic activities, for example, the transport of Ca2+ across 
the membrane. This point of the cell can be considered as the interaction site that diffuses the effect of 
the magnetic fields to other sites, such as the organelles or protein molecules. The second model, IPR, 
is based on the interaction of ions with specific molecules, such as proteins enzymes, nucleic acids, or 
lipids. It is believed that ions can initiate or control some enzymatic reactions as cofactors; this theory 
considers any kind of ion attached with a molecular structure (Barbosa-Cánovas et al. 1998).

Another theory proposed by Hofmann (1985) explains the possible inactivation of microorgan-
isms as a result of the energy emitted by the magnetic fields and acting together with the DNA 
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molecules. DNA possesses magnetically active parts (magnetic dipoles) in which the energy released 
during the treatment can act to break down certain covalent bonds that affect microbial activities 
such as growth (Corry et al. 1995; Hofmann, 1985).

Other possible mechanisms of inactivation include the radical recombination model, forma-
tion of metastable pores in cell membranes due to the presence of magnetite, or modified protein 
 synthesis (San Martín et al. 2001).

14.5 other uses oF magnetiC Fields in Food proCessing

Even though the use of magnetic fields to inactivate microorganisms has not been successful and 
relatively no progress has been made in this area, some researchers have found the use of magnetic 
fields suitable for other practices in food processing.

Based on previous research, in which microbial inactivation did not occur under the treatment 
with magnetic fields but where cell growth was stimulated with this technology, this advantage has 
been used to produce some biomass of interest to the food industry, for example, in processes such 
as fermentation. Electrostimulation of yeast growth has been reported, specifically in the case of 
S. cerevisiae (Fiedler et al. 1995), a yeast of interest in food science, in which growth was enhanced 
using very low magnetic fields (about 0.7 mT, 50 Hz). Further studies have shown that the stimula-
tion of yeast growth also depends on the frequency, intensity, time, and temperature of the experi-
ment in addition to the biological state of the cell. This study showed the feasibility of growing yeast 
in the range of frequencies from 10 to 100 Hz and 0.5 mT (Mehedintu and Berg 1997). In another 
study, the growth of S. cerevisiae to ferment sugar cane molasses and produce ethanol was increased 
using magnetic fields (5–20 mT), showing a final efficiency 17% higher than the control yeast (Pérez 
et al. 2007).

Similar findings were reported for Corynebacterium glutamicum that is used in the food indus-
try for the fermentation and production of soy sauce and yogurt. Electrostimulation of the bacteria 
was possible because of the application of very low magnetic fields (15 Hz, 3.4 mT, 8 h, and 50 Hz, 
4.9 mT, 6 h), resulting in an important increase in cell growth and production of biomass (Lei and 
Berg 1998).

Chacón Álvarez et al. (2006) studied the use of very low-intensity magnetic fields in the pro-
duction of nisin. Nisin is used as a natural antimicrobial in the food industry; it is produced by 
Lactococcus lactis subspecies lactis during fermentation of a modified milk medium. Nisin is 
widely used in several countries as an antimicrobial and can be added to cheese, milk, and other 
dairy products, canned vegetables, and baby foods, among others. However, there is a growing 
interest in increasing the production of this antimicrobial. For this reason, the use of magnetic fields 
has been tested to speed up the fermentation process and to study the possible increase of yield of 
nisin. A cheese whey permeate was used to generate nisin, and the best processing conditions were 
found using 4 h, 1.5 m/s, and 5 mT, which allowed an increase in nisin yield up to five times greater 
compared with the control (Chacón Álvarez et al. 2006). This study provides a very clear example 
in which the use of magnetic fields of much reduced intensity was used to stimulate the growth and 
production of biomass.

Spirulina is a food known as a great source of nutrients such as protein, vitamins, minerals, 
polyunsaturated fatty acids, zeaxanthin, and myxoxanthophyl (Li et al. 2007). This food is a cya-
nobacterium that contains all of the amino acids, and, because of that, it is considered an excellent 
nutritional supplement. The use of magnetic fields was also tested on the growth of this micro-
organism to examine the possible enhancement of growth and possible changes in nutrition compo-
sition. The treatment was applied in a photobioreactor with magnetic fields of about 0.25 mT using 
S. platensis, resulting in the enhancement of growth of the algae and improvement in amino acid 
composition (histidine) and trace elements (Ni, Sr, Cu, Mg, Fe, Mn, Ca, Co, and V) attributable to 
the nutritional assimilation of basic elements such as C, N, and P (Li et al. 2007).
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14.6 ConClusions

The use of magnetic fields, both static and oscillating, has been tested in food science for microbial 
inactivation as the main target. However, several groups have previously shown that this technology, 
under tested conditions using high-intensity fields (5–30 T), is not able to inactivate microorganisms 
at the required levels. Only a few researchers found positive results, which are sometimes contradic-
tory, but these outcomes can be explained in terms of equipment design, microorganism species, 
and processing conditions, among others.

Nevertheless, through the search for the best inactivation conditions, researchers have also 
observed the stimulation of cell growth due to the presence of magnetic fields. Most enhancement 
on cell growth has been observed in very low-intensity magnetic fields (in the range of mT), where 
possible use of this technology for other food activities has been explored. Enhancement in cell 
growth, with increased yields in biomass production in several fermentation processes, has been 
explored with successful results. Although this focus of study has shown slow development in the 
last few years, it is becoming more important, and future studies can be conducted using this tech-
nology for stimulation of cell growth.
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15 Ultrasonic and UV 
Disinfection of Food

Sivakumar Manickam and Yuh Xiu Liew

15.1 introduCtion

15.1.1 why is DisinfeCtion essential?

Foodborne diseases have emerged as an important and growing public health problem with a 
significant impact on people’s health in many countries. In Malaysia, the incidence of notifiable 
foodborne diseases, namely, cholera, typhoid, hepatitis A, and dysentery, is less than 5/100,000 
population, sporadic in nature, and outbreaks are confined to certain areas only. In the case of food 
poisoning, cases notified have mainly been in institutions ranging from 20 to 30/100,000 popula-
tion. Based on the laboratory-based surveillance conducted by the Ministry of Health, it was dis-
covered that the foodborne diseases were due to Salmonella spp., Shigella spp., Salmonella typhi, 
and Vibrio spp. Hence, it is essential to disinfect the food products, especially fresh-cut products, 
that are meant to be consumed raw (Malaysia 2004). Disinfection can be defined as a method to 
remove or inactivate pathogens on a product or surface by physical or chemical means to a level 
previously specified as appropriate for its intended further handling or use (McDonnell 2009).

15.1.2 methoDs aVailable for DisinfeCtion

The conventional disinfection methods to inactivate microorganisms and enzymes include ther-
mal pasteurization and sterilization (Chemat et al. 2011). Sterilization can be defined as a process, 
physical or chemical, that eliminates all forms of life, especially microorganisms (Block 2001). 
Sterilization can be achieved by applying heat, chemicals, irradiation, high pressure, and filtra-
tion, or combinations thereof. On the other hand, thermal pasteurization is a process where heat is 
applied to reach a specific temperature for a predefined length of time and then immediately cooled 
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after it is removed from the heat (IDFA 2009). Its effectiveness is dependent on the treatment tem-
perature and time. However, the magnitude of temperature is also proportional to the amount of 
nutrient loss, development of undesirable flavors, and deterioration of functional properties of the 
food products (Piyasena et al. 2003).

With growing negative public reaction about chemicals added to food, ultraviolet (UV) light 
irradiation has become a viable alternative to thermal pasteurization for commercial appli-
cations in food processing. The United States Food and Drug Administration (USFDA) and 
United States Department of Agriculture (USDA) have concluded that the use of UV irradiation 
is safe (Koutchma 2008). UV wavelength ranges from 10 to 400 nm. An alternative subdivision 
often used are UV-C with wavelength ranging from 100 to 280 nm, UV-B for 280–315 nm, 
and UV-A for 315–400 nm (Shama 2007). UV-C is normally used for surface disinfection as 
bacteria suspended in air are more sensitive to UV-C light than bacteria suspended in liquids.

15.1.3 meChanism of uV DisinfeCtion on fooD material

The effect of UV radiation on microorganisms of the same species may depend on the strain, 
growth media, stage of culture, density of microorganisms, and different characteristics, for 
instance type and composition of food. However, it may vary from species to species. DNA and 
RNA carry genetic information essential for reproduction. Hence, damage to either of these sub-
stances can effectively inactivate the organism. There are three primary types of pyrimidine mol-
ecules, namely, cytosine (found in DNA and RNA), thymine (found in DNA), and uracil (found in 
RNA). The UV radiation absorbed by the DNA causes a physical shifting of electrons to render 
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splitting of the DNA bonds. A cross-linking would then occur between neighboring thymine and 
cytosine in the same DNA strand. This would then result in dimerization of the pyrimidine mol-
ecules. Once the pyrimidine molecules are bonded together, replication of the nucleic acid become 
very difficult due to the distortion of the DNA helical structure. Therefore, failure to replicate 
would lead to death of the microorganisms. The dimerization of the pyrimidine molecules is illus-
trated in Figure 15.1. The effects in the cross-linkage of DNA are proportional to the amount of 
UV-C light exposure (Guerrero-Beltrán and Barbosa-Cánovas 2004). The lethal effect of UV may 
be enhanced by combining UV treatment with the use of powerful oxidants such as hydrogen per-
oxide and ozone (Shama 2007).

Research investigations indicate that a constant fraction of the living population is inac-
tivated during each progressive increment in time, when microorganisms are exposed to UV 
radiation. As the UV radiation exposure time increases, a constant fraction of the remain-
ing active microorganisms will be inactivated. Hence, applying the same total energy will 
result in the same degree of disinfection irrespective of the duration and intensity of the dos-
age. Table 15.1 shows the typical dosage required to eliminate some of the microorganisms 
(Solsona and Méndez 2003). Currently, most UV equipments use a minimum exposure of 
30,000 µWs/cm2, which is sufficient to inactivate pathogenic bacteria and viruses in water. 
However, this amount of exposure may be inadequate to eliminate certain pathogenic pro-
tozoa, protozoan cysts, and nematode eggs that can require up to 100,000 μWs/cm2 for total 
inactivation.

15.1.4 aDVantages anD DisaDVantages of uV DisinfeCtion

advantages disadvantages 

• Environment-friendly.
• Chemical-free process.
• Requires no transportation, storage, or handling of toxic chemicals.
• No carcinogenic disinfection of by-products which would affect the 

quality of the water.
• Reduces pathogenic load significantly.
• Preserves flavor, color, texture, and enzyme activity.
• No residual effect harmful to humans or aquatic life.
• Requires less space than other methods.
• Simplicity and ease of maintenance.
• Easy installation.

• Low dosage may not effectively inactivate 
some viruses, spores, and cysts.

• Organisms can sometimes repair and 
reverse the destructive effects of UV 
through photoreactivation.

• No residual effect to indicate efficiency of 
UV disinfection.

• Lack of penetration in highly adsorptive 
media.

• Higher cost of equipment.
• Exposure to UV is harmful to humans.

Sources: Guerrero-Beltrán, J.A. and Barbosa-Cánovas, G.V., Food Sci. Technol. Int., 10, 137, 2004; Solsona, F. and Méndez, 
J.P., Water disinfection, 2003, http://whqlibdoc.who.int/paho/2003/a85637.pdf, Accessed August 5, 2013.

15.2 ultrasound disinFeCtion

Another promising nonthermal technology is the application of ultrasound (US). US refers to 
pressure waves with a frequency of 20 kHz or more. Ultrasound equipment generally uses fre-
quencies from 20 to 10 MHz. “Power ultrasound” refers to higher power US at lower frequen-
cies (20–100  kHz) and has the ability to cause cavitation. The main advantage of using US is 
that the sound waves are generally considered safe, nontoxic, and environment-friendly (Kentish 
and Ashokkumar 2011). The use of US is able to prolong the shelf life of food and also maintain 
the sensory, nutritional quality, and functional characteristics of food especially in the case of 
heat-sensitive food items (Cao et al. 2010, Wang et al. 2011). The impact of US on disinfection may 
be classified under two categories, namely, the physical and the chemical effects, which will be 
discussed in the following section.
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15.2.1 physiCal effeCts of us

Since US is represented as a high-frequency wave, the pressure wave would create regions 
of high and low pressures as it passes through the medium. Amplitude is then used to refer 
to the magnitude of pressure variation. Amplitude is directly proportional to the amount of 
energy applied to the system. When the wave passes through a viscous medium, it dissipates 
the energy in the form of viscous flow. For the same power intensity, higher frequency US 
would lead to higher energy absorption and hence generates greater acoustic flow than lower 
frequencies.

Due to inelastic and incompressible properties of most of the liquids, the movement of liquid 
is insufficient to accommodate the pressure variation. Therefore, the liquid can be torn apart if 
the changes in pressure are great enough, which causes the molecules to exceed the minimum 

taBle 15.1
typical dosage for disinfection of microorganisms

Bacteria power (μW/cm2) other organisms power (μW/cm2)

Bacillus antharacis 8.700 Yeasts
Salmonella enteritidis 7.600

Bacillus megatherium sp. (veg) 2.500 Saccharomyces ellipsoideus 13.200

B. megatherium sp. (spores) 5.200 Saccharomyces sp. 1.600

B. peratyphosus 6.100 Saccharomyces cerevisiae 13.200

Bacillus subtilis 11.000 Brewer’s yeast 660

B. subtilis spores 22.000 Baker’s yeast 800

Clostridium tetani 22.000 Pastry yeast 13.200

Corynebacterium diphtheriae 6.500

Eberthella typosa 4.100 Spores
Escherichia coli 6.600

Micrococcus candidus 12.300 Penicillium roqueforti 26.400

Mycobacterium tuberculosis 10.000 Penicillium expansum 22.000

Neisseria catarrhalis 8.500 Mucor racemosus A 35.200

Phytomonas tumefaciens 500 M. racemosus B 5.200

Proteus vulgaris 6.600 Oospora lactis 1.100

Pseudomonas aeruginosa 10.500

Pseudomonas fluorescens 6.600 Viruses
Salmonella typhimurium 15.200

Salmonella 10.000 Bacteriophage (E. coli) 6.600

Sarcina lutea 26.400 Influenza (Flu) virus 6.600

Serratia marcescens 6.160 Hepatitis virus 8.000

Dysentery bacilli 4.200 Poliovirus (Poliomyelitis) 1.000

Shigella paradysenteriae 3.400 Rotavirus 24.000

Spirillum rubrum 6.160

Staphylococcus alous 5.720 Algae
Staphylococcus aureus 6.600

Streptococcus hemolyticus 5.500 Chlorella vulgaris 2.000

Streptococcus lactis 8.800

Streptococcus viridans 3.800

Vibrio cholerae 6.500

Source: Solsona, F. and Méndez, J.P., Water disinfection, 2003, http://whqlibdoc.who.int/paho/2003/
a85637.pdf, Accessed August 5, 2013.
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molecular distance (Bilek and Turantas 2013). This would result in the formation of microbubbles of 
gas and vapor in order to relieve the tensile stresses. These bubbles would then begin to expand and 
collapse under the influence of the acoustic field. This process of formation, growth, and collapse 
of bubbles is known as cavitation.

The expansion/collapse cycle can be further divided into two different patterns. First is sinu-
soidal cavitation, where the cycle mimics the acoustic wave. Next is inertial cavitation, where for 
a certain bubble size and acoustic pressure, the bubble expansion phase is extended, followed by a 
violent collapse back to a smaller bubble size. Inertial cavitation may then be further divided into 
repetitive transient cavitation and transient cavitation. At repetitive transient cavitation, bubble 
oscillation can persist for many hundreds of acoustic cycles. On the other hand, transient cavita-
tion refers to the growth and collapse of bubbles spectacularly within few acoustic cycles, and 
the collapsed bubbles then disintegrate into a mass of smaller bubbles if the acoustic ampli-
tude is higher. This phenomenon is generally observed at low frequency (20–100 kHz) (Kentish 
and Ashokkumar 2011). Air is transferred into the bubble during expansion phase, then leaked 
out during collapse. This phenomenon is attributed to thinner mass transfer boundary layer and 
greater interfacial area during expansion than during collapse, resulting in larger bubbles grow-
ing over a very large number of acoustic cycles, which is also known as rectified diffusion (Lee 
et al. 2005). This is not the only reason for the formation of large bubbles by the coalescence of 
smaller bubbles.

The collapse of a bubble during repetitive transient or transient cavitation can generate extremely 
high pressures (70–100 MPa). This would cause outward propagating shockwaves, which then result 
in severe turbulence within the immediate surroundings. These shockwaves are strong enough to 
shear and break cell walls and membrane structure (Butz and Tauscher 2002, Piyasena et al. 2003, 
Bilek and Turantas 2013).

However, an increase in external pressure may reduce the number of bubbles formed. In contrast, 
it would also increase the collapse pressure during transient cavitation, hence producing more violent 
collapse. On the contrary, the water vapor pressure inside the cavitating bubbles increases as the 
external temperature increases. This would restrain the collapse event due to the “cushioning” effect 
of the water vapor. Hence, US is less effective at temperatures significantly above ambient levels.

15.2.2 ChemiCal effeCts of us

Regardless of different mechanisms to dissipate acoustic energy, this energy is ultimately converted 
to heat. Hence, all applications of US will result in an increase in temperature. This can be explained 
by the enormous temperature at a localized level (>5000 K) being generated during violent collapse 
of bubbles throughout repetitive transient and transient cavitation (Ashokkumar and Mason 2007). 
The high temperature would then result in the formation of reactive hydroxyl and hydroperoxyl 
radicals that act as strong oxidizing agents. There are three potential sites for the sonochemical 
activities, which are as follows (Berberidoua et al. 2007):

 1. The first potential site is the gaseous region in the bubble. At this region, volatile and 
hydrophobic species are easily degraded through pyrolytic reactions. Water sonolysis 
would also occur here, whereby hydroxyl radicals are formed (Equation 15.1).

 H2O → H∙ +OH∙ (15.1)

 2. Another potential site is the bubble–liquid interfacial region between gas-phase cavitation 
bubble and the liquid-phase bulk solution, where hydroxyl radicals are localized. At this 
region, pyrolytic reactions may occur; however, radical reactions would predominate.

 3. Lastly, the bulk liquid is another potential site. At this region, secondary sonochemical 
activity may take place, where free radicals escaping from the interface migrate to the bulk 
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liquid. The hydroxyl radicals would have the possibility to recombine yielding hydrogen 
peroxide, which may then react with hydrogen to regenerate hydroxyl radicals as shown in 
the following Equations 15.2 and 15.3:

 OH∙ + OH∙ → H2O2 (15.2)

 H2O2 + H∙ → H2O + OH∙ (15.3)

  When the temperature inside the collapsing bubble is at maximum, the number of radicals 
generated is also considered to be high. This temperature can be increased by increasing 
the sonication power, increasing the external pressure or decreasing the external tempera-
ture. The size of the bubble may also affect the amount of heat generated. The production 
of free radicals may cause inactivation of the microorganisms (Butz and Tauscher 2002).

15.2.3  parameters affeCting the effeCtiVeness of us 
in DisinfeCting the fooD materials

The parameters that would affect the effectiveness of an US treatment in disinfecting the food mate-
rials will be described in this section. The parameters include

 1. US frequency
 2. Amplitude of the ultrasonic waves
 3. Treatment time
 4. Treatment temperature
 5. pH
 6. Type of bacteria being tested

The effect of US frequency on microbial inactivation was investigated by Zhou et al. (2012) using 
20, 40, and 75 kHz as well as by Joyce et al. (2011) using 20, 40, and 580 kHz. Similar observations 
have reported that lower US frequencies could lead to better microbial inactivation. The main reason 
for this phenomenon is due to the limited size of bubbles that would be formed at higher frequencies. 
On the other hand, fewer but larger bubble size can be obtained at lower frequencies. Hence, these 
bubbles will release higher energies during the implosion of bubble collapse (Awad 2011).

Table 15.2 shows the results obtained by Guerrero et al. (2001) with the effect of pH, tempera-
ture, and amplitude on the inactivation of S. cerevisiae. It can be clearly seen that at the tempera-
ture of 35°C and 45°C, the decimal reduction time, D-value, decreases as the amplitude increases. 
In other words, a shorter time is required to inactivate 90% population of S. cerevisiae present in 
the culture medium. Patil et al. (2009) have also obtained similar results as shown in Table 15.3. 
In both of these studies, higher amplitude levels have been corresponded to higher US intensities. 
Therefore, the intensity of the US effect is directly proportional to the amplitude. As US amplitude 
increases, more intense cavitation occur; hence, leading to more inactivation. The measurement of 
amplitude instead of power as an indication of the ultrasonic intensities is reported to be a reliable 
method for indicating the US power (Tsukamoto et al. 2004).

Treatment time is another factor that would affect the efficiency of disinfection or pasteuri-
zation. Salleh-Mack and Roberts (2007) observed an increase in microbial reduction with an 
increase in sonication time. Intense cavitation may be produced when the exposure time is 
increased, which can then reduce the higher surface tension caused by organic material and hence 
an increase in the activation rate (Adekunte et al. 2010b). Not only that, convective heat transfer 
can be accelerated, which helps to facilitate the breakup and dispersal of microorganism clumps 
and flocks that render the individual microorganisms more susceptible to heat and chemical 
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products (Nafar et al. 2013). However, a contradicting result was obtained by Zhou et al. (2012) as 
they strongly suggest that the logarithmic count reduction is dependent on the deposited energy.

Ugarte-Romero et al. (2006) found that with an increase in temperatures, that is, 40°C, 50°C, 
and 60°C, US can be more effective and increase cell destruction by 5.3, 5.0, and 0.1 log cycles. 
Bubbles are formed more rapidly at higher temperatures due to an increase in the vapor pressure and 
decrease in tensile strength. However, there should be an upper limit threshold in which no signifi-
cant effect may be observed beyond this temperature. This may be attributed to higher vapor tension 
producing vapor-filled bubbles, which cushion the intensity of bubble collapse, thereby affecting 
microbial inactivation (Bermúdez-Aguirre et al. 2009).

Salleh-Mack and Roberts (2007) observed that a decrease in pH has a significant effect on 
increasing the effectiveness of microbial inactivation, regardless of the organic acids used as shown 

taBle 15.3
D-Values and r2 Values for us treatment of Control and acid-adapted e. coli 
atCC 25922 and e. coli nCtC 12900

amplitude (μm) 

Control 1 h 4 h 18 h 

D r2 D r2 D r2 D r2

E. coli ATCC 25922
 0.4 13.73 ± 0.9 0.99 8.83 ± 0.03 0.99 12.46 ± 0.1 0.97 14.16 ± 1.0 0.97

 7.5 3.44 ± 0.03 0.99 3.21 ± 0.22 0.98 3.29 ± 0.1 0.99 3.34 ± 0.03 0.99

37.5 2.23 ± 0.1 0.99 2.12 ± 0.16 0.98 2.43 ± 0.3 0.96 2.98 ± 0.17 0.98

E. coli NCTC 12900
 0.4 15.26 ± 0.1 0.99 13.47 ± 0.12 0.99 15.78 ± 1.5 0.98 13.48 ± 1.1 0.97

 7.5 3.05 ± 0.3 0.95 4.02 ± 0.2 0.99 4.15 ± 0.08 0.99 4.48 ± 0.09 0.99

37.5 2.75 ± 0.1 0.99 2.55 ± 0.09 0.98 2.60 ± 0.09 0.99 2.69 ± 0.09 0.99

Source: Patil, S. et al., Innov. Food Sci. Emerg. Technol., 10(4), 486, 2009.

taBle 15.2
decimal reduction time, D (min), and their Confidence intervals for s. cerevisiae 
inactivation by ultrasonic treatment in sabouraud Broth (influence of ph, 
temperature, and Wave amplitude)

Wave amplitude (μm) ph

temperature 

35°C 45°C 55°C

D Radj
2 D Radj

2 D Radj
2

 71.4 5.6 29.1 ± 3.2 0.97 26.3 ± 1.7 0.988 4.3 ± 0.5 0.988

3 30.9 ± 4.1 0.959 17.7 ± 1.1 0.987 0.6 ± 0.1 0.97

 83.3 5.6 26.8 ± 1.3 0.99 18.1 ± 0.5 0.997 2.1 ± 0.2 0.977

3 24.6 ± 2.1 0.98 16.9 ± 1.1 0.989 1.0 ± 0.1 0.989

 95.2 5.6 21.2 ± 0.9 0.993 15.1 ± 0.8 0.99 1.9 ± 0.2 0.986

3 22.9 ± 2.1 0.981 14.3 ± 0.8 0.992 1.7 ± 0.2 0.991

107.1 5.6 21.4 ± 1.6 0.988 14.1 ± 0.7 0.994 1.3 ± 0.2 0.98

3 19.5 ± 3.4 0.981 14.7 ± 0.7 0.993 1.7 ± 0.2 0.985

Source: Guerrero, S. et al., Innov. Food Sci. Emerg. Technol., 2(1), 31, 2001.
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in Table 15.4. The possible reason for this phenomenon is the lowering of pH that might reduce 
the resistance of microbial organisms toward sonication. In contrast, Guerrero et al. (2001) have 
shown an opposite result where pH has no significant effect on the microbial inactivation, as seen in 
Table 15.2, until the temperature increased to 55°C. This may be attributed to cell disruption due to 
high temperature instead of the effect of pH.

The type of bacteria being treated would also affect the efficiency of microbial inactivation. 
Gao et al. (2013) investigated that bacteria comprising thick and soft capsules (biopolymer layers) 
prevent cavitation bubbles from collapsing near the plasma membrane. Also, the soft capsules are 
highly hydrated and help absorb the mechanical forces exerted on the bacteria cell, thus preventing 
the breakup of the bacterial cell.

15.2.4 effeCt of us on fooD quality (fooD regulatory)

Sonication has shown no significant changes in terms of physiochemical properties, which include pH, 
total soluble solids (Brix), and titratable acidity (Bull et al. 2004, Tiwari et al. 2008, Bhat et al. 2011).

However, significant differences in color were observed with the treatment of US. Santhirasegaram 
et al. (2013) observed that lightness (L*) has increased, while redness (+a*) and yellowness (+b*) 
have decreased after chokanan mango juice was subjected to US treatment. Similar results have also 
been obtained by Tiwari et al. (2008) on orange juice. This phenomenon was due to the influence of 
particulate fractions (Ugarte-Romero et al. 2006). Not only that, cavitation, which governs various 
physical, chemical, or biological reactions such as acceleration of chemical reactions, increasing of 
diffusion rates, dispersing the aggregates, or breakdown of susceptible particles (microorganisms 
and enzymes), may also be one of the reasons for this result (Sala et al. 1995). Color degradation 
may also be due to the extreme physical phenomena during bubbles implosion.

Santhirasegaram et al. (2013) and Adekunte et al. (2010a) observed a lesser or slight decrease in ascor-
bic acid (vitamin C) content in juice processed by sonication when compared to thermal treatment. This 
is mainly attributed to the thermolysis of ascorbic acid in cavities, which subsequently triggered the 
Maillard reaction (Tiwari et  al. 2009). On the other hand, Aadil et  al. (2013) and Abid et  al. (2013) 
reported an increase in ascorbic acid content. This increase could be ascribed to the absence of heat sup-
ply and the removal of entrapped oxygen due to cavitation (Cheng et al. 2007). The possible reason for this 
contradiction may be due to different frequency and amplitude of US used and also the treatment time.

15.2.5 Combination of us with other teChniques to enhanCe miCrobial inaCtiVation

Sonication has been proved to effectively inactivate most of the microorganisms. However, sonica-
tion alone might not be as effective as expected if it is to be applied to practical use. The main reason 

taBle 15.4
average reduction for organic acid and ph study 
(no soluble solids, 0 g/100 ml) with temperature Control

sample ph avg. tf (°C) time (min) reductiona (CFu/ml) 

Control 7.0 27.1 10 5.54 ± 0.25
Citric 2.5 32.5 9 5.42 ± 0.24a

Citric 4 28.4 9 5.07 ± 0.03b

Malic 2.5 29.9 9 5.37 ± 0.10a

Malic 4 29.7 9 5.06 ± 0.03b

Source: Salleh-Mack, S.Z. and Roberts, J.S., Ultrason. Sonochem., 14(3), 323, 2007.
a,b Different letters indicate a significant difference in descending order (least signifi-

cant difference at P = 0.05).
A Mean ± standard deviation for n = 3 experiments and P = 0.05.
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is the cost, which would be high due to long contact time and US power required to achieve higher 
level of microorganism inactivation. Hence, using US in conjunction with other treatments might be 
a better way to enhance microbial inactivation.

Several researches have been done on the combination of US with heat (thermosonication, TS), 
pressure (manosonication, MS) or with both heat and pressure (manothermosonication, MTS) to 
investigate the synergistic effect between the combination.

Temperature has a large, direct effect on ultrasonic inactivation. Higher temperature treatment 
had a significantly less sonication time requirement than those maintained at a lower temperature 
(Salleh-Mack and Roberts 2007). Sonication weakens the cell wall of microorganisms, hence caus-
ing it to be more vulnerable to any external stresses such as heat. López-Malo et al. (2005) have 
shown that the D-values were lowered significantly for TS as compared to thermal treatments alone, 
as shown in Table 15.5. A decrease in spore resistance can be clearly seen at an US amplitude of 90 
or 120 μm and at a temperature of 57.5°C for Aspergillus flavus and 50°C for Penicillium digitatum. 

taBle 15.5
decimal reduction time (D, min) for a. flavus and P. digitatum 
inactivation during thermal and thermosonication treatments 
at selected us Wave amplitudes and Water activities (aw)

ph us amplitude (μm) 

a. flavus P. digitatum 

t (°C) aw 0.99 t (°C) aw 0.99

5.5 120 52.5 6.2 45 29.89
90 16.28 35.47
60 28.18 43.92
0 30.42 62.74

3 120 6.15 20.01
90 6.77 22.46
60 30.24 36.65
0 31.7 50.35

5.5 120 55 5.06 47.5 26.74
90 6.26 28.24
60 7.44 35.63
0 17.4 51.53

3 120 5.15 17.59
90 5.34 21.15
60 5.89 27.41
0 11.04 33.42

5.5 120 57.5 1.59 50 9.59
90 1.93 11.56
60 3.72 14.7
0 4.55 25.42

3 120 1.94 6.03
90 2.14 8.63
60 2.34 12.01
0 4.36 22.01

5.5 120 60 1.2 52.5 5.33
90 1.59 7.66
60 2.46 9.85
0 2.6 13.3

3 120 0.8 3.81
90 0.82 4.8
60 1.67 6.95
0 1.63 9.54

Source: López-Malo, A. et al., J. Food Eng., 67(1–2), 87, 2005.
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However, the benefits of US application were reduced after this temperature. This may be attrib-
uted to cavitation dampening due to high vapor pressure within the bubble. Significant water vapor 
pressure in the bubble cushions the intensity of the collapse. Similar results have been obtained 
by Kiang et al. (2013), where the introduction of high-intensity US enhanced the inactivation of 
pathogens as compared to thermal treatment alone, as seen in Table 15.6. It was also observed that 
S. enteritidis was more sensitive to thermosonication than E. coli O157:H7.

High-power ultrasonic waves under pressure at nonlethal temperature MS have great poten-
tial for the inactivation of microorganisms of temperature-sensitive food as thermal treatment 
would impair the quality of this food. Lee et  al. (2003) obtained a slight enhancement in the 
inactivation of E. coli using MS treatment when compared to both the individual treatments, as 
shown in Figure 15.2. Huang et al. (2006) obtained similar results, where a significant reduc-
tion of S. enteritidis was observed when US and high hydrostatic pressure treatment were used. 
However, no synergistic effect was observed, as shown in Figure 15.3. Higher hydrostatic pres-
sure  during ultrasonic treatment decreases the vapor pressure inside the bubble, which then 
results in a higher intensity of bubble implosion. The lower effect in their study (Lee et al. 2003) 
was mainly attributed to the low temperature of liquid whole egg (LWE) (5°C) since most micro-
organisms showed greater sensitivity to US at higher temperature, generally above 50°C. Similar 
to thermosonication, an upper pressure limit exists in MS. When MS exceeds its upper limit, 
the ultrasonic amplitude is insufficient to overcome the hydrostatic pressure and cohesive force 
of the liquid. Therefore, the number of bubbles undergoing cavitation will decrease leading to a 
decrease in lethality of MS.

As mentioned previously, MS was conducted under sublethal temperature, which led to an 
improvement in the inactivation rate, but no synergistic effect was observed between US and high 
hydrostatic pressure. Lee et al. (2009) observed that the inactivation rate of E. coli by MS improved 
as compared to sonication alone. However, the lethal effect of MS was not influenced by a tem-
perature up to 54°C. After the lethal temperature of 61°C, a drastic increase in the inactivation rate 
was observed. Therefore, studies have been carried out to analyze the synergistic effect between 
sublethal heat and MS (manothermosonication, MTS). Arroyo et  al. (2011) obtained synergistic 
lethal effect of MTS in Cronobacter sakazakii after the sublethal temperature of 60°C as damaged 
cells were not detected after MS treatments at 35°C but were detected after MTS treatment after 
60°C. Hence, they deduced that this synergistic effect was solely due to heat and not due to a higher 
sensitivity of heat-damaged cells to US under pressure.

taBle 15.6
decimal reduction time (D-Value) of e. coli o157:h7 and s. enteritidis 
in mango Juice treated with and without sonication at 50°C and at 60°C

temperature(°C) treatment Condition agar

D-Value (min) 

e. coli o157:h7 s. enteritidis

50 Without sonication Nonselective 4.81 3.47

Selective 3.31 1.72

With sonication Nonselective 3.20 3.09

Selective 2.04 1.02

60 Without sonication Nonselective 1.48 0.81

Selective 1.42 0.97

With sonication Nonselective 1.36 0.87

Selective 0.86 1.12

Source: Kiang, W.-S. et al., Lett. Appl. Microbiol., 56(4), 251, 2013.
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As mentioned in the previous section, UV is another promising nonthermal disinfection technol-
ogy. The combined effect of UV-C and high-intensity US on S. cerevisiae and Listeria monocyto-
genes in buffer and clarified apple juice has been investigated by López-Malo et al. (2006). They 
found out that the combination of UV-C/US enhanced the individual inactivation on L. monocy-
togenes and S. cerevisiae in apple juice with the majority of the population dead in the first few 
minutes of treatment. Similar results have been reported by Char et al. (2010), where the poor effect 
of UV-C in orange juice was enhanced by the combination with US. The poor effect is attributed 
to the presence of colored compounds and pulp particles, which caused poor UV-C light transmis-
sion. In addition to that, Char et al. (2010) discovered that the combined treatment was more effec-
tive in a simultaneous arrangement rather than in a series arrangement.

15.3 ConClusions and Future direCtions

US or sonication is a promising nonthermal technique in microbial inactivation. However, sonica-
tion alone might not be feasible in practical usage. For that reason, the future use of US for microbial 
inactivation lies in multifactorial processes. As more investigations are under progress to identify 
the controlling factors to disinfect different microorganisms, this technique could be used in mul-
tiple stages to disinfect the undesired pathogens.

reFerenCes

Aadil, R. M., X.-A. Zeng, Z. Han, and D.-W. Sun. Effects of ultrasound treatments on quality of grapefruit 
juice. Food Chemistry 141(3) (2013): 3201–3206.

Abid, M. et al. Effect of ultrasound on different quality parameters of apple juice. Ultrasonics Sonochemistry 
20(5) (2013): 1182–1187.

Adekunte, A. O., B. K. Tiwari, P. J. Cullen, A. G. M. Scannell, and C. P. O’Donnell. Effect of sonication on 
colour, ascorbic acid and yeast inactivation in tomato juice. Food Chemistry 122(3) (2010a): 500–507.

Adekunte, A., B. K. Tiwari, A. Scannell, P. J. Cullen, and C. O’Donnell. Modelling of yeast inactivation in 
sonicated tomato juice. International Journal of Food Microbiology 137(1) (2010b): 116–120.

Arroyo, C., G. Cebrián, R. Pagán, and S. Condón. Inactivation of Cronobacter sakazakii by ultrasonic waves 
under pressure in buffer and foods. International Journal of Food Microbiology 144(3) (2011): 446–454.

Ashokkumar, M. and T. J. Mason. Sonochemistry. Kirk-Othmer Encyclopedia of Chemical. New York: Wiley, 
2007.

Awad, S. B. High power ultrasound in surface cleaning. In Ultrasound Technologies for Food and Bioprocessing, 
(eds.) H. Feng, G. V. Barbosa-Cánovas, and J. Weiss. New York: Springer, 2011, pp. 545–582.

Berberidoua, C., I. Pouliosa, N. P. Xekoukoulota, and D. Mantzavinosb. Sonolytic, photocatalytic and sono-
photocatalytic degradation of malachite green in aqueous solutions. Applied Catalysis B: Environmental 
74(1–2) (2007): 63–72.

Bermúdez-Aguirre, D., M. G. Corradini, R. Mawson, and G. V. Barbosa-Cánovas. Modeling the inactivation 
of Listeria innocua in raw whole milk treated under thermo-sonication. Innovative Food Science and 
Emerging Technologies 10(2) (2009): 172–178.

Bhat, R., N. S. Kamaruddin, L. Min-Tze, and A. A. Karim. Sonication improves kasturi lime (Citrus micro-
carpa) juice quality. Ultrasonics Sonochemistry 18(6) (2011): 1295–1300.

Bilek, S. E. and F. Turantas. Decontamination efficiency of high power ultrasound in the fruit and vegetable 
industry: A review. International Journal of Food Microbiology 166(1) (August 2013): 155–162.

Block, S. S. Disinfection, Sterilization, and Preservation, 5th ed. (ed.) Seymour Stanton Block. Philadelphia, 
PA: Lippincott Williams & Wilkins, 2001.

Bull, M., M. Zerdin, E. Howe, D. Goicoechea, P. Paramanandhan, and R. Stockman. The effect of high pres-
sure processing on the microbial, physical and chemical properties of Valencia and Navel orange juice. 
Innovative Food Science and Emerging Technologies 5(2) (2004): 135–149.

Butz, P. and B. Tauscher. Emerging technologies: Chemical aspects. Food Research International 35(2/3) 
(2002): 279–284.

Cao, S., Z. Hu, B. Pang, H. Wang, H. Xie, and F. Wu. Effect of ultrasound treatment on fruit decay and quality 
maintenance in strawberry after harvest. Food Control 12(4) (2010): 529–532.

© 2016 by Taylor & Francis Group, LLC

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-1-4419-7472-3_21
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-1-4419-7472-3_21
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ijfoodmicro.2013.06.028
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ultsonch.2013.02.010
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ifset.2008.11.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ifset.2003.11.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ifset.2008.11.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ijfoodmicro.2009.10.006
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.foodcont.2009.08.002
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ultsonch.2011.04.002
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.foodchem.2013.06.008
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.apcatb.2007.01.013
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.foodchem.2010.01.026
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0963-9969%2801%2900197-1
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ijfoodmicro.2010.10.033


529Ultrasonic and UV Disinfection of Food

Char, C. D., E. Mitilinaki, S. N. Guerrero, and S. M. Alzamora. Use of high-intensity ultrasound and UV-C light 
to inactivate some microorganisms in fruit juices. Food and Bioprocess Technology 3(6) (2010): 797–803.

Chemat, F., Y.-J. Zill-e-Huma, and M. K. Khan. Applications of ultrasound in food technology: Processing, 
preservation and extraction. Ultrasonics Sonochemistry 18(4) (July 2011): 813–835.

Cheng, L. H., C. Y. Soh, S. C. Liew, and F. F. Teh. Effects of sonication and carbonation on guava juice quality. 
Food Chemistry 104(4) (2007): 1396–1401.

Gao, S. P., G. D. Lewis, M. Ashokkumar, and Y. Hemar. Inactivation of microorganisms by low-frequency 
high-power ultrasound: 1. Effect of growth phase and capsule properties of the bacteria. Ultrasonics 
Sonochemistry 21(1) (2013): 446–453.

Guerrero, S., A. López-Malo, and S. M. Alzamora. Effect of ultrasound on the survival of Saccharomyces cere-
visiae: Influence of temperature, pH and amplitude. Innovative Food Science and Emerging Technologies 
2(1) (2001): 31–39.

Guerrero-Beltrán, J. A. and G. V. Barbosa-Cánovas. Advantages and limitations on processing foods by UV 
light. Food Science and Technology International 10 (2004): 137–147.

Huang, E., G. S. Mittal, and M. W. Griffiths. Inactivation of Salmonella enteritidis in liquid whole egg using 
combination treatments of pulsed electric field, high pressure and ultrasound. Biosystems Engineering 
94(3) (2006): 403–413.

IDFA. Pasteurization: Definition and Methods. International Dairy Foods Association. June 2009. http://www.
idfa.org/files/249_Pasteurization%20Definition%20and%20Methods.pdf (accessed September 13, 2013).

Joyce, E., A. Al-Hashimi, and T. J. Mason. Assessing the effect of different ultrasonic frequencies on bacterial 
viability using flow cytometry. Journal of Applied Microbiology 110 (2011): 862–870.

Kentish, S. and M. Ashokkumar. The physical and chemical effects of ultrasound. In Ultrasound Technologies 
for Food and Bioprocessing, (ed.) H. Feng, G. V. Barbosa-Cánovas, and J. Weiss. New York: Springer-
Verlag New York Inc., 2011, pp. 1–12.

Kiang, W.-S., R. Bhat, A. Rosma, and L.-H. Cheng. Effects of thermosonication on the fate of Escherichia 
coli O157:H7 and Salmonella Enteritidis in mango juice. Letters in Applied Microbiology 56(4) (2013): 
251–257.

Koutchma, T. UV light for processing foods. IUVA News 10(4) (December 2008): 24–29.
Lee, D. U., V. Heinz, and D. Knorr. Effects of combination treatments of nisin and high-intensity ultrasound 

with high pressure on the microbial inactivation in liquid whole egg. Innovative Food Science and 
Emerging Technologies 4(1) (2003): 387–393.

Lee, H., B. Zhou, W. Liang, H. Feng, and S. E. Martin. Inactivation of Escherichia coli cells with sonication, 
manosonication, thermosonication, and manothermosonication: microbial responses and kinetics model-
ing. Journal of Food Engineering 93(3) (2009): 354–364.

Lee, J., S. Kentish, and M. Ashokkumar. Effect of surfactants on the rate of growth of an air bubble by rectified 
diffusion. The Journal of Physical Chemistry 109(30) (2005): 14595–14598.

López-Malo, A., S. Guerrero, A. Santiesteban, and S. M. Alzamora. Inactivation kinetics of Saccharomyces cere-
visiae and Listeria monocytogenes in apple juice processed by novel technologies. In Proceedings of 2nd 
Mercosur Congress on Chemical Engineering. 4th Mercosur Congress on Process Systems Engineering. 
Paper no. 0681. 2005.

López-Malo, A., E. Palou, M. Jiménez-Fernández, S. M. Alzamora, and S. Guerrero. Multifactorial fungal 
inactivation combining thermosonication and antimicrobials. Journal of Food Engineering 67(1–2) 
(2005): 87–93.

Malaysia. Food-borne disease surveillance at the national level: A Malaysian perspective. In Second FAO/WHO 
Global Forum of Food Safety Regulators. Bangkok, Thailand: Agriculture and Consumer Protection, 2004.

McDonnell, G. Sterilization and Disinfection, Vol. I. In Encyclopedia of Microbiology, (ed.) M. Schaechter. 
Basingstoke, England: Elsevier Inc., 2009, pp. 529–548.

Nafar, M., Z. Emam-djomeh, S. Yousefi, and M. H. Ravan. An optimization study on the ultrasonic treatments 
for Saccharomyces cerevisiae inactivation in red grape juice with maintaining critical quality attributes. 
Journal of Food Quality 36(4) (2013): 269–281.

Patil, S., P. Bourke, B. Kelly, J. M. Frías, and P. J. Cullen. The effects of acid adaptation on Escherichia coli 
inactivation using power ultrasound. Innovative Food Science and Emerging Technologies 10(4) (2009): 
486–490.

Piyasena, P, E. Mohareb, and R. C. McKellar. Inactivation of microbes using ultrasound: A review. International 
Journal of Food Microbiology 87(3) (November 2003): 207–216.

Sala, F. J., J. Burgos, S. Condon, P. Lopez, and J. Raso. Effect of heat and ultrasound on microorganisms and 
enzymes. In New Methods of Food Preservation, (ed.) G. W. Gould. London, U.K.: Blackie Academic & 
Professional, 1995, pp. 176–204.

© 2016 by Taylor & Francis Group, LLC

  

http://www.idfa.org
http://www.idfa.org
http://www.crcnetbase.com/action/showLinks?crossref=10.1177%2F1082013204044359
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-1-4615-2105-1_9
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS1466-8564%2803%2900039-0
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS1466-8564%2803%2900039-0
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.foodchem.2007.02.001
http://www.crcnetbase.com/action/showLinks?crossref=10.1111%2Fjfq.12032
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-1-4419-7472-3_1
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-1-4419-7472-3_1
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fjp051758d
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS1466-8564%2801%2900020-0
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0168-1605%2803%2900075-8
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0168-1605%2803%2900075-8
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ultsonch.2010.11.023
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.jfoodeng.2004.05.072
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biosystemseng.2006.03.008
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.jfoodeng.2009.01.037
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ultsonch.2013.06.006
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ultsonch.2013.06.006
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FB978-012373944-5.00143-7
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FB978-012373944-5.00143-7
http://www.crcnetbase.com/action/showLinks?crossref=10.1111%2Fj.1365-2672.2011.04923.x
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ifset.2009.06.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1111%2Flam.12042
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs11947-009-0307-7


530 Handbook of Food Processing: Food Preservation

Salleh-Mack, S. Z. and J. S. Roberts. Ultrasound pasteurization: The effects of temperature, soluble solids, 
organic acids and pH on the inactivation of Escherichia coli ATCC 25922. Ultrasonics Sonochemistry 
14(3) (2007): 323–329.

Santhirasegaram, V., Z. Razali, and C. Somasundram. Effects of thermal treatment and sonication on quality attri-
butes of Chokanan mango (Mangifera indica L.) juice. Ultrasonics Sonochemistry 20(5) (2013): 1276–1282.

Shama, G. UV disinfection in the food industry. Controlled Environments Magazine (Vicon Publishing Inc.) 
10(4) (2007): 10–15.

Solsona, F. and J. P. Méndez. Water disinfection. 2003. http://whqlibdoc.who.int/paho/2003/a85637.pdf 
(accessed August 5, 2013).

Tiwari, B. K., K. Muthukumarappan, C. P. O’Donnell, and P. J. Cullen. Colour degradation and quality param-
eters of sonicated orange juice using response surface methodology. LWT—Food Science and Technology 
41(10) (2008): 1876–1883.

Tiwari, B. K., C. P. O’Donnell, K. Muthukumarappan, and P. J. Cullen. Ascorbic acid degradation kinetics 
of sonicated orange juice during storage and comparison with thermally pasteurized juice. LWT—Food 
Science Technology 42 (2009): 700–704.

Tsukamoto, I., E. Constantinoiu, M. Furuta, R. Nishimura, and Y. Maeda. Inactivation effect of sonication and 
chlorination on Saccharomyces cerevisiae. Calorimetric Analysis. In 4th Conference on the Applications 
of Power Ultrasound in Physical and Chemical Processing, (ed.) J.-Y. Hihn. Besancon, France, 2004, 
pp. 167–172.

Ugarte-Romero, E., H. Feng, S. E. Martin, K. R. Cadwallader, and S. J. Robinson. Inactivation of Escherichia 
coli with power ultrasound in apple cider. Journal of Food Science 71(2) (2006): 102–108.

Wang, Y., Y. Hu, J. Wang, Z. Liu, G. Yang, and G. Geng. Ultrasound-assisted solvent extraction of swainsonine 
from Oxytropis ochrocephala Bunge. Journal of Medicinal Plants Research 5(6) (2011): 890–894.

Zhou, B., H. Feng, and A. J. Pearlstein. Continuous-flow ultrasonic washing system for fresh produce surface 
decontamination. Innovative Food Science and Emerging Technologies 16 (October 2012): 427–435.

© 2016 by Taylor & Francis Group, LLC

  

http://whqlibdoc.who.int
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ifset.2012.09.007
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.lwt.2007.11.016
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ultsonch.2013.02.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ultsonch.2006.07.004
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.lwt.2008.10.009
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.lwt.2008.10.009
http://www.crcnetbase.com/action/showLinks?crossref=10.1111%2Fj.1365-2621.2006.tb08890.x


531

16 Edible Coatings and Films 
to Preserve Quality of Fresh 
Fruits and Vegetables

Constantina Tzia, Loucas Tasios, Theodora Spiliotaki, 
Charikleia Chranioti, and Virginia Giannou

Contents

16.1 Introduction .......................................................................................................................... 532
16.2 Rationale for Using Edible Films and Coatings on Fresh Produce ...................................... 533
16.3 Fruit/Vegetable Physiology ................................................................................................... 533

16.3.1 General...................................................................................................................... 533
16.3.2 Postharvest Physiology ............................................................................................. 534

16.3.2.1 Respiration ................................................................................................. 534
16.3.2.2 Transpiration .............................................................................................. 536
16.3.2.3 Postharvest Disorders ................................................................................ 537
16.3.2.4 Postharvest Decay ...................................................................................... 538

16.4 Storage Techniques ............................................................................................................... 538
16.4.1 Cold Storage.............................................................................................................. 538
16.4.2 Controlled-Atmosphere (CA), Modified-Atmosphere (MA), and 

Subatmospheric (Hypobaric) Storage ....................................................................... 538
16.4.3 Packaging with Edible Coating Materials ................................................................540
16.4.4 Osmotic Membrane (OSMEMB) Coatings .............................................................. 541

16.5 Edible Coating Technology for Fresh and Lightly Processed Fruits and Vegetables ........... 541
16.5.1 General...................................................................................................................... 541
16.5.2 Film/Coating Components and Additives ................................................................ 541

16.5.2.1 Hydrocolloids ............................................................................................. 542
16.5.2.2 Lipids .........................................................................................................546
16.5.2.3 Composites/Bilayers ..................................................................................548

16.5.3 Safety and Health Issues ........................................................................................... 549
16.5.4 Film Formation and Application .............................................................................. 549

16.5.4.1 Formation ................................................................................................... 549
16.5.4.2 Application ................................................................................................. 551

16.5.5 Film Permeability ..................................................................................................... 552
16.5.5.1 Water Vapor Permeability .......................................................................... 554
16.5.5.2 Gas Permeability ........................................................................................ 554

16.5.6 Commercial Edible Coatings .................................................................................... 555
16.5.6.1 Hydrocolloid-Based Coatings .................................................................... 555
16.5.6.2 Wax and Oil Coatings ................................................................................ 556

© 2016 by Taylor & Francis Group, LLC



532 Handbook of Food Processing: Food Preservation

16.1 introduCtion

The use of edible films and coatings in fresh fruits and vegetables preservation is not a new con-
cept. Coating techniques to retard moisture loss in fresh produce had been in use for decades. For 
example, coating of fresh oranges and lemons with beeswax was practiced in China in the twelveth 
and thirteenth century. Yuba (soy protein edible film) was traditionally used in Asia since the fif-
teenth century (Gennadios et al., 1993) and “larding” (coating food with fat) was practiced in UK 
in the sixteenth century. In the 1930s, hot-melt paraffin waxes became commercially available for 
coating citrus fruits, and in the early 1950s, carnauba wax oil-in-water emulsions were developed 
for coating fresh fruits and vegetables (Kaplan, 1986). Development of edible coatings for use on 
meat products was first reported in the late 1950s.

Over the past 20 years, considerable work, reported in both the scientific and patent literature, has 
been done on the formation and characterization of edible films and coatings. A variety of GRAS 
polysaccharides, proteins, and lipids has been utilized, either alone or in mixtures, to produce com-
posite edible films. Today, more than 60 edible films and coatings are commercially available for 
fresh fruits and vegetables and optimized for specific use. However, most of them are wax-based 
and intended for appearance improvement and prevention of water loss. Most commercial films and 
coatings have been tested on fresh fruits and vegetables, while recent research is referred particu-
larly to the use of new ingredients and composite materials (Baldwin and Baker, 2002; Krochta, 
2002; Olivas and Barbosa-Canovas, 2005).

The development of edible coatings technology with applications to fresh and minimally pro-
cessed fruits is one of the challenges of the postharvest industry. Fruits and vegetables are perish-
able products with active metabolism during the postharvest period that can result in deteriorative 
changes. Various approaches have been used to minimize postharvest deterioration of fresh and 
minimally processed produce, which include low-temperature storage, special preparation tech-
niques, use of additives, modified-atmosphere (MA) or controlled-atmosphere (CA), and applica-
tion of edible coatings. The rationale for using edible coatings to extend shelf life and improve the 
quality of these produce is based on the formation of an artificial barrier that may result in (1) the 
reduction of moisture migration, (2) selective control of gas diffusion, and (3) suppression of unde-
sirable physiological changes. Film’s and coating’s ingredients, method of formation, and type of 
application are the key factors that affect the characteristics (gas permeability, water vapor perme-
ability) of any film or coating (Gontard et al., 1996). The kind of fruit or vegetable and the specific 
demands specify the above selections. Edible coatings, in particular, find applications in fresh-
cut fruits which are more susceptible to alteration (enzymatic browning, texture decay, microbial 
contamination, and undesirable volatile production), improving their handling and functionality. 
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According to new trends on edible coatings, through the incorporation and/or controlled release of 
antioxidants, vitamins, nutraceuticals, and/or natural antimicrobial agents, the design of new prod-
ucts is allowed, and the production of high added-value products is possible (Baldwin, 2007; Vargas 
et al., 2008; Pavlath and Orts, 2009).

16.2  rationale For using ediBle Films and 
Coatings on Fresh produCe

Fresh fruits and vegetables are essential components of the human diet as they contain a number 
of important nutritive compounds, such as vitamins, which cannot be synthesized by the human 
body. A fruit or vegetable is a living, respiring, edible tissue that has been detached from the parent 
plant. Fruits and vegetables are perishable products with active metabolism during the postharvest 
period (Robertson, 1993). Water loss and postharvest decay account for most losses. These have 
been estimated to be more than 40%–50% in the tropics and subtropics (Kadam and Salunkhe, 
1995). The main causes of quality and nutritional value loss of fresh produce are all interconnected. 
Once harvested, a fruit or vegetable no longer has any new nutrients coming into it from the root 
system. It must thus rely on the endogenous nutrients along with oxygen to continue its respiratory 
processes. Since enzymes are not inactivated as it occurs in canning, or partially inactivated as in 
freezing or drying, the fresh, respiring produce may improve in quality in the short term but eventu-
ally will deteriorate and decay (Labuza and Breene, 1989). The shelf life of fruits and vegetables can 
be extended by, in simple terms, retarding the physiological, pathological, and physical deteriora-
tive processes (generally referred to as postharvest handling) or by inactivating the physiological 
processes (generally referred to as food preservation) (Robertson, 1993). One possible method of 
extending postharvest storage life of fresh fruits and vegetables is the use of edible coatings. Such 
coatings are made of edible materials that are used to enrobe fresh product, providing a semiperme-
able barrier to gases and water vapor, thereby reducing respiration and water loss. Some background 
knowledge of postharvest physiology, storage techniques, and edible coating technology is helpful 
to understand the effect of coatings on fresh fruits and vegetables.

16.3 Fruit/VegetaBle physiology

16.3.1 general

Fruits and vegetables have many similarities with respect to their compositions, methods of culti-
vation and harvesting, storage properties, and processing. In fact, many vegetables are considered 
fruits in the true botanical sense (Potter and Hotchkiss, 1995). Botanically, the word “fruit” refers 
to the mature seed-bearing structures of flowering plants; this covers a very wide and heterogeneous 
group of plant products, including cereals, pulses, oilseeds, spices, and fleshy fruits. The edible 
fleshy fruits, however, represent a well-defined class on their own and exhibit a wide variety of plant 
products. They have much in common, from a culinary point of view, with the soft, edible struc-
tures developed from other parts of the plant body, commonly referred to as vegetables. Although 
botanically the line between fruits and vegetables cannot be clearly drawn, the products have been 
differentiated based on common verbal usage and the way in which they are consumed (Desai and 
Salunkhe, 1991). A consumer definition of fruit would be “plant products with aromatic flavors, 
which are either naturally sweet or normally sweetened before eating”; they are essentially dessert 
foods (Wills et al., 1998). The term “vegetable,” in contrast, is applied to all the other soft, edible 
plant products that are usually eaten with meat, fish, or other savory dish, either fresh or cooked 
(Desai and Salunkhe, 1991).

The composition of fruits and vegetables depends not only on botanical variety, cultivation prac-
tices, and weather but also on the degree of maturity prior to harvest and the condition of ripeness, 
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which continues after harvest and is influenced by storage conditions. Nevertheless, some general-
izations can be made.

Most fresh fruits and vegetables are high in water, low in protein, and low in fat. The water con-
tent is generally greater than 70% and frequently greater than 85%. Interestingly, the water content 
of milk and apples is similar. Commonly, protein content is no greater than 3.5% and fat content no 
greater than 0.5% (Potter and Hotchkiss, 1995).

16.3.2 postharVest physiology

The life cycle of fruits and vegetables can be conveniently divided into three major physiologi-
cal stages following germination. These are growth, maturation, and senescence (Figure 16.1). 
However, clear distinction between the various stages is not easily made. Growth involves cell divi-
sion and subsequent cell enlargement, which accounts for the final size of the produce. Maturation 
usually commences before growth ceases and includes different activities in different commodities. 
Growth and maturation are often collectively referred to as the development phase. Senescence is 
defined as the period when anabolic (synthetic) biochemical processes give way to catabolic (deg-
radative) processes, leading to ageing and finally death of the tissue. Ripening (a term reserved for 
fruit) is generally considered to begin during the later stages of maturation and to be the first stage 
of senescence. The change from growth to senescence is relatively easy to delineate. Often the 
maturation phase is described as the time between these two stages, without any clear definition on 
a biochemical or physiological basis (Robertson, 1993; Wills et al., 1998).

16.3.2.1 respiration
Respiration (biological oxidation) is the oxidative breakdown of the more complex substrates nor-
mally present in the cells, such as starch, sugars, and organic acids, to simpler molecules (CO2 
and H2O), with the concurrent production of energy and other molecules, which can be used by 
the cell for synthetic reactions (Kader, 1987). Respiration can occur in the presence of oxygen 
(aerobic respiration) or in the absence of oxygen (anaerobic respiration, which is sometimes called 
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Figure 16.1 Growth, respiration, and ethylene production patterns of climacteric and nonclimacteric plant 
organs. (From Wills, R. et al., Structure and composition, in: Postharvest, an Introduction to the Physiology 
and Handling of Fruit, Vegetables and Ornamentals, 4th edn., UNSW Press, Sydney, New South Wales, 
Australia, pp. 15–32, 1998.)
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fermentation). The greatest yield of energy is obtained when the process takes place in the presence 
of molecular oxygen (aerobic respiration). If hexose sugar is used as the substrate, the chemical reac-
tion can be written as follows:

 C6H12O6 + 6O2 → 6CO2 + 6H2O + energy  Chemical Reaction 16.1

This transformation actually takes place in a large number of individual stages with the participation 
of many different enzymes systems (Robertson, 1993). The water produced remains within the tissue 
but the CO2 escapes and accounts for part of the weight loss of harvested fruits and vegetables, in 
the range of 3%–5%. However, the generation of heat within the fruit may lead to additional loss of 
weight. This heat is dissipated through direct heat transfer to the environment and through evapora-
tion of water. The respiration heat raises the tissue temperature and, therefore, increases transpiration 
(Ben-Yehoshua, 1987). When one mole of hexose sugar is oxidized, 38 moles of ATP (each possess-
ing 32 kJ of useful energy) are formed. This represents about 40% of total free energy change, the 
remainder being dissipated as heat. Rapid removal of this heat is usually desirable and it is important 
that the packaging assists rather than impedes this process (Kader, 1987; Robertson, 1993).

The respiration rate of produce is an excellent indicator of metabolic activity of the tissue and 
thus is a useful guide to the potential storage life of the produce: the higher the rate, the shorter 
the life; and the lower the rate, the longer the life. A characteristic respiratory pattern is obtained if 
the respiration rate of a fruit or vegetable is measured (as either oxygen consumed or carbon diox-
ide evolved) during the course of its development, maturation, ripening, and senescence periods. 
Respiration rate per unit weight is highest for the immature fruit or vegetable and then steadily 
declines with age (Figure 16.1). A significant group of fruits, including tomato, mango, banana, and 
apple, shows a variation from the described respiratory pattern in that they undergo a pronounced 
increase in respiration coincident with ripening. Such an increase in respiration is known as a respi-
ratory climacteric, and this group of fruits is known as the climacteric class of fruits. The respi-
ratory climacteric as well as the complete ripening process may proceed while the fruit is either 
attached to or detached from the plant. Fruits such as citrus, pineapple, and strawberry that do not 
exhibit a respiratory climacteric are known as the nonclimacteric class of fruits. Nonclimacteric 
fruits exhibit most of the ripening changes, although these usually occur more slowly than those 
of the climacteric fruits. All vegetables can also be considered to have a non-climacteric type of 
respiratory pattern (Wills et al., 1998).

From measurements of CO2 and O2, it is possible to evaluate the nature of the respiratory process. 
The ratio of the volume of CO2 released to the volume of O2 absorbed in respiration is termed as 
the respiratory quotient (RQ). Values of RQ range from 0.7 to 1.3 for aerobic respiration, depending 
on the substrate being oxidized; for carbohydrates RQ = 1, for lipids RQ ≤ 1, and for organic acids 
RQ ≥ 1 (Kader, 1987).

Anaerobic respiration involves the incomplete oxidation of compounds in the absence of O2 and 
the accumulation of ethanol, acetaldehyde, and CO2. Much lower amounts of energy (2 moles of 
ATP) and CO2 are produced from 1 mole of hexose sugar than that produced under aerobic condi-
tions. Significantly less heat energy (approximately 5%) is produced as well for a given amount of 
carbohydrate oxidation in anaerobic respiration compared to aerobic respiration. The oxygen con-
centration at which a shift from aerobic to anaerobic respiration occurs varies among tissues and 
is known as the extinction point. Very high RQ values (>1.3) usually indicate anaerobic respiration 
(Robertson, 1993).

16.3.2.1.1 Effect of Oxygen and Carbon Dioxide Concentration
A simple consideration of the chemical reaction (16.1) would suggest that if the CO2 in the atmo-
sphere were augmented (or the O2 decreased), the respiration rate and storage life would be extended.

Reduction of the O2 concentration to less than 10% provides a tool for controlling the respira-
tion rate and slowing down senescence, although an adequate O2 concentration must be available to 
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maintain aerobic respiration. Vegetable crops usually require a minimum O2 content of 1%–3% in 
the storage atmosphere, and at O2 contents below 2%, most vegetables react with a sudden increase 
in CO2 production.

At high CO2 concentrations (above 20%), a significant increase in anaerobic respiration occurs, 
which can irreversibly damage plant tissue. Low O2 and/or high CO2 can reduce the incidence and 
severity of certain physiological disorders such as those induced by ethylene (scald of apples and 
pears) and chilling injury of some commodities (e.g., avocado, citrus fruits, chili pepper, and okra). 
On the other hand, O2 and CO2 levels beyond those tolerated by the commodity can induce physi-
ological disorders, such as brown stain on lettuce, internal browning and surface pitting of pome 
fruits, and blackheart of potato (Robertson, 1993; Beaudry, 1999).

16.3.2.1.2 Effect of Ethylene
All fruits produce minimum quantities of ethylene during development. However, climacteric fruits 
produce much larger amounts of ethylene during ripening than nonclimacteric fruits. The internal 
ethylene concentration of climacteric fruits varies widely but that of nonclimacteric fruits changes 
little during development and ripening. Ethylene, applied at a concentration as low as 0.1–1.0 μL/L 
for 1 day, is normally sufficient to hasten full ripening of climacteric fruit, but the magnitude of the 
climacteric is relatively independent of the concentration of applied ethylene. In contrast, applied 
ethylene merely causes a transient increase in the respiration of nonclimacteric fruits, the magni-
tude of the increase depending on the concentration of ethylene. Moreover, the rise in respiration 
in response to ethylene may occur more than once in nonclimacteric fruits in contrast to the single 
respiration increase in climacteric fruits (Wills et al., 1998).

16.3.2.1.3 Effect of Temperature
Temperature is the most important environmental factor in the postharvest life of horticultural 
products because of its dramatic effect on the rates of biological reactions including respiration. 
Typical Q10 values (the ratio of the respiration rates for a 10°C interval) for vegetables are 2.5–4.0 at 
0°C–10°C, 2.0–2.5 at 10°C–20°C, 1.5–2.0 at 20°C–30°C, and 1.0–1.5 at 30°C–40°C. Taking mean 
Q10 values, it can be calculated that the relative velocity of respiration would increase from 1.0 at 
0°C to 3.0 at 10°C, 7.5 at 20°C, 15.0 at 30°C, and 22.5 at 40°C. These figures dramatically illustrate 
the need to reduce the temperature of fresh fruits and vegetables as soon as possible after harvesting 
in order to maximize the shelf life. The rate of increase in respiration rates declines with an increase 
in temperature up to 40°C, with the Q10 becoming less than 1 as the tissue nears its thermal death 
point (about 50°C–55°C), when enzyme proteins are denatured and metabolism becomes disorderly 
(Kader, 1987; Robertson, 1993).

16.3.2.1.4 Effect of Mechanical Damage
Physical damage also causes an increase in respiration. Mechanical stress of fresh produce that 
occurs during harvesting and in postharvest handling operations inevitably results in some bruis-
ing and abrasion, scuffing, and skin/periderm damage. This contributes to subsequent quality loss 
from induction of wound ethylene evolution and further increases respiration rate and accelerates 
the onset of senescence (Schlimme and Rooney, 1994). The increase of respiration, as measured by 
the CO2 evolved, is the result of many biochemical events that subsequently cause changes in color, 
flavor, texture, and nutritional quality. The increase in the rate of respiration can be in the range 
of 2–10-fold (Wong et al., 1994b). Therefore, protective packaging has an important role to play in 
maximizing the shelf life of lightly processed fruits and vegetables.

16.3.2.2 transpiration
All fruits and vegetables continue to lose water through transpiration after they are harvested, and 
this loss of water is one of the main processes that affects their commercial and physiological deteri-
oration. If transpiration is not retarded, it induces wilting; shrinkage; and loss of firmness, crispness, 
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and succulence, with concomitant deterioration in appearance, texture, and flavor. Most fruits and 
vegetables lose their freshness when their water loss exceeds 3%–10% of their initial weight. Along 
with loss of weight and freshness, transpiration induces water exudation, which has been shown to 
accelerate senescence of fruits and vegetables (Ben-Yehoshua, 1987).

Several factors, such as the surface area to volume ratio, nature of the surface coating, relative 
humidity, temperature, atmospheric pressure, and extent of any mechanical damage influence the 
transpiration process in fruits and vegetables.

The surface area to volume ratio can range from 50–100 cm2/mL for individual edible leaves to 
5–10 for small soft fruits, such as currants; 2–5 for larger soft fruits, such as strawberries; 0.5–1.5 
for tubers, pome, stone and citrus fruits, bananas and onions; and 0.2–0.5 for densely packed cab-
bage. With other factors being equal, a leaf will lose water and weight much faster than a fruit, and 
a small fruit or root or tuber will lose weight faster than a larger one (Robertson, 1993).

As mentioned earlier, respiration generates heat, which is dissipated through direct heat transfer 
to the environment and through evaporation of water. The heat of respiration raises the tissue tem-
perature, and therefore, increases transpiration (Ben-Yehoshua, 1987).

The ambient relative humidity is not a very reliable guide to determine the potential water loss, 
but it is more useful for calculating the water vapor pressure deficit (VPD) at the particular tem-
perature and humidity. The VPD of the air is defined as the difference between the water vapor 
pressure of the ambient air and that of saturated air at the same temperature. Thus, the drier the air, 
the greater its VPD and the more rapidly any produce held in that environment will transpire. To 
minimize transpiration, fresh produce should be held at low temperature, high relative humidity, 
and as small a VPD as possible (Ben-Yehoshua, 1987; Robertson, 1993; Wills et al., 1998).

Mechanical damage can greatly accelerate the rate of water loss from produce. Bruising and 
abrasion damages the surface organization of the tissue, thereby allowing much greater flux of water 
vapor through the damaged area. Cuts are of even greater importance as they completely break the 
protective surface layer and directly expose underlying tissues to the atmosphere (Wills et al., 1998).

16.3.2.3 postharvest disorders
Physiological disorders refer to the breakdown of tissue that is not caused by either invasion by 
pathogens (diseases-causing organisms) or by mechanical damage. They may develop in response 
to an adverse environment, especially temperature, or to a nutritional deficiency during growth and 
development (Wills et al., 1998).

The storage life of some fruits and vegetables, primarily those of tropical or subtropical origin, 
can be limited by chilling injury, a disorder induced by low (0°C–12°C) but nonfreezing tempera-
tures in whole plants or susceptible tissues. The extent of the chilling injury is influenced by the 
temperature, the duration of the exposure to a given temperature, and the chilling sensitivity of 
the particular fruit or vegetable. The symptoms of chilling injury may not be evident while the 
produce is held at chilling temperature but become apparent after transfer to a high temperature. 
Chilling injury prevents some fruits ripening and increases their susceptibility to fungal spoilage. 
Chilling injury is generally associated with necrosis of certain groups of cells situated either exter-
nally, leading to the formation of depressed areas, pitting, and external discoloration, or internally 
leading to internal browning (Robertson, 1993; Wills et al., 1998).

Also, if the storage conditions provided are not proper and adequate, certain undesirable changes 
may occur, including the following (Robertson, 1993):

• Sprouting especially in onions, ginger, garlic, potatoes, and root crops, greatly reducing 
their utilization value and accelerating deterioration

• Elongation and curvature of existing structures, exemplified by products such as aspara-
gus, carrots, and beets, accompanied by increased toughness and decreased palatability

• Rooting, which may be initiated by high humidities, resulting in rapid decay, shriveling, 
and exhaustion of food reserves, especially in roots and tubers
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• Seed germination within mature fruits such as tomatoes, papaya, and pod-bearing veg-
etables, which may occur during storage

• Greening of potatoes on exposure to light during storage, producing green tissues, which 
contain the toxic alkaloid solanine

• Toughening due to the development of spongy tissue, which may occur during the pro-
longed storage of green beans and sweet corn

• Tropic response (the bending of tissue in response to gravity and light), resulting in prod-
ucts of uneven shapes, which are difficult to pack and have an adverse appearance

16.3.2.4 postharvest decay
Many bacteria and fungi can cause postharvest decay. However, it is well established that major 
postharvest losses of fruit and vegetables are caused by species of the fungi Alternaria, Botrytis, 
Botryosphaeria, Colletotrichum, Diplodia, Monilinia, Penicillium, Phomopsis, Rhizopus, and 
Sclerotinia and of the bacteria Erwinia and Pseudomonas. Most of these organisms are weak patho-
gens in that they can only invade damaged produce. Few of them, such as Colletotrichum, are 
able to penetrate the skin of healthy produce (Wills et al., 1998). Acidic fruit tissues are generally 
attacked and rotted by fungi, while many vegetables having a tissue pH above 4.5 are more com-
monly attacked by bacteria. Initially, only one or a few pathogens may invade and break down the 
tissues, followed by a broad spectrum attack of several weak pathogens resulting in the complete 
decomposition of the produce (Robertson, 1993).

The development of postharvest decay is favored by high temperatures and high humidities, with 
the latter often being a result of condensation, which may affect spore germination and cause tissue 
anaerobiosis (Robertson, 1993).

16.4 storage teChniQues

16.4.1 ColD storage

The shelf life of fruits and vegetables can be extended by storage at optimum refrigerated tem-
perature and humidity. Storage at 0°C–15°C slows down respiration, retards ethylene production, 
delays ripening, and usually retards microbial growth. In some cases, low-temperature storage can 
result in chilling injury of some tropical and subtropical produce. Also, at very high humidities, the 
potential benefit of reducing water loss from plant tissues generally tends to be outweighed by the 
risk of rotting.

Produce may be cooled by means of cold air (room cooling, forced-air, or pressure cooling), cold 
water (hydrocooling), ice, and evaporation of water (evaporative cooling, vacuum cooling). Fruits 
are normally cooled with cold air, although stone fruits benefit from hydrocooling. Any of the above 
mentioned cooling methods may be used for vegetables depending upon the structure and physiol-
ogy of the specific commodities and upon market requirements/expectations. Cut flowers and foli-
age are usually forced-air cooled, although they may also be vacuum cooled if a small amount of 
water loss is acceptable (Wills et al., 1998).

16.4.2  ControlleD-atmosphere (Ca), moDifieD-atmosphere 
(ma), anD subatmospheriC (hypobariC) storage

As an adjunct to low-temperature storage or a substitute for refrigeration, the addition or removal of 
gases resulting in an atmosphere different from that of normal air—as in CA, MA, or subatmospheric 
(hypobaric or low-pressure) storage—has been widely employed to extend the storage life of fruits 
and vegetables. These methods aim at reducing respiration and other metabolic reactions by increas-
ing CO2 and decreasing O2 concentrations. They also lower the rate of natural ethylene production (as 
in banana), as well as the sensitivity of fruits to ethylene (Desai and Salunkhe, 1991).
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CA technology is utilized for extending the shelf life of bulk stored fruits and vegetables 
and widely practiced in many countries. Gas-tight warehouse stores, which can contain many 
hundreds of tons of product, are equipped with systems that carefully control the gas atmo-
spheres within the stores. CA technology for commodity products was originally developed in 
the UK in the 1920s and 1930s, particularly by Kidd and West for storage of apples and toma-
toes. More recently, CA technology has been extended to shipping containers (Brimelow and 
Vadehra, 1991).

There are several ways to actively control the atmospheric composition inside a storage chamber. 
Each has its merits and disadvantages. Furthermore, most of the active methods have higher opera-
tion and maintenance costs than the passive and semipassive (partial control) technologies. One 
may divide active systems into O2-control and CO2-control systems. The O2 systems are external 
gas generators, liquid nitrogen atmospheric generators, gas separators, and hypobaric storage. The 
CO2 control systems are lime, water, activated charcoal, and molecular-sieve scrubbers. Also, C2H4 
control systems can be important in applications to fruit such as apples, which are susceptible to 
problems of quick ripening if C2H4 is not removed (Raghavan et al., 1996).

Hypobaric storage is a form of CA storage in which the produce is stored under partial vacuum. 
The vacuum chamber is vented continuously with water-saturated air to maintain oxygen levels and 
to minimize water loss. Ripening of fruit is retarded by hypobaric storage due to the reduction in the 
partial pressure of oxygen and for some fruits also due to the reduction in ethylene levels. A 10 kPa 
(0.1 atmosphere) reduction in air pressure is equivalent to reducing the oxygen concentration to about 
2% at normal atmospheric pressure. Hypobaric stores are expensive to construct because of the low 
internal pressure required, and this high cost of application appears to limit hypobaric storage to 
high-value produce (Wills et al., 1998).

MA can be created inside a package either passively through product respiration or actively by 
replacing the atmosphere in the package with a desired gas mixture. With commodity-generated or 
passive MA, if product and film permeability characteristics are properly matched, the desired MA 
can passively evolve within a sealed package through consumption of O2 and production of CO2 by 
respiration. The gas permeability of the selected film must allow O2 to enter the package at a rate 
offset by the consumption of O2 by the commodity. Similarly, CO2 must be vented from the package 
to offset the production of CO2 by the commodity. Furthermore, the desired MA must be established 
within 1–2 days without creating anoxic conditions or injuriously high levels of CO2 that may induce 
fermentative metabolism (Kader and Watkins, 2000).

Because of the limited ability to regulate a passively established atmosphere, actively estab-
lishing the atmosphere is becoming more preferred. This can be done by pulling a slight vacuum 
and replacing the package atmosphere with the desired gas mixture. This mixture can be fur-
ther adjusted through the use of absorbing or adsorbing substances inside the package with the 
respiring commodity that scavenge O2, CO2, and/or ethylene (C2H4). Although active establish-
ment implies some additional costs, its main advantage is that it ensures the rapid attainment of 
the desired atmosphere. Ethylene absorbers can help delay the climacteric rise in respiration and 
associated ripening for some fruit. Carbon dioxide absorbers can prevent the buildup of CO2 to 
injurious levels, which can occur for some commodities during passive modification of the pack-
age atmosphere. Super-atmospheric O2 levels (>21%) may be used in combination with fungistatic 
CO2 levels (>15%) for a few commodities that do not tolerate these elevated CO2 atmospheres 
when combined with air or low O2 atmospheres. There is no evidence supporting the use of argon, 
helium, or other noble gases as a replacement for N2 in MA packaging (MAP) of fresh produce 
(Kader and Watkins, 2000).

Polymeric films semipermeable to gases are the most popular for MAP. However, for actively 
respiring fruits and vegetables, commercially available polymeric films have not been very suc-
cessful because these films are not sufficiently permeable to Ο2 (Mujica-Paz and Gontard, 1997). 
Low-density polyethylene, polyvinyl chloride, and polypropylene are the main films used to pack-
age fruit and vegetables. Polystyrene has been used, but polyvinylidene and polyester have such 
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low gas permeabilities that they would be suitable only for commodities with very low respiration 
rates (Kader and Watkins, 2000). Microperforation of common packaging films is generally used to 
obtain the required permeability of oxygen and carbon dioxide. Furthermore, the key parameter of 
MAP is its selectivity, which refers to the ratio of CO2 permeability to O2 permeability of the pack-
aging materials and determines the possible combination of oxygen and carbon dioxide concentra-
tions inside the package. Microperforated films are obviously not selective (CO2/O2 permeability 
ratio close to one) (Irissin-Mangata et al., 1999).

To overcome this problem, the potential use of edible films to generate a favorable MAP has been 
considered (Mujica-Paz and Gontard, 1997).

16.4.3 paCKaging with eDible Coating materials

Several substances deriving from biomaterials have drawn attention for their film-forming ability. 
Edible films and coatings produced from these substances are used as food protective materials 
(Gennadios and Weller, 1991).

Edible films and coatings generally can be defined as thin layers of edible material applied on 
(or even within) foods by wrapping, immersing, brushing, or spraying in order to offer a selective 
barrier against the transmission of gases, vapors, and solutes, while also offering mechanical pro-
tection. There is no clear distinction between films and coatings, and often the two terms are used 
interchangeably. Coatings are usually directly applied and formed on the surface of products, while 
films are formed separately as thin sheets and then applied on the products (Gennadios and Weller, 
1990; Aydt et al., 1991).

During the last 30 years, considerable research work aiming at the development of edible pack-
aging films and coatings has been conducted. However, few of these films have been applied 
commercially. This fact can be attributed mainly to the limitations of the films in comparison 
with traditional polymeric films. The polymer industry has been able to provide food processors 
with a wide variety of packaging materials characterized generally by better physical and barrier 
properties than edible films. Research on edible films continues and seems to have intensified over 
the last few years. Considering the number of advantages these films have over polymeric materi-
als, one might anticipate that the future of food packaging belongs to edible films (Gennadios and 
Weller, 1990).

The advantages of edible films over other traditional nonedible polymeric packaging materials 
are summarized below (Gennadios and Weller, 1990, 1991; Debeaufort et al., 1998):

 1. The films can be consumed with the packaged product. This is obviously of critical 
importance since it represents the environmentally ideal package. There is no package 
to dispose of.

 2. Even if the films are not consumed, they could still contribute to the reduction of the envi-
ronmental pollution. The films are produced exclusively from renewable, edible ingredi-
ents, and therefore, are anticipated to degrade more readily than polymeric materials.

 3. The films can enhance the sensorial properties of packaged foods provided that various 
components (flavorings, colorings, and sweeteners) are incorporated to them.

 4. The films can supplement the nutritional value of the foods. This is particularly true for 
films made from proteins.

 5. The films can be used for individual packaging of small portions of food, particularly 
products that currently are not individually packaged for practical reasons such as peas, 
beans, nuts, and strawberries.

 6. The films can function as carriers for antimicrobial and antioxidant agents. In a similar 
application, they can also be used at the surface of foods to control the diffusion rate of 
preservative substances from the surface to the interior of the food.
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16.4.4 osmotiC membrane (osmemb) Coatings

Reduction of water activity (αw) increases product stability. The infusion of fruit slices with soluble 
solids such as fruit juices and sucrose syrups results in a reduction of surface water activity. Another 
process known as “dehydrofreezing” involves osmotic dehydration followed by low-temperature 
freezing. Dehydrofrozen products can be rehydrated to a fresh-like quality and, hence, can be regarded 
as minimally processed products. Coating cut pieces of fruit with edible films, followed by limited 
osmotic dehydration, improves the stability and also maintains the product’s soft texture and fresh 
character. The products could be reconstituted, resulting in fresh-like quality (Wong et al., 1994b).

16.5  ediBle Coating teChnology For Fresh and 
lightly proCessed Fruits and VegetaBles

16.5.1 general

The use of coatings for fresh fruits and vegetables is not really a new concept. Mother nature pro-
vides fruits and vegetables with a natural waxy coating called a cuticle, consisting of a layer of cutin 
(fatty acid–related substances such as waxes and resins with low permeability to water). The path-
way for water loss varies for different commodities, but for most fruits and vegetables, the major-
ity of water is lost because of cuticular transpiration, while some also exits through stomates and 
lenticels. The purpose of edible coatings for fruits and vegetables is basically to mimic or enhance 
this natural barrier, if already present, or to replace it in cases where light processing has partially 
removed or altered it (Baldwin, 1994). There are documents that describe the use of waxes to fruits 
during the twelveth and thirteenth century in China (Hardenburg, 1967).

The development of the so-called wax coatings (which may or may not actually include a wax) 
emphasized the reduction of moisture loss due to the addition of hydrophobic components such as 
waxes, oils, and resins (similar to cutin), and imparted sheen due to wax or resin components such 
as shellac or carnauba wax, respectively (Baldwin, 1994).

16.5.2 film/Coating Components anD aDDitiVes

Components of edible films and coatings can be divided into three categories: hydrocolloids, lip-
ids, and composites. Useful hydrocolloids include proteins, cellulose derivatives, alginates, pectins, 
starches, and other polysaccharides. Useful lipids include waxes, acylglycerols, and fatty acids. 
Composites contain both lipid and hydrocolloid components. A composite film can exist as a bilayer, 
in which one layer is a hydrocolloid and the other a lipid, or as a conglomerate, where the lipid and 
hydrocolloid components are interspersed throughout the film (Donhowe and Fennema, 1994). In 
addition, plasticizers, such as polyhydric alcohols, waxes, and oils, are added to improve flexibility 
and elongation of polymeric substances. Addition of surface-active agents (surfactants) and emulsi-
fiers reduces superficial water activity and rate of moisture loss in food products. Release agents 
and lubricants are added to prevent coated food products from sticking. These can include fats and 
oils, emulsifiers, petrolatum, polyethylene glycol, and silicone. For minimally processed fruits and 
vegetables, preservatives can be incorporated to retard surface growth of yeasts, molds, and bacte-
ria during storage and distribution. Antimicrobials that may be used include benzoic acid, sodium 
benzoate, sorbic acid, potassium sorbate, and propionic acid. Another example of useful additives 
to coatings is antioxidants. These compounds are added to edible coatings to protect against oxi-
dative rancidity, degradation, and discoloration. Certain phenolic compounds (butylated hydroxy-
anisole [BHA], butylated hydroxytoluene [BHT], or tertiary butylated hydroxyquinone [TBHQ]), 
tocopherols, or acids such as propyl gallate have antioxidant properties and inhibit oxidation of fats 
and oils in foods. There is also a synergistic effect between polyphenolic compounds and certain 
acidic substances, such as ascorbic, citric, and phosphoric acid, which are effective chelating agents. 
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Ethylene diamine tetraacetic acid (EDTA) and its salts are also widely used as metal chelators in 
food systems. Calcium chloride may be incorporated in coatings to improve the texture and color of 
food products (Cuppett, 1994; Baldwin et al., 1995a,b).

16.5.2.1 hydrocolloids
Hydrocolloid films can be used in applications where control of water vapor migration is not the 
objective. These films possess good barrier properties to oxygen, carbon dioxide, and lipids. Most 
of these films also have desirable mechanical properties, making them useful for improving the 
structural integrity of fragile products.

Hydrocolloids used for films and coatings can be classified according to their composition, 
molecular charge, and water solubility. In terms of composition, hydrocolloids can be either car-
bohydrates or proteins. Film-forming carbohydrates include starches, plant gums (e.g., alginates, 
pectins, and gum Arabic), and chemically modified starches. Film-forming proteins include gelatin, 
casein, soy protein, whey protein, wheat gluten, and zein.

The charged state of a hydrocolloid can be useful for film formation. Alginates and pectins 
require the addition of a polyvalent ion, usually calcium, to facilitate film formation. They, as well 
as proteins, are susceptible to pH changes because of their charged state. For some applications, an 
advantage can be gained by combining hydrocolloids of opposite charge such as gelatin and gum 
arabic.

Although hydrocolloid films generally have poor resistance to water vapor because of their 
hydrophilic nature, those that are only moderately soluble in water, such as ethylcellulose, wheat 
gluten, and zein, do provide somewhat greater resistance to the passage of water vapor than do 
the water-soluble hydrocolloids. However, certain polysaccharides, when used in the form of high-
moisture gelatinous coatings, will retard moisture loss from fresh products during short-term stor-
age. In this application, the gel coating acts as a sacrificing agent rather than a barrier to moisture 
transmission. With time, the coating will eventually dry out and dehydration of the enrobed food 
will commence (Kester and Fennema, 1986; Donhowe and Fennema, 1993).

16.5.2.1.1 Carbohydrates
16.5.2.1.1.1 Cellulose Derivatives Cellulose is present in all land plants and is the structural 
material of plant cell walls. Cellulose is a polysaccharide composed of linear chains of (1 → 4)-β-d-
glucopyranosyl units. In its native state, the hydroxymethyl groups of anhydroglucose residues are 
alternately located above and below the plane of the polymer backbone. This results in very tight 
packing of polymer chains and a highly crystalline structure that resists solvation in aqueous media. 
Water solubility can be increased by treating cellulose with alkali to swell the structure, followed 
by reaction with chloroacetic acid, methyl chloride, or propylene oxide to yield carboxymethylcel-
lulose (CMC), methylcellulose (MC), hydroxypropyl methylcellulose (HPMC), or hydroxypropyl 
cellulose (HPC). Placement of bulky substituents along the cellulose molecule, in the form of ether 
linkages at reactive hydroxyls, separates the polymer chains and interferes with formation of the 
crystalline unit cell, thereby enhancing aqueous solubility. The anionic CMC and nonionic MC, 
HPMC, and HPC possess excellent film-forming characteristics. HPC is unique among hydrophilic 
polymers in that it is a true thermoplastic resin and is, therefore, capable of being extruded into 
films from the molten state.

MC and HPMC display the unique property of reversible thermal gelation in aqueous systems. 
Both polymers are soluble in cold water, and as their aqueous solutions are heated, viscosity will 
decrease with an increase in temperature. However, at some critical temperature, a three-dimensional 
gel structure will form. This phenomenon is attributable to increased intermolecular  hydrophobic 
interactions caused by thermal disruption of hydration shells surrounding polymer chains. Upon 
cooling below the critical temperature, the gel will revert back to a solution. Aqueous solutions of 
MC form relatively strong gels at a critical temperature of approximately 50°C. Solutions of HPMC 
form thermally induced gels of lower strength at 50°C–85°C, the temperature depending on the 
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relative degree of methyl and hydroxypropyl substitution. Aqueous solutions of HPC do not form 
gels on heating but rather flocculate at about 40°C (Kester and Fennema, 1986; Hui, 1992; Nisperos-
Carriedo, 1994; Krochta and Mulder-Johnston, 1997).

16.5.2.1.1.2 Chitosan Chitosan ([(1,4)-linked 2-amino-2-deoxy-β-d-glucan]) is a deacetylated 
form of chitin, a naturally occurring cationic biopolymer. After cellulose, chitin is the next most 
abundant polysaccharide on the planet. It is a component of the supporting material of Crustacea, 
insect skeletons, and fungi.

Chitosan might be an ideal preservative coating for fresh fruit and vegetables because of its 
film-forming and biochemical properties. Unlike other coating materials, chitosan is known to be 
antifungal to several fungi, including Botrytis cinerea Pers. ex Fr. and Rhizopus stolonifer Her 
ex Fr., to induce chitinase, a defense enzyme, and to elicit phytoalexin (pisatin) accumulation in 
pea (Pisum sativum L.) pods. Since chitosan can form a semipermeable film, coating fruits and 
vegetables with chitosan may modify the internal atmosphere of the tissue and consequently delay 
ripening (Ghaouth et al., 1992).

16.5.2.1.1.3 Pectin Pectin is a complex group of structural polysaccharides found in the mid-
dle lamella of plant cells. The major commercial sources of pectins are citrus peel and apple 
pomace. It is composed mainly of d-galacturonic acid polymers with varying degrees of methyl 
esterification. Chemical de-esterification yields low-methoxyl pectins which, when dissolved in 
aqueous media, are capable of forming gels in the presence of calcium ions. The function of 
the ionic calcium is to bridge free carboxyl groups on adjacent polymer molecules. Once the 
polymer chains are aligned, hydrogen bonding between neighboring chains strengthens the asso-
ciation (Kester and Fennema, 1986; Nisperos-Carriedo, 1994). These coatings have high water 
vapor permeabilities, and the only way they can prevent dehydration is by acting as sacrificial 
agents. Coating the film with lipids may increase the resistance to water vapor transmission rates 
(Nisperos-Carriedo, 1994).

16.5.2.1.1.4 Starches and Derivatives Starch, the reserve polysaccharide of most plants, occurs 
widely in nature and is the most commonly used food hydrocolloid. This is partly because of the 
wide range of functional properties it can provide in its natural and modified forms and partly 
because of its low cost relative to alternatives. Starches can be derived from tubers (potato, tapi-
oca, arrowroot, and sweet potato), stem (sago), and cereals (corn, waxy maize, wheat, and rice) 
(Nisperos-Carriedo, 1994). Normal corn starch consists of approximately 25% amylose and 75% 
amylopectin. Amylose is a linear chain of d-glucose residues linked through α-1,4 glycosidic bonds. 
Amylopectin is a branched molecule consisting of glucose units connected by α-1,4 and α-1,6 link-
ages. Because linear polymers have better film-forming properties, the commercial development of 
high amylose corn starch in the 1950s led to the investigation of these starches as edible coatings 
and barriers (Kester and Fennema, 1986). Mutant varieties of corn are produced, which contain 
starch with up to 85% amylose. Linear polymers like amylose, cellulose, and mannan tend to crys-
tallize and in their pure form are insoluble in water. The use of amylose in film-forming requires 
high temperatures and pressures or chemical modification of the amylose to form the more soluble 
hydroxypropyl amylose. In general, fruits and vegetables can be coated with solutions of amylose 
containing plasticizers such as glycerol or emulsifiers. Of special interest are the reported low-
oxygen barrier properties of amylose films (Hui, 1992).

Dextrins, starch hydrolysates of low-dextrose equivalent (DE), have been suggested for use 
as protective coatings. Although hydrophilic in nature, starch hydrolysates do provide a limited 
resistance to the transport of water vapor. Starch films have very minimal resistance to water 
vapor transport, while films of low-DE dextrin and corn syrup are approximately two- to three-
fold more resistant. They have found application on minimally processed fruits (Kester and 
Fennema, 1986).
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16.5.2.1.1.5 Seaweed Extracts
Alginates
Alginates are salts of alginic acid. They occur naturally as the major structural polysaccharides of 
brown seaweeds known as Phaeophyceae. Alginic acid is considered to be a linear (1 → 4) linked 
polyuronic acid containing three types of block structures: poly-β-d-mannopyranosyluronic acid 
(M) blocks, poly-α-l-gulopyranosyluronic acid (G) blocks, and MG blocks containing both poly-
uronic acids (Nisperos-Carriedo, 1994).

Film formation, which may or may not involve gelation, can be achieved by evaporation, elec-
trolyte crosslinking, or injection of a water-miscible nonsolvent for alginate. Film strength and per-
meability can be altered through the concentration of the polyvalent cation, the rate of its addition 
and time of exposure, pH, temperature, and the presence of other constituents (e.g., hydrocolloids, 
fillers, etc.).

Alginates react with several polyvalent cations to form gels, and this is useful in film formation. 
Calcium ions are the most effective gelling agents. The mechanism of calcium gelation involves 
cooperative association of M and G polymer segments to form aggregate structures with calcium 
ions coordinated in the interstices. The effect of the calcium ions is to pull the alginate chains 
together via ionic interactions, after which interchain hydrogen bonding occurs. Chain segments 
consisting of alternative mannuronic and guluronic acid residues do not interact with calcium but 
rather serve to link the aggregate structures, thus yielding a three-dimensional gel network (Kester 
and Fennema, 1986).

Alginate films are impervious to oils and fats but are poor moisture barriers. Despite this, algi-
nate gel coatings can significantly reduce moisture loss from foods by acting sacrificially. In other 
words, moisture is lost from the coating before the food significantly dehydrates. Alginate coatings 
are good oxygen barriers, can retard lipid oxidation in foods, and can improve flavor, texture, and 
adhesion (Krochta and Mulder-Johnston, 1997).

Carrageenan
Carrageenan is extracted from several species of red seaweeds and is a complex mixture of several 
polysaccharides. The three principal carrageenan fractions, kappa (κ), iota (ι), and lambda (λ), differ 
in sulfate ester and 3,6-anhydro-α-d-galactopyranosyl content (Baldwin et al., 1995b).

Upon cooling a warm aqueous solution of the polymer, gelation occurs, presumably by the for-
mation of a double-helix structure to yield a three-dimensional polymer network. In addition, since 
gelation is salt-specific, interchain salt bridges must be important. As is true of other gelling poly-
saccharides, a carrageenan gel coating will act as a sacrificing agent to retard moisture loss from an 
enrobed food (Kester and Fennema, 1986).

16.5.2.1.2 Proteins
16.5.2.1.2.1 Corn Zein Zein is the only corn protein that continues to be produced  commercially. 
It is characterized by its ability to form tough, glossy, hard, grease-proof coatings after evaporation of 
aqueous alcoholic solutions. Zein is a mixture of proteins with an average molecular weight of 45,000 
in the native state. However, during commercial extraction some disulfide bonds among polypeptide 
chains break, yielding a product with molecular weight of 25,000–35,000. Two zein fractions can 
be isolated on the basis of differential solubility: α-zein soluble in 95% ethanol and β-zein soluble 
in 60% ethanol. In terms of the amino acid composition, zein has a high content of nonpolar hydro-
phobic amino acids, such as leucine, alanine, and proline. This fact is responsible for the insolubility 
of zein in water, the insolubility in anhydrous alcohols and the solubility in a mixture of the two. 
Zein also contains a high level of glutamic acid, about 20%–22%, which exists mostly as glutamine. 
Glutamine contributes to the insolubility of zein in water through hydrogen bonding (Gennadios and 
Weller, 1990).

In the past, zein has been used in numerous nonedible applications based on its coating- forming 
ability. These applications include coatings for flexographic inks in the printing industry, cap liners, 
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special coatings in photographic films, textile fibers, floor and label coatings, and can linings. 
Even today small quantities of zein are used for the formulation of some of the above products. 
Currently, the major use of zein is in the formulation of edible coatings for pharmaceutical tablets 
and confectionery products (Gennadios and Weller, 1990; Beck et al., 1996). Corn zein coating is 
a good barrier to oxygen, but its water vapor permeability is about 800 times higher than a typical 
shrink wrapping film (Park et al., 1994b).

16.5.2.1.2.2 Wheat Gluten Wheat gluten (a general term for the water-insoluble proteins of 
wheat flour) is composed of a mixture of polypeptide molecules considered to be globular proteins. 
Cohesiveness and elasticity of gluten give integrity to wheat dough and facilitate film formation.

Gluten, which accounts for 80%–85% of the total wheat flour proteins, can be obtained by 
kneading wheat flour dough and gently washing away starch and other soluble materials in a dilute 
acid solution or in an excess of water. The gluten can then be separated into two fractions of almost 
equal quantities. One fraction is soluble in 70% ethanol and is called gliadin, while the other frac-
tion, insoluble in the same solvent, is called glutenin (Gennadios and Weller, 1990).

Wheat gluten films are reported to be good barriers to O2 and CO2 and their mechanical proper-
ties are comparable to polymeric films. However, these films have high water permeability due to 
their hydrophilic nature (Baldwin et al., 1995b). The addition of a plasticizing agent is considered 
necessary in order to overcome the brittleness of the film, a condition that may exist for almost all 
edible protein films. This brittleness is due to extensive intermolecular forces. Plasticizers reduce 
these forces, soften the rigidity of the film structure, increase the mobility of the biopolymer chains, 
and thereby improve the mechanical properties of the films. On the other hand, the resulting looser 
structure reduces the ability of the film to act as a barrier to the diffusion of various gases and 
vapors (Gennadios and Weller, 1990).

16.5.2.1.2.3 Soy Protein The protein content of soybeans (38%–44%) is much higher than the 
protein content of cereal grains (8%–15%). Most of the protein in soybeans can be classified as 
globulin. A widely used nomenclature system for soy proteins is based on relative sedimentation 
rates of protein ultracentrifugal fractions. Four such fractions are separable and are designated as 
2S, 7S, 11S, and 15S fractions. 7S and 11S are the main fractions making up about 37% and 31%, 
respectively, of the total water-extractable protein (Gennadios et al., 1994).

Protein in the form of meal is one of the typical end products from soy-bean industrial process-
ing. Protein meal can be further “concentrated” for the production of soy protein concentrates and 
soy protein isolates. Soy protein concentrates contain at least 70% protein on a dry basis and are 
produced by extracting and removing soluble carbohydrates and other minor components from the 
defatted protein meal. Soy protein isolates contain at least 90% protein on a dry basis. Their produc-
tion from defatted protein meal involves extraction with dilute alkali and centrifugation (Gennadios 
et al., 1994).

The film-forming ability of soy protein has been noted along with a number of other functional 
properties, such as cohesiveness, adhesive mess, water and fat absorption, emulsification, dough 
and fiber formation, texturizing capability, and whippability. Edible films from soybeans have been 
traditionally produced in the Orient on the surface of heated soymilk. Protein-based films in gen-
eral are very effective oxygen barriers. Their ability to act as water vapor barriers is limited due to 
the hydrophilic nature of proteins. Films in contact with high-moisture foods do not maintain their 
integrity. Also, high relative humidity gradients across the films reduce their oxygen barrier ability. 
This results from the plasticization induced by the high amounts of water vapor transmitted through 
the films (Gennadios and Weller, 1991; Gennadios et al., 1994).

16.5.2.1.2.4 Milk Protein Milk has a protein content of about 33 g/L. Whey proteins and 
casein are the main milk protein fractions, with casein representing 80% (27 g/L) of the total 
milk proteins. The casein fraction predominantly consists of phosphoproteins characterized by 
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their precipitation at pH 4.6 and 20°C. It contains four principal components: as1-, as2-, β-, and 
κ-caseins. The primary and secondary structures of these proteins affect their functional proper-
ties. Caseins contain low levels of cysteine, with the exception of κ-casein. Whey proteins are 
characterized by their solubility at pH 4.6. Whey protein contains five protein types: α-lactalbumin, 
β-lactoglobulin, bovine serum albumin, immunoglobulins, and proteosepeptones. Liquid whey is a 
by-product of cheese manufacture, and the annual production of fluid whey is rising. However, the 
majority of it is not used. High nutritional quality, water solubility, and emulsification capability 
of milk proteins make their use in edible film formation very attractive (Gennadios et al., 1994; 
McHugh and Krochta, 1994b).

Caseins have not been as extensively investigated as other protein ingredients for their film-
forming potential. Caseins form films from aqueous solutions without further treatment due to 
their random coil nature and ability to extensive hydrogen bonding. It is believed that electrostatic 
interactions also play an important role in the formation of casein-based edible films. The ability 
to function as a surfactant makes casein a very promising material for the formation of emulsion 
films. Casein films, being transparent, flavorless, and flexible, are attractive for use on food products 
(Gennadios et al., 1994; McHugh and Krochta, 1994a).

16.5.2.2 lipids
Lipid films are often used as a barrier to water vapor, or as coating agents for adding gloss to con-
fectionery products. Their use in a pure form as free-standing films is limited because most lack 
sufficient structural integrity and durability.

Waxes are commonly used for coating fruits and vegetables to retard respiration and lessen 
moisture loss. Formulation for wax coatings varies greatly and their composition is often propri-
etary. Acetylated mono-glycerides are frequently added to wax formulations to add pliability to 
the coating.

Shellac coatings, when formed on a supporting matrix, provide effective barrier properties to 
gases and water vapor (Hagenmaier and Shaw, 1991). Although fatty acids and fatty alcohols are 
effective barriers to water vapor, their fragility requires that they be used in conjunction with a sup-
porting matrix.

Many lipids exist in crystalline form and their individual crystals are highly impervious to gases 
and water vapor. Since the permeate can pass between crystals, the barrier properties of crystalline 
lipids are highly dependent on the intercrystalline packing arrangement. Lipids consisting of tightly 
packed crystals offer greater resistance to diffusing gases than those consisting of loosely packed 
crystals. Also, crystals oriented with their major planes normal to permeate flow provide better bar-
rier properties than crystals that are oriented differently.

Lipids existing in a liquid state or having a large proportion of liquid components offer less resis-
tance to gas and water vapor transmission than those in a solid state, indicating that the molecular 
mobility of lipids detracts their barrier properties.

The barrier properties of lipids having crystalline properties can be influenced both by temper-
ing and polymorphic form (Donhowe and Fennema, 1994).

16.5.2.2.1 Waxes and Oils
16.5.2.2.1.1 Beeswax Also known as white wax, beeswax is secreted by honey bees for comb 
building. The wax is harvested by certifuging the honey from the wax combs and is then melted with 
hot water, steam, or solar heating. Beeswax consists mostly of monofunctional alcohols C24–C34. 
This wax is very plastic at room temperature but becomes brittle at colder temperatures. It is soluble 
in most other waxes and oils (Hernandez, 1994).

16.5.2.2.1.2 Candelilla Wax Candelilla wax is an exudate of the Candelilla plant (Euphorbia 
cerifera, Euphorbia antisyphilitica, Pedilanthus parvonis, P. aphyllus), a red-like plant that grows 
mostly in Mexico and southern Texas. The wax is recovered by immersing the plant in boiling 
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water, after which the wax is skimmed off the surface, refined, and bleached. This wax sets very 
slowly, taking several days to reach maximum hardness (Hernandez, 1994).

16.5.2.2.1.3 Carnauba Wax Carnauba wax is extracted from the leaves of the palm tree known 
as the “Tree of Life (Copernica cerifera),” found mostly in Brazil. It has the highest melting point 
and specific gravity compared to other commonly found natural waxes and is added to other waxes 
to increase melting point, hardness, toughness, and luster. Refined carnauba wax consists mostly 
of saturated wax acid esters with 24–32 hydrocarbons and saturated long-chain monofunctional 
alcohols. There are several grades of carnauba wax available (from crude to refined), but coat-
ing companies are reluctant to indicate which grades are most commonly used in edible coatings 
(Hernandez, 1994).

16.5.2.2.1.4 Paraffin Wax Paraffin wax is derived from the wax distillate fraction of crude 
petroleum. It is composed of hydrocarbon fractions of the generic formula CnH2n+2 ranging from 18 
to 32 carbon units. Synthetic paraffin wax is allowed for food use in the United States. It consists 
of a mixture of solid hydrocarbons resulting from the catalytic polymerization of ethylene. Both 
natural and synthetic paraffins are refined to meet FDA specifications for ultraviolet absorbance. 
Synthetic paraffin wax should not have an average molecular weight lower than 500 or higher than 
1200 (Hernandez, 1994).

16.5.2.2.1.5 Polyethylene Wax Oxidized polyethylene is defined as the basic resin pro-
duced by the mild air oxidation of polyethylene, a petroleum by-product. It should have a mini-
mum average molecular weight of 1200, as determined by high-temperature vapor pressure 
osmometry, a maximum of 5% total oxygen by weight, and an acid value of 9–19 according to 
the Federal Code of Regulations. Several grades of polyethylene wax are available to obtain 
desired emulsion properties. These waxes differ in molecular weight (affecting viscosity), den-
sity (affecting hardness), and softening point. Polyethylene waxes, although being less popular 
lately, are used to make emulsion coatings. Methods of emulsification include wax to water 
emulsification, where the wax is combined with a fatty acid (food grade oleic acid) and heated. 
Morpholine is then added, and the mixture is combined with hot water, agitated, and cooled 
(Hernandez, 1994).

16.5.2.2.1.6 Mineral and Vegetable Oils White mineral oil consists of a mixture of liquid 
paraffinic and naphthenic hydrocarbons and is allowed for use as a food release agent and as a 
protective coating agent for fruits and vegetables in an amount not exceeding good manufacturing 
practices. More edible coatings, derived from vegetable oils (e.g., palm oil, sunflower oil, safflower 
oil, coconut oil, canola oil, castor oil, peanut oil, and soybean oil), have been suggested as substi-
tutes for the petroleum-based mineral oils. However, these coatings may suffer from flavor-stability 
problems. Use of commercial, partially hydrogenated vegetable oil that is resistant to rancidity gives 
better results (Kester and Fennema, 1986; Hernandez, 1994; Scott et al., 1995).

16.5.2.2.2 Acetoglycerides
Long-chain alcohols, such as stearyl alcohol (C18H38O), are commonly used as additives in edi-
ble coatings due to their high melting point and hydrophobic characteristics. They are usually 
extracted from sperm whale oil. Long-chain fatty acids, such as stearic and palmitic acid, are also 
commonly used in edible coatings for their higher melting points and hydrophobicity (Hagenmaier 
and Shaw, 1990).

Acetylation of glycerol monostearate, by its reaction with acetic anhydride, yields 1- stearodiacetin. 
This acetylated monoglyceride displays the unique characteristic of solidifying from the molten 
state into a flexible wax-like solid. Most lipids in the solid state can be stretched to only about 
102% of their original length before fracturing. Acetylated glycerol monostearate, however, can be 
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stretched up to 800% of its original length. It has been determined that highly stretchable, solid-
phase acetylated monoglycerides exist in the alpha (α) polymorphic form. Stability of the α crystal-
line form of acetylated monoglycerides is exceptionally good at room temperature, especially if 
impurities are present. Flexibility of acetylated glycerol monostearate in the α polymorphic form is 
attributed to the unordered network of interlocking ribbon-like crystals. Upon stretching, order of 
the crystalline matrix is enhanced by alignment of neighboring crystallites. Barrier properties of 
acetylated glycerol monostearate improve as the degree of acetylation increases. This is, of course, 
due to the removal of free hydroxyl groups, which would otherwise interact directly with migrating 
water molecules (Kester and Fennema, 1986).

16.5.2.2.3 Sucrose Polyester (SPE)
SPE is a fat-like material, miscible in triglycerides and insoluble in water. SPE consists of a mix-
ture of hexa-, hepta-, and octo-esters formed by the reaction of sucrose with long-chain fatty acids, 
which are not hydrolyzed by the lipolytic enzymes in the intestinal tract and thus are not absorbed. 
For this reason, SPE is unable to be absorbed by the body although it has the taste and consistency 
of conventional vegetable oil. In addition, SPE reduces the absorption and increases the excretion of 
bile acids containing cholesterol (Toma et al., 1988).

16.5.2.2.4 Resins and Rosins
16.5.2.2.4.1 Shellac Resin Shellac resin is a secretion by the insect Laccifer lacca and is mostly 
produced in central India. This resin is composed of a complex mixture of aliphatic alicyclic hydroxy 
acid polymers (e.g., aleuritic and shelloic acids). Shellac is soluble in alcohols and in alkaline solu-
tions. It is also compatible with most waxes, resulting in improved moisture-barrier properties and 
increased gloss for coated products. Other natural resins used in food coatings include copal, damar, 
and elemi (Hernandez, 1994).

16.5.2.2.4.2 Coumarone-Indene Resin Coumarone-indene resin is a petroleum and/or coal tar 
by-product. It is 100% aromatic in content and exhibits excellent resistance to alkalis, dilute acids, 
and moisture. Several grades are available, varying in melting point, molecular weight, and viscos-
ity (Hernandez, 1994).

16.5.2.2.4.3 Wood Rosin Rosins are obtained from the oleoresins of pine trees, either as 
an exudate or as tall oil, a by-product from the wood pulp industry. It is the residue left after 
distillation of volatiles from the crude resin. Wood rosin is composed of approximately 90% 
abietic acid (C20H32O2) and its isomers and 10% dehydroabietic acid (C20H28O2). Wood resin can 
be modified by hydrogenation, polymerization, isomerization, and decarboxylation to make it 
less susceptible to oxidation and discoloration and to improve its thermoplasticity. Drying oils, 
such as some vegetable oils, may be esterified with some glycol derivatives (e.g., butylenes, 
ethylene, polyethylene, and polypropylene) to form resinous and polymeric coating components 
(Hernandez, 1994).

16.5.2.3 Composites/Bilayers
Edible films and coatings formed with several compounds (composite films or bilayer films if each 
compound forms a separate layer) have been developed to take advantage of the complementary 
functional properties of these different constitutive materials and to overcome their respective draw-
backs. Most composite films studied up to now combine a lipidic compound and a hydrocolloid-
based structural matrix. When a barrier to water vapor is desired, the lipid component can serve this 
function, while the hydrocolloid component provides the necessary durability and the appropriate 
selective barrier to gases. These films are recommended as coatings for processed fruits and veg-
etables (Cuq et al., 1995; Wu et al., 2002).
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16.5.3 safety anD health issues

Determination of the acceptability of materials for edible polymer films follows procedures identi-
cal to determining the appropriateness of such materials for food formulation:

 1. An edible polymer will be generally recognized as safe (GRAS) for use in edible films 
if the material has previously been determined GRAS, and its use in an edible film is in 
accordance with current good manufacturing practices (food grade, prepared and handled 
as a food ingredient, and used in amounts no greater than necessary to perform its func-
tion) and within any limitations specified by the Food and Drug Administration (FDA) 
(Table 16.1).

 2. If the edible polymer film material used is not currently GRAS, but the manufacturer can 
demonstrate its safety, the manufacturer may either file a GRAS affirmation petition to the 
FDA or proceed to market without FDA concurrence (self-determination).

 3. The manufacturer may not need to establish that the use of the edible polymer in edible 
films is GRAS if the material received pre-1958 FDA clearance and thus has “prior 
sanction.”

 4. Finally, if the material cannot be demonstrated to be GRAS or does not have “prior-
sanction,” the manufacturer must submit a food additive petition to the FDA prior to 
its use.

Food processors considering the use of protein-based films must be aware that some consumers 
have wheat gluten intolerance (celiac disease), milk protein allergies, or lactose intolerance. Use 
of such films as coatings on foods must be declared appropriately to the consumer, no matter how 
small the amount used. The nutritional quality of materials used for edible films may be affected, 
negatively or positively, by the temperature, pH, and/or solvents used in film preparation. Aside 
from these considerations, no intrinsic nutritional or health problems have been identified for 
edible films. In fact, edible films can be carriers of nutritional supplements, and protein-based 
films, depending on protein quality, can provide an important nutritional enhancement to the food. 
Attention to the microbial safety of edible films is guided by standard considerations of water 
activity, pH, temperature, oxygen supply, and time. Importantly, edible films are effective carri-
ers of antimicrobials, which improve the microbial stability of film and food alike (Krochta and 
Mulder-Johnston, 1997).

16.5.4 film formation anD appliCation

16.5.4.1 Formation
Film-forming substances are able to form a continuous structure by settling the interactions between 
molecules under the action of a chemical or physical treatment. The film and coating formation 
involves one of the following processes (Kester and Fennema, 1986; Donhowe and Fennema, 1994; 
Debeaufort et al., 1998; Schmitt et al., 1998):

 1. Melting and solidification of solid fats, waxes, and resins
 2. Simple coacervation where a hydrocolloid dispersed in aqueous solution is precipited or 

gelified by the removal of solvent, the addition of a nonelectrolyte solute in which the poly-
mer is not soluble, the addition of an electrolyte substance inducing a “salting-out” effect, 
or the modification of the pH of the solution

 3. Complex coacervation, where two hydrocolloid solutions with opposite charges are com-
bined, inducing interactions and the precipitation of the polymer mixture.

 4. Thermal gelation or coagulation, for example, through heating of a macromolecule solu-
tion, which involves denaturation, gelification, precipitation, or by rapid cooling of a 
hydrocolloid solution that induces a sol–gel transition.
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taBle 16.1
polysaccharide, protein, and lipid Compounds permitted for use as Components (Film 
Formers, emulsifiers, plasticizers, surfactants, etc.) in Commercial and experimental 
Coatings for Food systems and their Citation in the code of Federal regulations

ingredient Food use 21 CFr Citation 

Polysaccharides

 Cellulose and derivatives

  Carboxymethyl cellulose Multipurpose GRAS substance 182.1745

  Methylcellulose Multipurpose GRAS substance 182.1480

  Hydroxypropyl cellulose Emulsifier, film former, protective colloid, 
stabilizer,suspending agent, thickener

172.870

  Hydroxypropyl methylcellulose Emulsifier, film former, protective colloid, 
stabilizer,suspending agent, thickener

172.874

 Starches and derivatives

  Raw GRAS substances 182.70, 182.90

  Modified starch Component of batter, multipurpose substance 172.892, 182.70

  Pregelatinized Multipurpose additive 172.892

  Dextrin Formulation aid, processing aid, stabilizer, thickener, 
surface-finishing agent

184.1277

  Maltodextrin GRAS substance 184.1444

  Pectins Emulsifier, stabilizer, thickener 184.1588

 Seaweed extracts

  Alginates Stabilizer, thickener, humectant, texturizer, formulation aid, 
firming agent, flavor adjuvant, flavor enhancer, processing 
aid, surface active agent

184.1133, 
184.1187, 
184.1610, 
184.1724

  Carrageenans Emulsifier, stabilizer, thickener 172.620

 Gums

  Gum arabic Emulsifier, formulation aid, stabilizer, thickener, humectant, 
texturizer, surface-finishing agent, flavoring agent, adjuvant

184.1330

  Guar gum Emulsifier, formulation aid, stabilizer, thickener, firming agent 184.1339

  Xanthan Stabilizer, emulsifier, thickener, suspending agent, bodying 
agent, foam enhancer

172.695

  Chitosan Not approved

Proteins

 Zein GRAS 184.1984

 Wheat gluten GRAS 184.1322

 Whey proteins GRAS 184.1979c

Lipids

 Acetylated monoglyceride Multipurpose additive 172.828, 175.230

 Beeswax GRAS 184.1973

 Candelilla wax GRAS 184.1976

 Carnauba wax GRAS 184.1978

 Castor oil Release agent, component of coatings 172.876

 Coumarone-indene resin Coating component for fresh citrus 172.215

 Di acetyl tartaric acid esters of 
mono- and diglycerides

GRAS 184.1101

 Ed ible oils (palm, soy, corn, 
coconut, etc.)

Allowed as food components not subject to FDA regulation —

 Fatty acids Coating component for fresh citrus, lubricant, defoamer 172.860, 172.210

(Continued)
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Coatings are formed directly on the food product using either liquid film-forming solutions 
(or dispersions) or molten compounds (e.g., lipids). They can be applied by different methods: with 
a paint brush or by spraying, dipping–dripping, fluidizing, etc. Films are preformed separately from 
the food product. They can be produced, for instance, by drying a film-forming solution on a drum-
drier, by cooling a molten compound, or through standard techniques used to form synthetic pack-
aging, for example, thermoforming or extrusion techniques for thermoplastic materials (Kester and 
Fennema, 1986; Cuq et al., 1995).

16.5.4.2 application
16.5.4.2.1 Dip Application
Dipping fruits and vegetables into a tub or tank of the coating material is adequate usually for 
small quantities of commodities. The produce is washed, dried, and then immersed in the dip tank. 

taBle 16.1 (continued)
polysaccharide, protein, and lipid Compounds permitted for use as Components (Film 
Formers, emulsifiers, plasticizers, surfactants, etc.) in Commercial and experimental 
Coatings for Food systems and their Citation in the code of Federal regulations

ingredient Food use 21 CFr Citation 

 Glyceryl monostearate GRAS 184.1324

 Lactylic esters of fatty acids Emulsifier, plasticizer, surfactant for dried fruits and 
vegetables

172.848

 Me thyl and ethyl esters of fatty 
acids

Coating component for grape dehydration 172.225

 Mineral oil, white Coating component for fresh fruits and vegetables, hot melt 
for frozen meat, lubricant, release agent

172.878

 Mono- and diglycerides GRAS 184.1505

 Morpholine salts of fatty acids Coating component for fresh fruits and vegetables 172.235

 Oleic acid Coating component for fresh citrus fruit, lubricant, defoamer 172.210, 172.862

 Oxidized polyethylene Protective coating or component of coating for certain fruits 
and vegetables

172.260

 Petrolatum Protective coating for certain fresh fruits and vegetables 172.880

 Petroleum naphtha Coating component for fresh citrus fruit 172.250

 Petroleum wax Coating component for cheese, fresh fruits and vegetables, 
microcapsules for spice flavoring

172.886

 Polyethylene glycol Coating component for fresh citrus fruit, coating, plasticizer, 
lubricant in tablets

172.210, 172.820

 Rice bran wax Coating for candy, fresh fruits and vegetables, plasticizer for 
chewing gum

172.890

 Shellac resin Coating component 175.300

 Sodium lauryl sulfate Coating component for confectionery, fresh fruits and 
vegetables, emulsifier, surfactant

172.210, 172.822

 Stearic acid GRAS 184.109

 Sucrose fatty acid esters Emulsifier, coating component for certain fresh fruits 172.859

 Sy nthetic isoparaffinic petroleum 
hydrocarbons

Coating component for fruits and vegetables 172.882

 Sy nthetic paraffin and succinic 
derivatives

Protective coating or component of coating for certain fruits 
and vegetables

172.275

 Synthetic petroleum wax Coating component for cheese, fresh fruits, and vegetables, 
defoamer

172.888

 Wood rosin Coating component 175.300
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Duration of immersion is not important, but complete wetting of the fruit or vegetable is impera-
tive for good coverage. The commodity is then either conveyed to a drier where water is removed 
or allowed to dry under ambient conditions. The continuous dipping of fruits and vegetables into 
a largely static milieu results in unacceptable buildup of decay organism, soil, and trash in the dip 
tank. The dip tanks can be equipped with a porous basket, which can be lifted to strain and remove 
debris. In addition, fruit entering the dip tank must be completely dry to avoid dilution of the resin 
solution or emulsion coating. For these reasons, other coating methods are more desirable where 
considerable quantities of fruits and vegetables are to be coated (Grant and Burns, 1994).

16.5.4.2.2 Spray Application
Spray application is the conventional method for applying most coatings to fruits and vegetables. 
Films applied by spraying can be formed in a thinner, more uniform manner than those applied 
by dipping. Low-pressure spray applicators used in the past delivered coating in excess. Often, 
recovery wells were utilized, and excess coating was recirculated. As with dip application, dilution 
and contamination were of concern. Later, high-pressure spray applicators delivering coatings at 
60–80 psi became available, which used much less coating material and gave equal or better cover-
age, negating the need for recovery wells and recirculation (Donhowe and Fennema, 1994; Grant 
and Burns, 1994).

16.5.4.2.3 Casting
This technique, useful for free-standing films, is borrowed from methods developed for nonedible 
films. Coating is simple and allows film thickness to be controlled accurately on smooth, flat sur-
faces. Casting can be accomplished by controlled-thickness spreading or by pouring (Donhowe and 
Fennema, 1994).

The degree of cohesiveness of the matrix is a critical parameter affecting the functional prop-
erties of edible films. It is sometimes difficult to obtain adequate adhesion of the film to the food 
product, for instance, when a hydrophobic film-forming material is used to protect a hydrophilic 
food product (e.g., minimally processed fruits and vegetables). In such cases, surface-active 
agents can be coated on the food or added to the film-forming solution, or a material capable of 
adhering to both components can be applied as an intermediate precoating (Cuq et al., 1995). 
Sometimes, trapping of lipid molecules within a matrix is useful. For example, an emulsion 
mixture of casein and acetylated monoglycerides will form a coagulum by adjusting the pH to 
the isolectric point (pH = 4.6). The lipid molecules are presumably trapped within the matrix 
of the casein coagulum. The same result can be obtained if a polymer with functional groups, 
such as alginate, is added at the emulsion, which along with the association of polyglucuronic 
acid (of the endemic pectin on the cut surface of fruit or vegetable) and calcium ions form a 
three-dimensional network containing casein, with acetylated monoglyceride dispersed in the 
interstices (Wong et al., 1994b).

16.5.5 film permeability

Since several of the functional properties of an edible film or coating relate to resistance to gas, 
vapor, or solute transport, it is appropriate to briefly review the theoretical derivation of the per-
meability equation as it applies to films. Permeability is defined as transmission of a penetrant 
through a resisting material. In the absence of cracks, pinholes, or other flaws, the primary mech-
anism for gas and vapor flow through a film or coating is by activated diffusion; that is, the pen-
etrant dissolves in the film matrix at the high-concentration side, diffuses through the film driven 
by a concentration gradient, and evaporates from the other surface. The second step of the pro-
cess, that is, diffusion, depends upon size, shape, and polarity of the penetrating molecule as well 
as polymer-chain segmental motion within the film matrix. Factors affecting segmental motion of 
polymer chains include interchain attractive forces such as hydrogen bonding and van der Waals’ 
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interactions, degree of crosslinking, and amount of crystallinity. The dissolution and evaporation 
steps are influenced by the solubility of the penetrant in the film (Kester and Fennema, 1986).

The permeation can be described mathematically by Fick’s first law. The flux (J), which is pro-
portional to the concentration gradient, can be defined in one direction as follows:

 
J D

C

X
= − ∂
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  (16.1)

where
J is the flux, the net amount of solute that diffuses through unit area per unit time (g/m2 · s or mL/m2 · s)
D is the diffusivity constant (m2/s)
C is the concentration gradient of the diffusing substance
X is the thickness of the film (m)

Given the assumptions that (a) the diffusion is in steady state and (b) there is a linear gradient 
through the film, the flux (J) can be expressed as
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where
Q is the amount of gas diffusing through the film (g or mL)
A is area of the film (m2)
t is the time (s)

After application of Henry’s law, the driving force is expressed in terms of partial pressure differ-
ential of gas and a rearrangement of terms yields the following equation in terms of permeability.
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where
S is the Henry’s law solubility coefficient (mole/atm)
Δp is partial pressure difference of the gas across the film (Pa)
P is the permeability ((mL or g) m/m2 · s · Pa)

Then, the permeabilities of O2, CO2, and H2O vapor can be calculated from the following equation 
(Park, 1999):

 
P
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 (16.4)

The diffusion and solubility of permeants are affected by temperature and by the size, shape, and 
polarity of the diffused molecule. Moreover, these two parameters depend on film characteristics, 
including the type of forces influencing molecules of the film matrix, the degree of crosslinking 
between molecules, the crystallinity, the presence of plasticizers or additives, etc. (Gontard and 
Guilbert, 1992; Cuq et al., 1995).

Permeability is only a general feature of films or coatings when the diffusion and solubility 
coefficients are not influenced by permeant content, that is, when Fick’s and Henry’s laws apply. In 
practice, for most edible films, the permeant interacts with the film, and the D and S coefficients 
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are dependent on the difference in partial pressure. For instance, in relation to the water vapor 
permeability of hydrophilic polymer films, the water solubility and diffusion coefficients increase 
when the water vapor differential partial pressure increases because of the moisture affinity of the 
film (nonlinear sorption isotherm) and because of increased plasticization of the film due to water 
absorption. The film thickness can also influence permeability when using film-forming materi-
als that do not behave ideally. The permeability of an edible film is thus defined as a property of 
the film-permeant complex, under specified temperature and water activity conditions (Kester and 
Fennema, 1986; Cuq et al., 1995).

16.5.5.1 Water Vapor permeability
One of the most important properties of an edible film is its water vapor permeability (WVP). The WVPs 
of several edible films are available in the literature. When comparing these values, it is important to 
recognize two items. First, different conditions were employed for the testing of these films. Therefore, 
experimental differences must be taken into account when examining these data. For example, relative 
humidity (RH) effects must be considered. Also, the effect of RH on WVP of edible films is substantial. 
RH was shown to have an exponential effect on WVP of whey protein films (McHugh et al., 1994). 
Therefore, small differences in RH during testing can result in drastic changes in permeability. In any 
case, true experimental conditions should be considered as may result in errors (McHugh et al., 1993).

Polysaccharide films are generally rather poor water barriers due to their hydrophilic nature. 
However, most pure polysaccharide films do not require the addition of plasticizers and, therefore, 
tend to exhibit lower WVPs than most protein films. The incorporation of lipids to polysaccharide-
based films resulted in films that are exceptionally good barriers to water. Permeability of a HPMC 
film is very dependent on the type and quantity of fatty acids. The longer chain fatty acids make 
better barriers (Hagenmaier and Shaw, 1990). Besides, WVPs of cellulose-derivative-based films 
increased as the molecular weight (MW) of the cellulose increased (Park et al., 1993). Composite 
films of chitosan–laurate were shown to have low permeability, while films containing other fatty 
acids or esters were not effective (Wong et al., 1992). Another polysaccharide-based edible film 
constructed from peach puree had similar water vapor permeability (McHugh et al., 1996).

Protein-based edible films have relatively high WVPs. The water vapor permeability of gluten- 
and milk protein-based edible films is several times larger than that of zein films. This is probably 
attributable to the greater hydrophobicity of zein. All protein films, however, exhibit increased 
WVPs at elevated RH. Sodium caseinate films, adjusted to their isoelectric points, were shown to 
have lower WVP than films formed at neutral pH. Furthermore, increased concentrations of plasti-
cizers in protein films resulted in increased WVPs. The incorporation of lipid to protein films was 
found to decrease the WVP of these films. Calcium caseinate–beeswax emulsion films had water 
vapor permeability up to 90% lower than pure sodium caseinate films, according to Avena-Bustillos 
and Krochta (1993). Also, beeswax incorporation into sodium caseinate films was more effective in 
reducing WVP than stearic acid and acetylated monoglyceride. Films formed from protein emul-
sion systems exhibit good water barrier properties.

Pure lipid films have extremely low WVPs. This is due to their hydrophobic, crystalline nature. 
Candellila wax was shown to have the lowest permeability to water vapor compared to other lipid 
films. The WVP values of protein and polysaccharide films indicate that these films do not pos-
sess good water barrier properties compared to films like high-density polyethylene. Their overall 
hydrophilic nature renders them poor water barriers. However, by incorporating lipids into these 
films, WVPs can be reduced. Pure lipid and many composite films exhibit water barrier properties 
comparable to those of nonedible packaging films.

16.5.5.2 gas permeability
Gas barrier properties of several edible films and nonedible packaging films can also be found in the 
literature. As with WVPs, one must be cautious when comparing data due to experimental varia-
tions in temperature and RH.
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The development of edible films with selective gas permeability (oxygen, carbon dioxide, and 
ethylene) allows the control of respiration exchange and microbial development and seems very 
promising for achieving an “MA” effect in fresh fruits and vegetables and for improving the storage 
potential of these products.

Films formed with hydrocolloids (proteins, polysaccharides) generally have good oxygen barrier 
properties, particularly under low-moisture conditions. The oxygen permeability of hydrocolloid-
based films (at 0% RH) is often lower than that of common synthetic films such as polyethylene 
and PVCs. For example, the oxygen permeability of soy protein film was 436 times lower than that 
of low-density polyethylene, 124 times lower than that of high-density polyethylene, and 297 times 
lower than that of nonplasticized PVC.

Films formed with lipid derivatives have suitable oxygen barrier properties. For example, the 
oxygen permeability value for beeswax film lies between those of low-density and high-density 
polyethylene. Lipids with the best oxygen barrier properties are those formed with straight-chain 
and saturated fatty acids, according to Blank (1962, 1972). Increased unsaturation (or branching) 
and a reduction in the length of the carbon chain result in decreased oxygen permeability (Cuq et al., 
1995). The following barrier efficiency order was observed by Kester and Fennema (1989): stearic 
alcohol > tristearin > beeswax > acetylated monoglycerides > stearic acid > alkanes.

As previously mentioned for water vapor permeability, formulation of composite films allows 
advantage to be taken of the complementary barrier properties of each component. At high RH, 
where hydrophilic materials are not effective as gas barriers, the addition of lipidic compounds 
results in a decrease in the gas permeability of the film. For example, at 91% RH, the oxygen perme-
ability is reduced by about 30% for a composite gluten–beeswax film.

The effect of temperature on gas permeability is similar to that reported for water vapor perme-
ability. These variations can be characterized by Arrhenius-type representations. But, as far as gas 
solubility decreases with temperature increase, the increase of gas permeability with temperature is 
lower than for water vapor permeability (Gontard et al., 1994).

In hydrophilic films, increased RH promotes both gas diffusivity (due to the increased mobility 
of hydrophobic macromolecule chains) and gas solubility (due to the water swelling of the matrix), 
leading to a sharp increase in gas permeability.

Carbon dioxide permeability in hydrocolloid-based films is often much higher than oxygen perme-
ability. The effect of film aw on carbon dioxide permeability is similar to that on oxygen permeability, 
but the sharp increase of permeability is more important. This could be explained by the differences 
in water solubility of these gases, that is, carbon dioxide is very soluble (carbon dioxide solubility in 
water = 34.5 mmol/L at 25°C and 105 Pa; oxygen solubility = 1.25 mmol/L at 25°C and 105 Pa).

At high RH, the addition of lipid components to gluten film results in a high decrease of carbon 
dioxide permeability. For example, at 91% RH, the carbon dioxide permeability is reduced by about 
75% for a composite gluten and beeswax film. This could be related to the hydrophobic character-
istics of these components, which for the same RH reduce the amount of water available for the 
solubilization of carbon dioxide.

The selectivity coefficient between carbon dioxide and oxygen is defined as the ratio of the 
respective permeabilities of both gases. In hydrophilic materials, the effect of an aw increase on 
permeability is greater for carbon dioxide than for oxygen. The selectivity of these materials is thus 
sensitive to moisture variations (e.g., the selectivity coefficient of edible gluten films varies from 1.8 
at 00% RH, to 28.4 at 95% RH), whereas the selectivity coefficient for synthetic polymers remains 
relatively constant at 3–6.

16.5.6 CommerCial eDible Coatings

16.5.6.1 hydrocolloid-Based Coatings
The first commercially available polysaccharide-based coating was called TAL Pro-long (Courtaulds 
Group, London), and later Pro-long, which was made up of sucrose polyesters of fatty acids and 
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sodium salt of carboxymethyl cellulose. The dry ingredients were mixed with water to specific con-
centrations, depending on the commodity, and applied as a dip, drench, or spray to cover fruits and 
vegetables. Another coating, Semperfresh (United Agriproducts, Greeley, CO), appeared on the mar-
ket with an apparently similar composition to TAL Pro-long. This coating claims to be an improved 
formulation of earlier sucrose polyester products with the major difference being the incorporation 
of a higher proportion of short-chain unsaturated fatty acid esters in its formulation (Drake et al., 
1987). It was sold in powder or granular form which, when mixed with water to a concentration of 
0.75%–2.0%, is used to coat fruits and vegetables. A polysaccharide-based coating called Nature-
Seal was formulated at the U.S. Department of Agriculture, Agricultural Research Service, and was 
patented by the U.S. Department of Agriculture. It also uses cellulose derivatives as film formers, but 
does not contain sucrose fatty acid esters as does TAL Pro-long and Semperfresh. Using chitosan as 
a film former and natural preservative, a differentially permeable fruit and vegetable coating called 
Nutri-Save (Nova Chem, Halifax, NS, Canada) was developed from N,O-carboxymethyl chitosan. 
Methylation of the chitosan polymer in Nutri-Save resulted in a twofold increase in the resistance 
to CO2 compared to the unmethylated polymer. These coatings, however, are not as effective in this 
respect as are conventional wax formulations (Baldwin, 1994). Mitsubishi International Corp., Fine 
Chemicals Department announced two polysaccharide films: Soageena (carrageenan-based line of 
coatings) and Soafil (edible polysaccharide) (Institute of Food Technology, 1991). Only one commer-
cial protein-based coating has been produced. Its name is Cozeen (Zumbro, Inc., Hayfield, MN) and 
contains corn zein as its major component (Aydt et al., 1991).

16.5.6.2 Wax and oil Coatings
Many coatings used today are similar to those used in the past. The wax-type coatings are made 
with natural or synthetic waxes, fatty acids (carnauba, polyethylene, oleic acid), oils (vegetable 
and mineral oil), wood rosin, shellac, coumarone-indene resin, emulsifiers, plasticizers, anti-foam 
agents, surfactants, and preservatives.

16.5.7  the effeCt of eDible Coatings anD films on the quality CharaCteristiCs 
of fresh anD minimally proCesseD fruits anD Vegetables

16.5.7.1 general
Over the last 20 years, a great number of works on the formulation and characterization of edible 
films and coatings have been done in both scientific and patent literature. However, the application 
of edible films and coatings on fresh and minimally processed fruits and vegetables remains tricky. 
The research on edible films and coatings at real conditions, after their application on fresh produce, 
is more difficult and complex. Partly, this is due to the limited work done in this direction. Only 
wax-based commercial films and coatings have been tested on fresh fruits and vegetables, and no 
research has been done with new ingredients and composite materials.

16.5.7.2 Commercial Cellulose-Based edible Coatings
16.5.7.2.1 TAL Pro-long
TAL Pro-long has been applied widely to apples, pears, plums, bananas, limes, oranges, mangoes, 
and tomatoes. When applied on fruits or vegetables, Tal Pro-long

 1. Created MA by changing the internal concentrations of CO2, O2, and ethylene (Lowings 
and Cutts, 1982; Banks, 1984; Smith and Stow, 1984; Banks, 1985a,b; Lee and Kwon, 1990)

 2. Retarded color development (Smith and Stow, 1984; Banks, 1985b; Dhalla and Hanson, 
1988; Motlagh and Quantick, 1988)

 3. Reduced weight loss (Smith and Stow, 1984; Dhalla and Hanson, 1988; Motlagh and 
Quantick, 1988; Lee and Kwon, 1990)
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 4. Retained firmness (Smith and Stow, 1984; Dhalla and Hanson, 1988; Lau and Meheriuk, 
1994)

 5. Retained titratable acidity, soluble solids, and ascorbic acid (Dhalla and Hanson, 1988; Lau 
and Meheriuk, 1994)

 6. Increased flavor volatiles (Dhalla and Hanson, 1988; Nisperos-Carriedo et al., 1990).
 7. Reduced core flush and scald (Lau and Meheriuk, 1994)
 8. Increased resistance to fungal rots (Lowings and Cutts, 1982)

Concentration of coating materials is a critical parameter for the preservation of fresh fruits and 
vegetables. A 1.25% sucrose ester-carboxymethyl cellulose formulation (Tal Pro-long) failed to 
retard detrimental changes in fruit firmness, yellowing, and weight loss in Cox’s Orange Pippin’ 
apples during storage, but when a 1%–4% coating formulation was applied after storage, it 
delayed yellowing and loss of firmness, increased internal CO2, and reduced weight loss during 
a 21 day marketing period (Smith and Stow, 1984). Mango fruits also exhibited retarded ripening 
and, therefore, increased storage life when coated with 0.75%–1.0% TAL Pro-long and stored at 
25°C (Dhalla and Hanson, 1988). The authors also reported reduced weight loss in the coated 
fruit compared to uncoated controls and increased ethanol formation in fruit pulp after 13 days 
with 1% TAL Pro-long. No adverse effects on sensory quality were detected when a 0.75% for-
mulation was used, however. Coated mangoes showed a slower decrease in titratable acidity and 
ascorbic acid as well as a retarded softening and carotenogenesis (loss of green color). McIntosh, 
Delicious, and Spartan apples were coated with several concentrations of Pro-long and stored in 
air at 0°C for 120–150 days or in air at 20°C for 14 days. Retention of flesh firmness and acidity 
were generally better in coated fruit than in control fruit during a 3-year study. Core flush and 
scald were lower in coated-McIntosh fruit, but core flush and breakdown were slightly higher 
in coated Delicious apples. The higher concentrations of coating materials caused significant 
skin discoloration (purplish hue) in McIntosh and Spartan, but discoloration was less severe in 
Delicious apples. Sensory quality was not affected by the coating materials (Lau and Meheriuk, 
1994).

Besides, sucrose polyesters were shown to be effective in increasing resistance of apples, 
pears, and plums to some fungal rots of Sclerontina species and Rhizopus nigricans (Lowing and 
Cutts, 1982).

However, there were several cases where the coating did not assist preservation. For example, 
TAL Pro-long was not effective in decreasing the respiration rate and water loss in tomatoes 
(Nisperos-Carriedo and Baldwin, 1988).

16.5.7.2.2 Semperfresh
Semperfresh has been applied widely to apples, pears, citrus, cherries, melons, breadfruits, and zuc-
chinis. When applied on fruits or vegetables, Semperfresh

 1. Created MA by changing the internal concentrations of CO2, O2, and ethylene (Drake 
et al., 1987; Park et al., 1994a; Worrel et al., 2002)

 2. Retarded color development (Drake et al., 1987; Santerre et al., 1989; Chai et al., 1991; 
Sumnu and Bayindirli, 1994, 1995; Yaman and Bayoindirli, 2002)

 3. Reduced weight loss (Curtis, 1988; Drake et  al., 1988; Park et  al., 1994a; Sumnu and 
Bayindirli, 1995; Yaman and Bayoindirli, 2002; Worrel et al., 2002)

 4. Retained firmness (Drake et al., 1987; Curtis, 1988; Santerre et al., 1989; Chai et al., 1991; 
Sumnu and Bayindirli, 1994, 1995; Yaman and Bayoindirli, 2002)

 5. Retained titratable acidity, soluble solids, and ascorbic acid (Drake et al., 1987; Chai et al., 
1991; Sumnu and Bayindirli, 1994, 1995; Yaman and Bayoindirli, 2002)

 6. Increased flavor volatiles (Curtis, 1988)
 7. Reduced core flush and scald (Bauchot et al., 1995)
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Treated apples showed a delay in the change of firmness, titratable acidity, vitamin C content, solu-
ble solid content, and weight loss as compared to the untreated ones. The concentration of the coat-
ing is a significant factor for the retention of fruits quality. Increasing the concentration increased 
the quality retention of apples. The Semperfresh coating concentration should exceed 5 g/L, since 
5 g/L was not shown to have significantly different effect on most of the ripening parameters com-
pared to control. Concentrations of 15 and 20 g/L affected ripening parameters, firmness, acidity, 
and ascorbic acid without any significant difference (Sumnu and Bayindirli, 1995). Coatings with 
1% and 1.5% concentrations of Semperfresh were effective for delaying ripening of “Ankara” pears. 
Coated pears had higher color, firmness, acidity, and soluble solid retention. Since 1.0% and 1.5% 
concentrations affected most of the ripening parameters similarly and many pears treated with 
1.5% concentrations showed uneven coloration, 1% is selected as the optimum concentration of 
Semperfresh for “Ankara” pears. When the efficiency of Semperfresh was compared to Johnfresh 
fruit coating, Johnfresh was determined to be the effective coating for the reduction of the weight 
loss. There was no significant difference between Johnfresh coating and Semperfresh in other qual-
ity factors. That is why the cost of these coatings should also be considered before deciding the best 
coating for “Ankara” pears (Sumnu and Bayindirli, 1994).

In mature apples, stored at 3°C–4°C for 4 months, scald incidence was reduced by postharvest 
dipping in a Semperfresh coating, formulated with the antioxidants, ascorbyl palmitate, and n- propyl 
gallate. The same result was not achieved, however, when the apples were stored for 10 days at room 
temperature (Bauchot et al., 1995).

In some cases, the results of coating was not as expected. Zucchini fruit were coated with 
0.5%, 0.75%, or 1.0% aqueous solutions of Semperfresh and with different formulations of calcium 
caseinate-acetylated monoglyceride aqueous emulsions ranging from 2.5% to 7.0% total solids. 
Semperfresh did not increase water vapor resistance of zucchini. Coating did not affect internal 
carbon dioxide or ethylene concentrations. Hue angle and lightness values were not significantly 
different for coated and uncoated zucchini. Maximum water vapor resistance resulted from high 
sodium caseinate and low acetylated monoglyceride contents (Avena-Bustillos and Krochta, 1994). 
Coated apples had delayed color development (internal and external Hunter color reflectance mea-
surements) during 4 months of storage at 5°C. Coating increased fruit firmness and did not affect 
pH, total acidity, and soluble solids. Sensory evaluation indicated that flavor and textural changes 
were not detected when apples treated with 1.2% Semperfresh were compared to untreated apples 
after 2 months of storage (Santerre et al., 1989).

16.5.7.2.3 Nature-Seal
Nature-Seal has been applied to oranges, mangoes, guavas, tomatoes, cut apple, and potato. When 
applied on fruits or vegetables, Nature-Seal

 1. Created MA by changing the internal concentrations of CO2, O2, and ethylene (Baldwin 
et al., 1995c, 1999)

 2. Retarded ripening (Nisperos-Carriedo et al., 1992; Baldwin et al., 1999)
 3. Retarded color development (McGuire and Hallman, 1995)
 4. Retained firmness (McGuire and Hallman, 1995)
 5. Increased flavor volatiles (Baldwin et al., 1995c, 1999)
 6. Reduced decay (Baldwin et al., 1999)
 7. Improved appearance (Baldwin et al., 1999)
 8. Controlled browning and microbial populations by acting as carrier of antioxidants, acid-

ulants, and preservatives (Baldwin et al., 1996)

Nature-Seal when applied to mangoes created MAs and delayed ripening, increased concentrations 
of flavor volatiles, reduced decay, and improved appearance by imparting a subtle shine (Baldwin 
et al., 1999). In guava fruits, coatings containing 2% or 4% hydroxypropyl cellulose significantly 
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slowed softening on average at 35% or 45%, respectively, compared to uncoated fruits (McGuire 
and Hallman, 1995). Use of Nature-Seal as carrier of antioxidants, acidulants, and preservatives 
prolonged the storage life of cut apple and potato by about 1 week when stored in overwrapped trays 
at 4°C. Adjustment of coating pH to 2.5 gave optimal control of browning and microbial popula-
tions. Addition of soy protein to the original cellulose-based Nature-Seal formulations reduced 
coating permeability to oxygen and water vapor (Baldwin et al., 1996).

16.5.7.3 Chitosan-Based edible Coatings
16.5.7.3.1 Nutri-Save
The commercial chitosan-based Nutri-Save has been applied to apples, pears, strawberries, bread 
fruits, tomatoes, peppers, squash, cauliflower, brussel sprouts, and broccoli. When applied on fruits 
or vegetables, Nutri-Save

 1. Created MA by changing the internal concentrations of CO2, O2, and ethylene (Elson et al., 
1985; Worrel et al., 2002)

 2. Retarded color development (Meheriuk, 1990; Worrel et al., 2002)
 3. Reduced weight loss (Elson et al., 1985; Worrel et al., 2002)
 4. Retained firmness (Elson et al., 1985; Meheriuk, 1990; Lau and Meheriuk, 1994)
 5. Retained titratable acidity, soluble solids, and ascorbic acid (Elson et al., 1985; Meheriuk, 

1990; Lau and Meheriuk, 1994)
 6. Reduced core flush and scald (Elson et al., 1985; Lau and Meheriuk, 1994)

Certain formulations of Nutri-Save were reported to retain fruit firmness and titratable acids over 
9 months of storage for “Golden” and “Red Delicious” apples and “Barlett” and “Clapps Favorite” 
pears, which is comparable to CA storage. Also, encouraging results were reported when Nutri-Save 
was applied to some vegetables, such as, peppers, squash, cauliflower, brussel sprouts, and broccoli 
(Elson et al., 1985). However, high concentrations of the coating material caused significant skin 
discoloration (purplish hue) in McIntosh and Spartan apples (Lau and Meheriuk, 1994).

16.5.7.3.2 Pure Chitosan
Pure chitosan has been applied to apples, strawberries, litchi, longan fruit, bread fruit, and toma-
toes. When applied on fruits or vegetables, pure chitosan

 1. Created MA by changing the internal concentrations of CO2, O2, and ethylene (El Ghaouth 
et al., 1992b; Yong Soo et al., 1998; Yueming and Yuebiao, 2001; Worrel et al., 2002)

 2. Retarded color development (El Ghaouth et al., 1991, 1992b; Zhang and Quantick, 1997; 
Yueming and Yuebiao, 2001; Worrel et al., 2002)

 3. Reduced weight loss (Zhang and Quantick, 1997; Yong Soo et  al., 1998; Yueming and 
Yuebiao, 2001; Worrel et al., 2002)

 4. Retained firmness (El Ghaouth et al., 1991, 1992b; Yong Soo et al., 1998)
 5. Retained titratable acidity, soluble solids, and ascorbic acid (El Ghaouth et al., 1991, 1992b; 

Yong Soo et al., 1998)
 6. Delayed the increase in PPO activity (Zhang and Quantick, 1997; Yueming and Yuebiao, 

2001)
 7. Reduced decay (El Ghaouth et al., 1991, 1992a,b; Yueming and Yuebiao, 2001)

Coating tomatoes with chitosan solutions reduced the respiration rate and ethylene production, 
with greater effect at 2% than 1% chitosan. Coating increased the internal CO2 and decreased 
the internal O2 levels of the tomatoes. Chitosan-coated tomatoes were firmer, higher in titrat-
able acidity, less decayed, and exhibited less red pigmentation than the control fruit at the end of 
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storage (El Ghaouth et al., 1992b). Litchi fruit was treated with aqueous solutions of 1.0% or 2.0% 
chitosan coating 1 h after dipping in 0.1% thiabendazole and then stored at 4°C and 90% rela-
tive humidity. The application of chitosan coating delayed changes in contents of anthocyanin, 
flavonoid, total phenolics, delayed the increase in PPO activity, reduced weight loss, and partially 
inhibited the increase in POD activity. All these changes corresponded to changes in browning. 
Also, chitosan coating partially inhibited decay of the fruit during storage. However, increas-
ing the concentration of chitosan coating did not significantly increase the beneficial effects of 
chitosan on browning and decay of the fruit (Zhang and Quantick, 1997). Also, strawberries are 
stored at 1°C with high RH and elevated CO2 to deter infection by B. cinerea and Rhizopus sp. 
Chitosan-coated berries were firmer and higher in titratable acidity and synthesized anthocyanin 
at a slower rate than those treated with the fungicide iprodione or untreated fruit (El Ghaouth 
et al., 1991, 1992a).

16.5.7.4 protein-Based edible Coatings
The only protein materials that have been tested on fruits or vegetables are corn zein and soy-
bean protein isolate. When corn zein was applied to tomatoes, it created MA by changing the 
internal concentrations of CO2, O2, and ethylene; delayed color development; and prevented 
loss of firmness and weight (Park et al., 1994b,c). Corn zein coatings of 5 and 15 μm thickness 
delayed the ripening of coated tomatoes for 6 days without adverse effects. Also, a 66 μm coat-
ing markedly delayed color development, while showing weight loss and alcohol fermentation 
due to anaerobic fermentation (Park et  al., 1994b). Likewise, a corn zein film delayed color 
change and loss of firmness and weight in coated tomatoes during storage at 21°C. Shelf life 
was extended by 6 days with film coatings as determined by sensory evaluation (Park et al., 
1994c). An edible coating composed of soybean protein isolate retarded the senescence process 
of kiwifruit and reduced softening (Shiying et  al., 2001). Also the coating created MA and 
prevented weight loss. Thus, the shelf life of kiwifruit coated with edible film was extended to 
about three times.

16.5.7.5 Commercial Wax Coatings
Commercial waxes such as shellac, carnauba, candelilla, Johnfresh, Fomesa, and Sta-Fresh have 
been widely applied to some fruits (apples, pears, oranges, mangoes, papayas, guavas, breadfruit, 
and grapefruit) but not to vegetables. When applied on fruits, commercial waxes

 1. Created MA by changing the internal concentrations of CO2, O2, and ethylene (Paull and 
Chen, 1989; Drake and Nelson, 1990; Drake et  al., 1991; Sumnu and Bayindirli, 1994; 
Baldwin et al., 1995a,b, 1999; Hagenmaier and Grohmann, 1999; Saftner, 1999; Worrel 
et al., 2002; Bai et al., 2003a,b)

 2. Retarded color development (Drake and Nelson, 1990; Sumnu and Bayindirli, 1994, 1995; 
McGuire and Hallman, 1995; Worrel et al., 2002; Bai et al., 2003a,b)

 3. Reduced weight loss (Paull and Chen, 1989; Drake and Nelson, 1990; Drake et al., 1991; 
Sumnu and Bayindirli, 1994, 1995; Baldwin et al., 1995a,b, 1999; Hagenmaier and Baker, 
1995; Hagenmaier and Grohmann, 1999; Saftner, 1999; Worrel et  al., 2002; Bai et al., 
2003a,b)

 4. Retained firmness (Drake et al., 1991; Sumnu and Bayindirli, 1994, 1995; McGuire and 
Hallman, 1995; Saftner, 1999; Bai et al., 2003a,b)

 5. Retained titratable acidity, soluble solids, and ascorbic acid (Sumnu and Bayindirli, 1994, 
1995; Bai et al., 2003a,b)

 6. Increased flavor volatiles (Baldwin et al., 1995a,b)
 7. Reduced decay (Baldwin et al., 1999)
 8. Improved appearance (Hagenmaier and Baker, 1995; Baldwin et al., 1999; Hagenmaier 

and Grohmann, 1999)
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In a study with “Delicious” and “Golden Delicious” apples, no quality differences were evident 
among the apples waxed with commercial shellac, carnauba, or resin-based waxes. The waxed 
apples exhibited improved color, higher internal levels of CO2 and ethylene, and reduced weight loss, 
but wax treatments had no effect on firmness (Drake and Nelson, 1990). A commercial carnauba–
shellac coating (Shield-Brite PR 160C) was reported to delay ripening of “d’Anjou” pears, resulting 
in lower external and higher internal concentrations of CO2 than nonwaxed fruit, retained firmness, 
and delayed color changes (Drake et al., 1991). Waxing of papaya fruit with various resin-, polyeth-
ylene-, and carnauba-based waxes resulted in some delay in certain ripening parameters, a decrease 
in weight loss, and, in some cases, some off-flavor (Paull and Chen, 1989). A 5% carnauba formula-
tion slowed softening by 10%–30% and was most effective at reducing weight loss in guava fruit 
(McGuire and Hallman, 1995). Shellac- and wax-based apple coatings transiently inhibited total 
volatile levels in “Golden Delicious” while not affecting those in “Gala” apples during 6 months of 
storage in air at 0°C. Holding the fruit at 20°C for up to 3 weeks following cold storage increased 
volatile levels with coated and nontreated fruit having similar amounts. Only shellac-coated “Golden 
Delicious” apples accumulated ethanol and ethyl acetate when held at 20°C (Saftner, 1999).

Cut apple pieces coated with double layers of buffered polysaccharide/lipid showed a 50%–70% 
reduction in the rate of CO2 evolution and about 90% decrease in C2H4 as compared with uncoated 
controls at ~23°C. This substantial decline in the rates of gas evolution was attributed primarily 
to the diffusion barrier properties of the lipid layer and secondarily to the inhibitory effect of the 
ascorbate buffer which contained calcium (Wong et al., 1994a).

16.5.7.6 Vegetable oils
Vegetable oils have been applied especially to apples and pears for the prevention of superficial 
scald. Moreover, oil-treatments delayed ripening, retained firmness and titratable acidity, and 
retarded color development (Scott et al., 1995; Ju et al., 2000a,b).

Vegetable oils (sunflower, canola, castor, palm, peanut) considerably reduced superficial scald in 
“Granny Smith” apples after several months of storage at 0°C (Scott et al., 1995). Plant oils (corn, 
soybean, peanut, cottonseed, and linseed) similarly inhibited ethylene production and accumulation 
in the first 2 weeks in “Bartlett” pears and in the first 3 months in “Golden Delicious.” Compared 
with the untreated controls, oil-treated fruits were firmer, greener, and contained a higher level of 
titratable acidity after 6 weeks or 6 months at 0°C plus 7 days at 20°C. The effectiveness of oil treat-
ment was higher in preclimacteric than in climacteric fruit (Ju et al., 2000a,b).

16.6 Future—neW trends in the ediBle Coating Field

16.6.1 DeVelopment of new teChnologiCal approaChes

New technologies, designed to extend the shelf life of highly perishable products, such as fresh and 
minimally processed fruits and vegetables, and ensure their safety are in demand. Edible coating 
technology seems to be very promising; however, there are limitations mainly arising from the 
control of the film properties and the sensory acceptance of the obtained products. New trends in 
the edible coating field have focused on the development of new technologies that allow a more 
efficient control of coating properties and functionality. To this end, new methodologies have been 
developed, most of them focusing on composite or multilayered systems (Vargas et al., 2008). The 
development of composite systems is promising in improving several properties of the coating mate-
rials such as moisture barrier properties, adhesion, and/or durability. Another important factor is 
the sensory quality, which is essential as it affects consumer acceptance and market potential of 
coated products. Exogenous flavor impact by the coating materials, unattractive surface appearance 
of coatings, and other factors may affect consumer acceptance of the coated products. Therefore, 
it is important to evaluate the sensory quality of both coating materials and coated final products 
by measuring parameters such as appearance, color, aroma, taste, and texture (Lin and Zha, 2007).
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The development of multilayered coatings by means of layer-by-layer (LbL) electrodeposition 
(Weiss et al., 2006) is one of these new methodologies. LbL technique is performed by alternating 
the immersion of substrates in solutions of oppositely charged polyelectrolytes with rinsing steps, 
producing, in this way, ultrathin polyelectrolyte multilayers on charged surfaces. The most com-
mon biopolymers that can be used in the formation of these multilayered structures (Marudova 
et al., 2005; Krzemiski et al., 2006) include chitosan, poly-l-lysine, pectin, and alginate, while other 
charged species, such as lipid droplets, solid particles, micelles, or surfactants, can also be used. 
Multilayered edible coatings receive great attention as various functional or antimicrobial agents 
can be incorporated into them.

Another promising technique that can be potentially used to incorporate functional ingredients 
and antimicrobials into edible coatings for fruits is the encapsulation technique. Encapsulation is 
defined as a technology in which a core material (liquid droplet, solid particle, or gas compound) 
is entrapped (coated or embedded) into a food grade wall material to give a product with many 
useful properties (Risch, 1995). This technique is especially suitable for incorporating ingredients 
that add value to the food product (such as enzymes and pro- and prebiotics), as well as functional 
ingredients, susceptible to lipid oxidation (such as omega-3-fatty acids) or to mask odors or tastes 
(Lopez-Rubio et al., 2006).

Finally, the most recent approach to improve coating properties is to make nano-composites by 
incorporating nanosized clay materials (such as silicates) into biopolymer-based matrices. However, 
even if this seems to be promising, the major concern of the scientific community when incorporat-
ing these nanomaterials into edible coatings is the lack of studies concerning their possible toxicity 
(Vargas et al., 2008).

16.6.2  inCorporation of antimiCrobials anD funCtional 
ingreDients into eDible Coatings

16.6.2.1 antimicrobials into edible Coatings
The ability of edible films to retard moisture, oxygen permeability, flavorings, and solute trans-
port may be improved by incorporating additives, such as antioxidants, antimicrobials, colo-
rants, flavors, fortifying nutrients, and spices, in film formulation (Pranoto et al., 2005). Given 
the fact that consumers demand less use of chemicals, the scientific research is focused on the 
development of antimicrobial edible coating films able to act as alternative antimicrobials and 
antioxidants (Ponce et al., 2008). The above films can prolong the shelf life and maintain the 
quality of the food products, preventing microbiological growth and deterioration. Moreover, 
antimicrobial substances imbedded in films can be gradually released on the food surface, 
therefore, requiring smaller amounts to achieve the target shelf life (Gennadios and Kurth, 1997; 
Min and Krochta, 2005). There are different types of antimicrobials that can be incorporated 
into edible films and coatings including organic acids (acetic, benzoic, lactic, propionic, sor-
bic), fatty acid esters (glyceryl monolaurate), polypeptides (lysozyme, peroxidase, lactoferrin, 
nisin), plant essential oils (cinnamon, oregano, lemongrass), and nitrites and sulfites (Franssen 
and Krochta, 2003). Among the above categories, plant essential oils are outstanding alterna-
tives to chemical preservatives, and their use in foods meets consumer demands for minimally 
processed natural products (Burt, 2004). These compounds can also be added to edible films 
and coatings to modify food flavor, aroma, and odor (Cagri et al., 2004). The incorporation of 
oregano, cinnamon, and lemongrass oils into apple puree and alginate-apple puree edible films 
proved effective against Escherichia coli O157:H7 showing that edible films constitute a fea-
sible approach for incorporating plant essential oils onto fresh food surfaces (Rojas-Graü et al., 
2006, 2007).

Another challenging area is the use of antimicrobials into edible films and coatings, espe-
cially, in meat products. For instance, antimicrobial chitosan films, containing acetic or 
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propionic acid, inhibited growth of Enterobacteriaceae and Serratia liquefaciens on bologna, 
cooked ham, and pastrami (Ouattara et al., 2000). Listeria monocytogenes, E. coli O157:H7, 
and Salmonella enterica growth on bologna and summer sausage was also inhibited through 
the incorporation of p-aminobenzoic (PABA) and sorbic acids into whey protein isolate films 
(Cagri et al., 2002). Milk protein-based edible films containing oregano, pimento, or oregano–
pimento essential oil mix onto beef muscle slices achieved to control growth of E. coli and 
Pseudomonas spp., thereby increasing product shelf life during refrigerated storage (Oussalah 
et al., 2004). Moreover, chitosan films enriched with essential oils (anise, basil, coriander, and 
oregano) had strong antimicrobial effects on L. monocytogenes when applied to inoculated 
bologna meat samples (Zivanovic et al., 2005). Alginate-based edible films, containing Spanish 
oregano or Chinese cinnamon essential oils, were also tested onto beef muscle slices for con-
trol of E. coli O157:H7 and Salmonella typhimurium and managed to reduce bacterial growth 
during storage (Oussalah et al., 2006). Chitosan coatings, added individually or in combination 
with rosemary or a-tocopherol, effectively inhibited microbial growth, retarded lipid oxidation, 
and extended shelf life of fresh pork sausages of the traditional Greek-type during refrigerated 
storage (4°C) for 20 days (Georgantelis et al., 2007). Recently, Kanatt et al. (2008) studied the 
potential of using chitosan and mint extract as a preservative for meat and meat products. They 
found that the above mixture enhanced the shelf life of pork salami, as determined by total bac-
terial count, when stored at 0°C–3°C. Therefore, the use of natural antimicrobials into edible 
films and coatings and their application in meat products poses a valuable potential for the 
commercial use in order to improve preservation of these products without the use of nitrites 
or other additives.

16.6.2.2 probiotic edible Films and Coatings
Currently, the incorporation of lactic acid bacteria or probiotics to films and coatings has attracted 
great attention. With the use of films and coatings, the obstacles relating to probiotics lethality due 
to food processing can be surpassed. Concerning probiotic edible films and coatings, a number of 
applications including fruits, fish products, as well as bakery products have been developed.

In particular, probiotic edible films of alginate (2% w/v) and gellan (0.5% w/v) were developed 
as carriers for organisms, such as bifidobacteria, for coating fresh-cut fruits in an attempt to obtain 
functional probiotic-coated fruits (Tapia et al., 2007). Fresh-cut apples and papayas were also suc-
cessfully coated with alginate or gellan film-forming solutions containing viable bifidobacteria. 
The potential for obtaining functional bread combining the microencapsulation of Lactobacillus 
acidophilus into starch-based coatings was also studied (Altamirano-Fortoul et al., 2012). Different 
probiotic coatings (dispersed or multilayer) were applied onto the surface of partially baked breads. 
The survival of microencapsulated L. acidophilus demonstrated the ability of starch solution to 
protect the bacteria during baking and storage time, leading to a functional bread with similar 
characteristics to common bread but with additional healthy benefits. Probiotic baked cereal prod-
ucts were also prepared through the use of air-dried probiotic edible films (Soukoulis et al., 2014). 
The probiotic pan bread was produced by the application of film-forming solutions, based either on 
individual hydrogels, for example, 1% w/w sodium alginate, or binary blends of 0.5% w/w sodium 
alginate and 2% whey protein concentrate containing Lactobacillus rhamnosus GG, followed by an 
air drying step at 60°C for 10 min or 180°C for 2 min. It proved that the presence of whey proteins 
in the film-forming solution preserved L. rhamnosus GG viability throughout drying and storage, 
while the use of film systems based exclusively on sodium alginate exhibited a very good perfor-
mance under in vitro digestion.

Finally, gelatin edible coatings and films can be a suitable matrix for the incorporation of probi-
otic bacteria. This was confirmed through their use for the incorporation of Bifidobacterium bifi-
dum in fish applications (Lopez De Lacey et al., 2012). Therefore, the development of probiotics 
edible films and coatings and their application in food products could confer stability during storage 
while enhancing their functionality.

© 2016 by Taylor & Francis Group, LLC

  



564 Handbook of Food Processing: Food Preservation

16.7 ConClusions

Fresh fruits and vegetables contain valuable nutritious components for our diet that we cannot draw 
from other food sources. The preservation of fresh produce has occupied the human for a lot of 
centuries, since they are perishable products with small postharvest life. The combination of pres-
ervation at low temperatures and the use of edible coating materials have been proved very efficient, 
if of course certain requirements are met. It should be marked that each product needs particular 
treatment, as long as its respiration and transpiration rates are particulars. Moreover, the optimal 
preservation conditions (temperature, relative humidity) are different for each product. Thus, the 
formation of edible films and coatings should be performed based on the particular needs and char-
acteristics of each product. Film’s/coating’s ingredients, method of formation, and type of applica-
tion are the main factors that affect the characteristics (gas permeability, water vapor permeability, 
etc.) of film or coating. More research is needed to combine the desirable gas permeability and 
textural benefits of polysaccharide and protein coatings with the better water-barrier properties 
associated with lipid components. Use of additives can improve the formation of films or coatings. 
Since the coating may be consumed with the product, its components must be GRAS.

Most of the commercially available edible coatings for fruits and vegetables are wax-based. 
Although these coatings considerably reduce water loss, they also inhibit respiratory gas exchange 
to such an extent that it induces fermentation. Most commercial films and coatings have been tested 
on fresh fruits and vegetables, and no particular research has been done using new ingredients and 
composite materials. Therefore, only few edible films or coatings have been reported with an overall 
balanced performance. The development of advanced coatings and films for fresh fruits and veg-
etables, as well as in further food applications, can offer much more than we can imagine.
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17.1 introduCtion

17.1.1 Definitions—signifiCanCe of fooD paCKaging

Food packaging is an integral and essential part of food processing and preservation. Developments 
in food packaging follow the evolutions in science and technology and are determined by develop-
ments in society such as the rise in the standards of living and the changes in the nutritional prefer-
ences of humans.

The term “packaging” is used to describe both the procedure and the means of containing goods 
and consequently several definitions are found in the literature. The British Standards Institution 
(Anonymous 1996) defines packaging (as a procedure) as: “the art of and the operations involved in 
the preparation of articles and commodities for carriage, storage, and delivering to the consumer.” 
According to the European Parliament and Council Directive 94/62/EC of 20 December 1994: “the 
term packaging (as a means) signifies all products made of any materials of any nature to be used 
for the containment, protection, handling, delivery, and presentation of goods, from raw materials 
to processed goods, from the producer to the user or the consumer.”

In developing countries, 30%–50% of the food produced is wasted and never reaches the con-
sumer for several reasons. One of them is the lack of adequate preservation and packaging technol-
ogy. Thanks also to packaging, less than 2% of all food is wasted in developed countries (Anonymous 
1996). For the food industry of the United States, the cost of packaging represents on the average 
15% of the exfactory cost of the foods (Brody et al. 2008), and thus there is a big incentive and 
challenge to reduce the cost of packaging without compromising the protection it offers to the food.

In the United States, approximately 50% (by weight) of the packaging materials consumed each 
year are used by the food and beverage industry (Marsh and Bugusu 2007a), while $55–$65 billion 
are spent annually on the packaging of food and beverages (Brody 2008). The distribution of these 
$55–$65 billion to the various sectors of the food and beverage packaging supply industries (Brody 
2008) is 33% paper and paperboard, 22% plastic bottles and jars, 19% flexible plastic packaging, 
17% metal cans, 5% glass, and 4% wood.

The basic food packaging materials are glass, metals, plastics, paper and paperboard, and lami-
nates/coextrusions. These materials are examined in detail in separate sections of this chapter. 
It should be pointed out that each material presents advantages and disadvantages. The key to 
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successful packaging is to select the material and design of the container that best satisfy many 
considerations. These often competing needs include product protection, marketing considerations, 
environmental issues, and cost. Taking into account so many factors make food packaging partly 
science and partly art. Marsh and Bugusu (2007b) present a table summarizing the properties of the 
basic categories of packaging materials related to food protection, marketing issues, environmental 
issues, and relative cost.

Food packaging encompasses a vast range of subjects. But, due to space limitations, the topics 
discussed in this chapter are the various packaging materials (glass, metals, plastics, paper, lami-
nates/coextrusions), corrosion of metal containers, permeability of thermoplastic polymers, and 
aseptic packaging. Very important topics like food and packaging interactions, food packaging laws 
and regulations, food packaging and the environment, active and intelligent packaging, packaging 
requirements of various food categories are not presented here. Edible films and coatings and modi-
fied atmosphere packaging are discussed in other chapters of this book. For the food packaging top-
ics not dealt with in this chapter and for further details on the topics presented, the interested reader 
is referred to textbooks on food packaging (Coles et al. 2003, Robertson 2006, Lee et al. 2008), 
books on food packaging (Palling 1980, Kadoya 1990, Jenkins and Harrington 1991), and books on 
packaging in general (Hanlon 1984, Soroka 1996, Brody and Marsh 1997, Yam 2009).

17.1.2 funCtions of fooD paCKaging

The basic functions of food packaging (Brennan et al. 1990, Robertson 2006, Krochta 2007, Lee et al. 
2008) are

• Containment of the product
• Protection of the product
• Convenience to the consumer
• Communication with the consumer

These are often interdependent. The fulfillment of the four functions must be combined with the 
minimum possible cost. Since the cost of packaging for food products is usually a significant pro-
portion of the total cost, the use of the least expensive, but appropriate for the particular food, 
packaging is preferred. Thus, an ideal package delivers to the consumer a safe, quality food in a 
convenient way and at minimum cost. In addition to the four basic functions, three other functions 
have been introduced (Krochta 2007) placing more requirements on food packaging:

• Production efficiency (or machinability)
• Minimal environmental impact
• Package safety

17.1.2.1 Containment
This function is so obvious and as a result it is very often ignored. The first forms of packaging were 
probably devised to facilitate the transportation of goods. A liquid or particulate food must first be 
placed in a container in order to be transported. A good package minimizes the product losses and 
consequent environmental pollution during transportation.

17.1.2.2 protection
This is the most significant function of food packaging. The time interval between the production of 
the food and its consumption may vary between a few days and a few years. During this period the 
food must be protected from all environmental factors so that its quality remains at the same level it 
had when it was first placed into the package. If the package fails to protect the food adequately, then 
much of the expense and energy put into the production and processing of the food will be wasted. 
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More specifically, the packaging must protect the contained food from mechanical damage, moisture 
and gases of the surrounding atmosphere, light, microbial contamination, dust, filth and foreign mate-
rials, insects, and rodents. All these requirements must be fulfilled by the packaging without altering 
the sensory characteristics of the food or transferring to it substances dangerous to the human health.

17.1.2.2.1 Mechanical Damage
All foods are susceptible to mechanical damage. Bruising, deformation, cracking, and breakage may 
happen to them during transportation and handling, from sudden impacts or shocks, vibration, and 
compression. These damages may lead to chemical and biological deterioration and are considered 
as indications of inferior quality by the consumers. Suitable packaging may decrease the probability 
and extend of mechanical injury. Rigid and semirigid packaging materials (metal, glass, wood, and 
fiberboard) protect the food from compression. The inclusion in the package of cushioning materials 
like soft paper and foamed plastics can reduce the effect of shock and vibration on the food.

17.1.2.2.2 Moisture and Gases of the Surrounding Atmosphere
Foods of high water activity (e.g., meat, cheese) when exposed to the normal atmosphere will lose 
moisture through desorption of water vapor with consequent loss of weight and deterioration in 
appearance, texture, and flavor. On the other hand, foods of low water activity (e.g., cookies, snacks) 
when exposed to high-humidity atmospheres will gain moisture, and this is also detrimental to their 
quality. Then dry powders may cake, cookies may lose their crispness, and dehydrated foods may 
spoil if their resulting water activity permits the growth of microbes. It is obvious that in both cases 
the packaging should block the transfer of moisture to or from the food product. There are cases where 
the transfer of water vapor from the product to the environment is desirable, as, for example, in the 
packaging of some fresh fruits and vegetables with high respiration rates. Otherwise the water vapors 
produced may condense inside the package affecting the appearance and the quality of the product.

For many foods, exposure to oxygen may cause several quality problems due to oxidation of 
lipids and of other desirable components of the foods. The shelf life of these foods may be extended 
by vacuum packaging or modified atmosphere packaging (different ratios of oxygen, nitrogen, and 
carbon dioxide than the atmospheric air). Therefore, the packaging material in these cases should 
provide a barrier to gases (oxygen, nitrogen, and carbon dioxide) in order for the composition of 
gases inside the package to remain unchanged. On the other hand, the packaging material of fresh 
fruits and vegetables must allow permeation of oxygen into the package and carbon dioxide out at 
the appropriate rates. Otherwise, because of the respiration, the oxygen within the pack will be con-
sumed completely and replaced by the produced carbon dioxide, and off-flavors may develop and 
discoloration of the fruit may occur.

To prevent the loss of the characteristic aroma of some foods (e.g., coffee), it is necessary for the pack-
aging material to have a low permeability to volatile compounds responsible for the odor of the food. 
Similarly, the packaging must block the transfer of foreign odors from the environment to the product.

17.1.2.2.3 Interaction of Food with Light
Light, particularly of the high ultraviolet (2900–4000 Å) and visible blue (4000–4500 Å) parts of 
the spectrum, can catalyze several deteriorative chemical reactions in foods. These include vitamin, 
color, and flavor degradation and lipid oxidation. To prevent these changes, the packaging used is 
either opaque or colored to block the transmission of short wavelength light.

17.1.2.2.4 Microbial Contamination
This is one of the most important functions of packaging. For sterilized foods, any postprocess 
contamination must be absolutely prevented. Metal cans, glass containers, and laminates (incor-
porating a barrier layer) are the most suitable packaging for these foods. For pasteurized products, 
dried, frozen or cured, etc., this role of packaging is not that crucial; however, packaging should 
still provide adequate protection.
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17.1.2.2.5 Interactions of Packaging with the Contained Food
All food packaging materials have been found to interact in varying degrees with food. This interac-
tion might be: migration of components of the packaging material to the food, adsorption (scalping) 
of food components by the packaging material, and permeation through the packaging material of 
foreign substances from the external environment and transfer of them to the food. Since migration 
is directly related to food safety, rigorous laws and regulations on the subject have been introduced 
in several countries. For example, according to the Regulation (EC) No. 1935/2004 of the European 
Parliament and of the Council of 27 October 2004, among the general requirements for the materi-
als and articles intended to come into contact with food is the following: 

Materials and articles, including active and intelligent materials and articles, shall be manufactured in 
compliance with good manufacturing practice so that, under normal or foreseeable conditions of use, 
they do not transfer their constituents to food in quantities which could

 (a) Endanger human health, or
 (b) Bring about an unacceptable change in the composition of the food, or
 (c) Bring about a deterioration in the organoleptic characteristics thereof

17.1.2.3 Convenience to the Consumer
In the last 60–70 years, lifestyle in the developed countries has changed dramatically. Consumers 
spend less time buying their foods at the supermarkets and preparing their meals. Very often the 
food is consumed directly from the packaging with minimum meal preparation. Therefore, the con-
sumers demand packaging that is convenient and user friendly. The package should be easy to open, 
hold, use, reseal, store in the refrigerator, cupboard, etc., and recycle.

17.1.2.4 Communication with the Consumer
Packaging is the “silent salesman” of the contained product. There is a very true old saying: “pack-
aging should protect what it sells and sell what it protects” (Robertson 2006). Therefore, packag-
ing should attract the attention of the consumer and convince him to buy the product. In addition, 
through the labels written on the package, information is given to the buyer concerning the name 
of  the product and its manufacturer, the address of the responsible company, the quantity con-
tained, the quality and composition, nutritional information, and often guidelines on how to use it. 
Information about the quantity, composition, and nutritional content is required by law in several 
countries. The contemporary methods of marketing of foods would fail completely if the packaging 
did not pass messages to the consumer. Supermarkets can function as self-service stores exactly 
because consumers can recognize the brand of the product and its expected quality from the par-
ticular characteristics of the packaging (material, shape, size, color, symbols, illustrations).

Another important communication function of the packaging is the existence of the bar code on 
it, which permits the recognition of the product by the scanner at the checkout counters of super-
markets, and this facilitates rapid and accurate pricing and checkout. Bar codes on secondary and 
tertiary packages are very useful for tracking and inventory checking at warehouses and distribution 
centers. During the last decade, the use of Radio Frequency Identification (RFID) technology revolu-
tionized the logistics systems of the store supply chain. RFID tags are attached to the secondary and 
tertiary packages and in their microchip information about the product, the package location, etc., are 
stored. This information is transferred by radio waves to a reader and is finally retrieved as digital 
information.

17.1.3 Categories of paCKaging

Food packages can be classified into various categories based on the following criteria: whether the pack-
aging is in direct contact with the food, whether the packages are single units for retail sale or each 
package contains a number of units, whether the packages deform when compressed by hand, whether 
they are preformed or they are formed on-line, whether they are sealed hermetically or not, etc.
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17.1.3.1 “direct” and “external” packaging
“Direct” packaging is the packaging which is in direct contact with the food, and “external” pack-
aging is another packaging containing the “direct” one. For example, breakfast cereals are placed 
inside a plastic bag (the “direct” package), and the plastic bag is placed inside a paperboard box (the 
“external” package). The first protects the food from moisture gain, etc., while the second protects 
the first and the product from mechanical damage, facilitates handling, and has printed on it all the 
necessary information to communicate with the consumer.

17.1.3.2 levels of packaging
A similar distinction concerns the levels of packaging. According to the European Parliament and 
Council Directive 94/62/EC of 20 December 1994 “packaging” consists of

 (a) Sales packaging or primary packaging, which constitutes a sales unit to the final user or 
consumer at the point of purchase

 (b) Group packaging or secondary packaging, which at the point of purchase constitutes a 
grouping of a certain number of sales units. It can be sold as such to the final user or con-
sumer, or it serves as a means to replenish the shelves at the point of sale. It can be removed 
from the product without affecting its characteristics

 (c) Transport packaging or tertiary packaging, which facilitates handling and transport of a 
number of sales units or group packaging in order to prevent physical handling and trans-
port damage.

17.1.3.3 rigid, semirigid, and Flexible packaging
Another distinction between packages is based on whether they deform when compressed by hand. 
Thus, packaging may be classified into three forms: rigid, semirigid, and flexible (Lee et al. 2008). 
Rigid packages (e.g., metal cans, glass containers) have a fixed shape and do not change shape or 
break unless excessive external force is applied. Semirigid packages (e.g., plastic bottles, paperboard 
cartons, aluminum cans), like the rigid ones, have a fixed shape that does not significantly change 
when they are filled with product and sealed. However, they can be deformed with finger pressure 
(about 60 kPa) and return to the original shape when the application of pressure is stopped. Flexible 
packages (e.g., plastic pouches, paper bags) have a shape or contour that is determined by the prod-
uct they are filled with. Depending on the external pressure, they inflate or deflate until the internal 
and external pressures equalize.

17.2 glass paCKaging

Glass containers are the preferred package for a variety of foods and drinks. Narrow-mouth contain-
ers, with a closure diameter less than 35 mm (Cavanagh 1997), are called bottles and are used mainly 
for the packaging of liquids, whereas wide-mouth containers, with a closure diameter more than 
35 mm, almost without neck, are called jars and are used for the packaging of both liquids and solids.

17.2.1 glass

17.2.1.1 Composition and structure
Glass, according to the definition of American Society for Testing and Materials (ASTM) (1999), 
is “an amorphous, inorganic product of fusion that has been cooled to a rigid condition without 
crystallizing.” Another (Shreve and Brink 1977) definition along the same lines is the following: 
Glass physically is a rigid, undercooled liquid with no definite melting point and a high viscosity 
(more than 1012 Pa s) at ambient temperature, which prevents crystallization. Chemically, common 
glass for packaging is an amorphous mixture of oxides of Si, Na, Ca, and Al.
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The main ingredient of glass is silica (SiO2), which forms tetrahedra with silicon at the center and 
oxygen at the four corners (Lee et al. 2008). Each silicon atom is connected to four oxygen atoms, 
and each oxygen atom is connected to two silicon atoms. In glass, the silica tetrahedra form a net-
work with several empty spaces between them. It is possible to make pure silica glass, but silica has 
a very high melting point (1723°C) and molten silica has high viscosity. To reduce them both, soda 
(Na2O) is added to the silica, and this is achieved by the soda filling the spaces between the silica 
tetrahedra. However, Na2O tends to dissolve in water, and to prevent this, lime (CaO) and MgO are 
added and act as stabilizers. Alumina (Al2O3) is added to increase hardness and durability. Thus, 
the common glass for packaging applications is soda-lime glass and typically consists of 73% SiO2, 
13% Na2O, 12% CaO, 1% Al2O3, and 1% other oxides. To produce colored glass, minor ingredients 
are added: chromium oxide for green and iron oxide, sulfides, and carbon for amber.

17.2.1.2 advantages and disadvantages of glass
The attributes of glass (Osborne 1980) that make it an attractive material for the construction of 
containers for packaging of foods are

• Transparency, which allows viewing of the contents
• Good strength under compression
• Ability to mold containers of various shapes
• Chemical inertness
• Impermeability to gases and vapors
• Satisfactory heat resistance to permit thermal processing of foods
• High quality image associated to products packed in glass containers by the consumers
• Recyclability

Glass containers can be designed either as one-trip or returnable (refillable). The adoption of the 
second option depends on several economic parameters and is used mainly for beer and milk. 
Of  course glass containers are also recycled as glass is returned to the glass manufacturer for 
remelting. Glass can be produced in various colors, by adding minor amounts of colorants. There 
are three main color categories: flint, amber, and green glass. Amber is the only one which blocks 
the transmission of UV light of wavelength of 300–400 nm in the critical range for the quality of 
light-sensitive foods and beverages.

The main disadvantages of glass are fragility, brittleness, and heavy weight. The heavy weight 
and safety concerns related to broken glass have reduced the use of glass in food packaging and 
limited its use to small and medium-size containers.

17.2.2 glass Containers

17.2.2.1 manufacture of glass Containers
The main raw materials for making glass are silica sand (SiO2), soda ash (Na2CO3), limestone 
(CaCO3), and alumina (Al2O3). These along with minor ingredients and crushed recycled glass 
(called cullet) are melted together in a gas-fired furnace maintained at approximately 1500°C. The 
gases formed (mainly CO2 and SO2 and water vapor) are removed, and the molten glass is cooled 
to about 1150°C. Glass containers are formed from lumps of molten glass (called gobs) exiting 
from the furnace, and this is accomplished in two steps. There are two main types of forming 
machines: blow-and-blow (B&B, for making narrow-neck bottles) and press-and-blow (P&B, for 
making wide-mouth jars). For both process, in the first step, gobs at about 1100°C, with the appro-
priate shape and weight, are fed into blank molds, where they are transformed into hollow, partially 
formed containers with thick walls called blanks, preforms, or parisons. In the B&B process, the 
parison is made by blowing pressurized air into the gob, while in the P&B process it is made by 
pressing a metal plunger into the gob. In the second step, for both process, the semi-molten parisons 

© 2016 by Taylor & Francis Group, LLC

  



579Food Packaging and Aseptic Packaging

are transferred into blow molds, where air blown inside the parisons pushes the glass to conform to 
the shape of the blow mold. Developments during the last few decades permitted the production of 
bottles with a third process called narrow-neck press-and-blow process, which produces containers 
with less glass and consequently lighter in weight.

After formation, the temperature of the glass dropped from 1100°C to about 450°C within 10–12 s. 
This rapid and uneven cooling results in the development of internal stresses in the formed con-
tainer, making it very fragile. To relieve the stresses and stabilize the containers, they are passed 
through an annealing oven or lehr, where they are reheated to 540°C, held at this temperature for 
some time, and then cooled slowly to prevent fracture from thermal shock.

Coatings are applied to the outer surface of the glass container to strengthen it and minimize 
scratching. These can be hot-end and cold-end coatings. The former are applied prior to the anneal-
ing process and create a very thin film of tin or titanium oxide over the surface. The latter are 
applied just before the end of the annealing, by spraying the surface with stearates, waxes, silicones, 
or polyethylene.

Details on the manufacture of glass containers can be found in the following references: Lee 
et al. (2008), Cavanagh (1997), Soroka (1996), Robertson (1993), and Osborne (1980). Also, useful 
information about glass containers and the glass packaging industry can be obtained from the edu-
cational CD-ROM (Anonymous 2005) of the Glass Packaging Institute.

17.2.2.2 mechanical properties
Fracture of glass starts with small imperfections or flaws on its surface (Robertson 2006). These 
cracks can be so small that they may be invisible to the naked eye. When a tensile stress is applied 
to a glass object, stress concentration occurs at the bottom of the crack. The value of the local 
stress is many times greater than the average value of the stress applied to the object and the nar-
rower the crack, the greater the local stress. Since glass is not ductile, it cannot yield, and the stress 
concentration remains active causing the crack to propagate, which eventually leads to fracture. 
Therefore, extra care is taken to prevent the formation of surface flaws during handling. In addi-
tion to surface condition, the shape of the container is very crucial for vertical load strength and 
resistance to impact. In general, in the regions of the container where sharp transitions of the shape 
occur (e.g., at the corners of a rectangular cross section), the risk of fracture is greater because of 
high stress concentration.

The types of fractures (Hanlon 1984) important to food packaging are fractures from: thermal 
shock, high internal pressure, and sudden impact. The resistance of a glass container to thermal 
failure depends on the glass composition itself, the shape of the container, and the thickness of its 
walls. When one surface of the container is at a temperature and the other surface at a different 
temperature, then one surface tends to expand and the other to contract. However, these changes 
cannot happen freely in the container and as a result stresses are set upon the surfaces. When a hot 
glass container is suddenly cooled (e.g., by immersion in a cold water bath), the outer surface tends 
to contract, and thus tensile stresses are set up on it. At the same time compensating compressional 
stresses of smaller magnitude are set up on the inner surface. In the opposite case (i.e.,  sudden 
heating) the bigger stresses develop again at the outer surface, but they are compressive this time. 
Compensating tensional stresses of smaller magnitude are set up on the inner surface. Since the 
mechanical strength of glass is much greater in compression than in tension, fracture of the con-
tainer is more likely to occur in the case of sudden cooling when the outside surface, where the 
major changes are taking place anyway, is in tension. Thick-walled glass bottles and jars are more 
vulnerable to thermal shock than thin-walled ones. To avoid thermal shock, it is generally recom-
mended to keep temperature differences at the two surfaces of the container smaller than 27°C by 
performing heating and cooling very gradually.

In bottles and jars containing carbonated beverages and vacuum-packed foods, the internal pres-
sure is different from the external atmospheric pressure and consequently internal pressure stresses 
develop. These are circumferential and longitudinal. The former, in the cylindrical part of a bottle, 
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are proportional to the diameter of the bottle and inversely proportional to the wall’s thickness. Thus, 
to increase the resistance of a glass container to internal pressure stresses, the practical approach 
followed is to increase the thickness of its walls and make the container much heavier. However, 
such a container is more vulnerable to fracture from thermal shock.

To increase the resistance of containers to impact, coatings are applied to their outside surface. 
They provide lubrication and minimize abrasion from bottle against bottle and from bottle against 
machinery. Resistance is also improved with more uniform distribution of glass in the container.

17.2.2.3 Quality Control of Class Containers
In the glassworks, following the annealing process, all containers go through a number of inspec-
tion operations. These automatic tests (Soroka 1996) are

• Squeeze test
• Bore gauge
• Defects’ detection
• Wall’s thickness measurement
• Hydraulic pressure test
• Visual inspection

Containers outside specifications are automatically rejected; they are collected as cullet and recy-
cled back to the glass furnace. Advanced photoelectric methods are now being used for the detec-
tion of critical faults, while new methods of quality inspection are constantly being proposed and 
investigated.

There are many defects that may be encountered in glass containers, some of them are presented 
by Hanlon (1984) and in posters provided by glassware manufacturers. They are classified (Hanlon 
1984) as “critical” if they are hazardous to the user and make the container completely unusable, as 
“major” if they reduce the usability of the container or its contents, and as “minor” if they diminish 
the acceptability of the container by the consumers.

17.2.3 Closures for glass Containers

Closures are made of metal or plastic. Metals used are tinplate (steel coated by tin), Electrolytic 
Chrome-Coated Steel (ECCS), and aluminum. They are usually coated with enamels and frequently 
printed. Plastic caps can be made from urea-formaldehyde or phenol-formaldehyde resins or from 
PP, PE, PS, and PVC thermoplastic resins. Common caps include screw caps, crown caps, and lug 
caps. On the inside surface of the closure, there is a gasket or a liner and that is the part which is in 
intimate contact with the sealing surface of the glass container finish and thus provides an effective 
seal. Gaskets are made from rubber or plastisol (usually suspension of finely divided PVC in a plas-
ticizer). Liners consist of a resilient backing and a facing material and can be made from a variety 
of packaging materials (cork, paper, plastic films, and metal foil).

The closures of glass containers can be classified (Robertson 2006) into four categories: caps to 
retain high internal pressure, caps to contain and protect the product, caps to maintain vacuum inside 
the container, and common caps to just secure the product inside the container. Caps of the first 
category are used in carbonated beverages and beer and must maintain pressures from 2 to 8 atm. 
They are the traditional crown caps, and their improved versions are the twist-off crown caps and 
the roll-on tamper evident screw caps. The last are made of aluminum or plastic and are applied 
to both glass and plastic bottles, being popular for soft drinks in large containers where reclosure 
is essential. The second category includes cork stoppers and their various replacements that have 
appeared in the market for wine bottles. The third category caps are used in jars that typically con-
tain heat sterilized foods. The pry-off cap, the lug-type twist cap, and the PT (Press-on Twist-off) 
cap belong to the third category, and they are made of tinplate or ECCS (Gavin and Weddig 1995). 
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Vacuum closures often have a safety button, which is a circular area around the center of the top 
surface of the metallic cap thinner and more flexible than the rest of the cap. When there is proper 
vacuum inside the jar, the button is in the down position providing a visual indication of vacuum in 
the headspace of the jar. When the cap is twisted open, air is admitted into the headspace and the 
button is pushed to the up position making a characteristic popping sound.

17.3 metal paCKaging

Four metals are commonly used as food packaging materials: steel, aluminum, tin, and chromium 
(Robertson 2006). Cans are made from tinplate or ECCS. Toward the end of the 1950s the first alu-
minum cans were introduced in the market.

Details on the metals and lacquers used in metal food containers and on the manufacture of 
three-piece and two-piece cans can be found in several references (Malin 1980, Anonymous 1986, 
Matsubayashi 1990, Robertson 1993, Soroka 1996, Turner 2001, Page et al. 2003, Robertson 2006, 
Lee et al. 2008).

Metal containers possess several advantages as food packaging means. They offer very effective 
protection to the food. They are sealed hermetically and thus protect the food from microbial con-
tamination, insects, and rodents. They are total barriers to gases, moisture, vapors, and light. They 
have great mechanical strength and good heat resistance. Aluminum cans are completely recyclable, 
while for tinplate cans recycling is somewhat problematic. Their main disadvantage is their lack of 
inertness. They interact with the food and can be corroded. For this reason they are often coated 
with lacquers. Other disadvantages are their heavy weight (for steel cans) and the difficulty to be 
reclosed.

17.3.1 tinplate

Tinplate (Lee et al. 2008) is a sheet of mild steel (called black plate), of thickness 0.13–0.38 mm, 
coated on both sides with a layer of tin (Sn) of thickness 0.2–2.5 μm. Steel is a general term refer-
ring to iron alloys with a carbon content less than 2% (w/w). The steel used for the manufacture 
of tinplate is low-carbon mild steel with a carbon content of around 0.13% (w/w). Next to iron, the 
main component of this steel is manganese (0.60%, w/w). There are several types of steel used for 
tinplate manufacture: type L for very corrosive foods, type MR, the most common, for moderately 
corrosive, type D for higher ductility, and type N for greater strength and stiffness.

Steel is produced in the steel mill in the form of slabs, and then the slabs are hot rolled and cold 
rolled in a series of steps into sheets with the desired thickness for the manufacture of containers. 
The coating of steel sheets with tin is made by an electrolytic process in an acidic bath of tin sulfate. 
There is the possibility to coat the two surfaces of the steel sheet with layers of tin of different thick-
ness, the thicker layer usually being on the side of the food. After this stage, tinplate is heated at 
260°C–270°C and then rapidly quenched, a process called flow melting. That leads to the formation 
of an iron-tin alloy (FeSn2) on the surface of the steel. Next, to increase its corrosion resistance, the 
tinplate is passivated. Electrolysis is carried out in a sodium dichromate bath with the tinplate sheet 
as the cathode, and as a result a thin film of chromium, chromium oxides, and tin oxides are formed 
on the tinplate. Finally, an oily lubricant is applied on the tinplate sheet.

17.3.2 eCCs

ECCS, also called Tin-Free Steel (TFS), is produced from a steel sheet that is coated on both 
sides with metallic chromium and chromium oxide. The coating is applied electrolytically. The 
processes of flow melting and passivation are not carried out in this case. Like tinplate, the ECCS 
plate receives an oil coating at the end of manufacture. The main advantages of ECCS compared to 
tinplate are its lower price, good adhesion of lacquers, and resistance to sulfur staining. However, 
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it is less resistant to corrosion than tinplate, and for this reason it is always enameled on both sides. 
Its main uses (Lee et al. 2008) in food packaging are for can ends, crown caps, vacuum caps for 
glass jars, and deep-drawn cans.

17.3.3 aluminum

Aluminum has been used for food packaging quite recently. Aluminum cans for beer packaging 
were introduced to the market in 1959. Various types of aluminum alloys are used in food pack-
aging. They are identified by four-digit numbers. In all alloys the aluminum content is very high. 
Types 1050 and 1100 are almost pure aluminum and are used for making foil and extruded contain-
ers. The 5000 series alloys containing 0.5%–5% Mg and 0.15%–0.5% Mn are very rigid and are 
used for making beverage can ends and ring-pull tabs. Aluminum is lighter and weaker than tinplate 
and ECCS, but it is more ductile and more easily formed into cans. Aluminum cans are always 
coated with lacquers to prevent interaction with the food.

17.3.4 proteCtiVe laCquers

In several cases there is the probability of interactions of the food with the metal container and this 
may result in reduction of the shelf life of the food. To deal with this problem, the body and the 
ends of cans are coated on the inside and outside surface with lacquers or enamels. These are solu-
tions of synthetic resins in organic solvents or water sometimes. The main function of internal 
lacquers is to protect the can metals from corrosion from the contained food and the food from 
contamination by the corrosion products. They also improve the appearance of the inside of the 
package, and in some cases they provide nonstick properties to the surface and facilitate product 
removal from the can. External lacquers protect from external corrosion and abrasion and improve 
the appearance of the can.

In food packaging it is imperative to use enameled cans in the following cases:

• When packaging very corrosive foods such as pickles, tomato paste, apple juice, etc.
• When the dissolved tin and iron transferred from the can to the food are detrimental to the 

food’s sensory characteristics, such as in the case of beer and soft drinks.
• When the tin reacts with plant pigments of the food. If products like raspberries, cherries, 

strawberries that contain anthocyanins (red pigments) are canned in plain tinplate cans, 
they become either decolorized or get a bluish color.

• When packaging foods like meat and meat products, fish, and dairy products that during 
thermal processing liberate H2S and S2−, which react with iron and tin and form black iron 
sulfide stains and blue-black or brown tin sulfide stains (sulfide staining) on the internal 
surface of the can.

To almost all containers the wet coating is applied to the metal sheet before the formation of cans. 
Only the D&I cans are coated after fabrication. In the first case the application is done by roller 
coating and in the second by spraying. To remove the solvent and cure the lacquer, the sheets or 
the cans are heated or “baked” in a hot air oven at 210°C for up to 15 min. The thickness of the dry 
lacquer is 4–5 μm for single coating and 8–10 μm for the very corrosive foods that require double 
coating.

Several types of internal enamels are used depending on the canned product. These include 
acrylic, epoxyamine, epoxyphenolic, oleoresinous, phenolic, polybutadiene, vinyl, and vinyl 
organosol resins. Robertson (2006) presents a table with the types of lacquers available, their char-
acteristics, and their uses. The sulfide stain-resistant lacquers may contain ZnO, which reacts with 
the H2S and white ZnS is produced, or contain metallic aluminum powder or white pigments to 
mask the tin sulfide stains.
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17.3.5 manufaCture of three-pieCe Cans

The classical cylindrical can is composed of three pieces: the cylindrical body, the bottom, and the 
lid. The last two are exactly the same, and they are called ends. In Figure 17.1 a photo of three-piece 
cans is presented.

17.3.5.1 ends
The ends are specially designed to have the optimum deformation behavior during heating and cool-
ing of the cans (Robertson 2006). During these stages, pressure differences develop between the 
inside and outside of the can, and the deformations of the ends must be reversible. The deformations 
depend on the thickness of the end, the pattern of the expansion rings, and the countersink depth.

The formation of the ends is carried out in the following stages. Initially a press stamps out a 
circular blank from a tinplate or ECCS sheet, which has been previously lacquered. Next the rim 
and the curl are formed. A lining or sealing compound is applied around the inside of the curl. The 
sealing compound is a solution of natural or synthetic rubber and during the double seaming opera-
tion fills the space between the body and end hooks and aids in the formation of a hermetic seal. 
Finally, beaded circles, called expansion rings, are made on the surface of the end with presses.

The increased demand by consumers for convenience features led to the development of cans 
with easy-open ends. There are two types of easy-open ends (Lee et al. 2008): pour-aperture types 
for beverages and full-aperture types for easy removal of solid foods. Nowadays the easy-open lids 
are made from lacquered tinplate, ECCS, or aluminum alloy. With presses the rivet is formed, and 
then the surface is scored to make the part of the lid that can be removed by pressing or pulling with 
the fingers. Finally, the tab is attached to the rivet. Easy-open lids are attached to the can body with 
double seams, exactly the same way as the common lids.

17.3.5.2 Body
At a first stage the tinplate or ECCS sheets are enameled and decorated with printing design if 
necessary. Then the sheets are slit into individual body blanks. Each blank is rolled into a cylinder 
with the two edges slightly overlapping, and the side seam is formed. There are several methods of 
creating the side seam. The traditional method was by soldering with lead and tin alloy. However, 
because of concerns on lead toxicity, this method has been abandoned completely and has been 
replaced by welding or cementing.

In the 1960s, two side seam welding processes were developed: the copper wire system by the 
Soudronic company in Switzerland and the Conoweld roll-welding system by the Continental Can 
Company in the United States. Both process were improved considerably and gained very wide 
acceptance in the 1980s.

Figure 17.1 Photo of three-piece cans and lid.
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In the Soudronic process, shown schematically in Figure 17.2 (Turner 2001), the two overlapping 
edges of the body cylinder are placed between the two welding electrodes. A high intensity alternat-
ing electrical current passes through and melts and fuses together the two metal surfaces while at 
the same time the electrodes apply pressure to the seam. Between the two welding electrodes there 
is a copper wire that acts as an intermediate electrode. Its use is necessary because it removes small 
amounts of tin liberated from the tinplate, which otherwise could contaminate the main electrodes 
and lead to faulty seam. In the side seam the width of overlap between the edges of the body cyl-
inder varies from 2–4 mm (Butterfly seam) to 0.8 mm (Wima seam) to 0.4 mm (superwima seam). 
During the welding process N2 is fed in the seam area because the atmospheric oxygen may oxidize 
the molten metals. After welding, the side seam is coated with enamel for protection regardless of 
whether the rest of the body is enameled or not.

The welding of ECCS has technical difficulties and to deal with them the Conoweld technique 
was developed, initially for welding ECCS cans for beverages. At first, the layers of chromium 
and chromium oxide are removed completely and thoroughly from the steel in the area where the 
side seam is to be formed, and then welding is carried out. A newer technique is laser welding. Its 
advantages are that it can handle ECCS and the width of overlap is only 0.25–0.30 mm. However, 
it is a rather slow process.

A cementing technique, called Miraseam process, has been developed by the American Can 
Company for cans with ECCS bodies. A thermoplastic polyamide adhesive is utilized, and it is applied 
to one edge of the body blank before this is rolled into a cylinder. The body blank has been preheated, 
and the final seam obtained is very strong, capable of withstanding the high pressures generated in 
the cans of carbonated beverages and beer. The technique can also be applied to aluminum cans.

17.3.5.3 double seam
After “baking” the enamel of the side seam, the bodies are directed to a flanger where necking and 
flanging is usually performed for the beverage cans and beading and flanging for the food cans. 
Necking results in a reduction of the diameter of the top part of the cylindrical body and permits 
the use of smaller diameter lids. Flanging is the bending outward of the edges of the two bases of 
the body to create the flange of the body. To increase the resistance of the body to paneling, that is, 
distortion due to high internal vacuum, beads are formed in parts of the body.

The ends (bottom and lid) are joined to the body with a mechanical construction called double 
seam (Figure 17.3). Double seaming is carried out in two steps. In the first operation, the curl of 
the end is pushed radially inward and is tucked up underneath the flange of the body. In this way the 
end hook and the body hook are formed, the first tucked under the second. In the second operation, 
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Figure 17.2 Schematic representation of the manufacture of a welded cylindrical can body. (a) Overview 
and (b) detail of welding process. 1, Blank rolled into a cylinder in the roll former; 2, copper welding-wire 
loom; 3, welding rolls; 4, welding wire in contact with cylinder overlap; 5, used copper wire to scrap. (From 
Turner, T.A., Canmaking for Can Fillers, Sheffield Academic Press, Sheffield, U.K., 2001. With permission.)
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the seam is compressed and flattened (“ironed”). The double seam plays a crucial role in securing 
the hermetic seal of the can and thus the safety of the canned product. For this reason its quality is 
checked by the canmaker and the food packer according to relevant guidelines (Gavin and Weddig 
1995, Canadian Food Inspection Agency 1997). There are specifications and limits for the various 
lengths and thicknesses, the degree of overlap of the two hooks, and the seam tightness. The double 
seaming machines may have up to 12 seaming heads and operate at speeds of 100–1000 cans min−1 
(Lee et al. 2008).

17.3.6 manufaCture of two-pieCe Cans

In two-piece cans, the first piece consists of the body and the bottom end, which originate from 
the same piece of metal. The second independent piece is the lid, which is joined to the first with 
a double seam. The two-piece cans have several advantages over the three-piece ones. They offer 
better hermetic integrity because of the lack of the side seam, and the whole surface of the body is 
available for decoration. In addition, they have lower raw material cost since about 35% less metal 
is used for their production compared to the three-piece cans. They may be manufactured by two 
methods: draw and wall-iron (DWI) or draw and iron (D&I) and draw and redraw (DRD). By the 
first method, aluminum or tinplate cans are made with a thick bottom and thin wall and are used for 
packaging of beer and carbonated beverages, in which case the high internal pressure helps support 
the thin wall. By the DRD method tinplate, ECCS, and aluminum cans are made with a thicker 
wall for the packaging of heat sterilized foods. They can withstand the pressure reversals occur-
ring  during heat processing of the cans. The production rate of D&I cans is rather high reaching 
2000 cans min−1 per production line (Lee et al. 2008).

DWI cans are made in the way shown schematically in Figure 17.4 (Malin 1980). First, from a 
sheet or coil of aluminum or tinplate a circular disk is stamped and from that a shallow cup is drawn. 
Next each cup, held on a punch, is pushed and rammed through a series of tungsten carbide rings 
of progressively smaller diameter. This process, while leaving the bottom unchanged, stretches the 
wall and thins it typically from 0.30 to 0.10 mm. At the same time the can height is increased to 
three times the original height. The bottom is domed to offer strength and stability to the can. The 
thickness of the bottom remains at 0.30 mm. Since cans are overdrawn to a bigger and irregular 
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Figure 17.3 Cross section of a double seam and its main dimensions.
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height, the body is next trimmed to the desired height. The steps that follow are washing, printing 
the external surface of the body, coating both surfaces with lacquer, heating in an oven to “bake” 
the lacquers, necking, and flanging.

The DRD method is shown schematically in Figure 17.5 (Malin 1980). It is the same as the D&I 
method up to the point of formation of the drawn shallow cup. Then, using punches and dies of pro-
gressively smaller diameter, the cup is redrawn, its diameter is reduced, and its height is increased. 
The thickness of the bottom and of the body remains unchanged during drawing and redrawing. 
DRD cans are made from precoated lacquer sheets of tinplate, ECCS, or aluminum, with ECCS of 
thickness 0.2 mm being the most often used material.

17.3.7 aluminum foil

Aluminum foil is a sheet of aluminum alloy with thickness between 4 and 150 μm. A variety of 
alloys (e.g., the 1000, 2000, 3000, 5000, and 8000 series) can be used for foil manufacture depend-
ing on the intended application (cooking foil, laminated on plastic film or paper, semirigid trays). 
Aluminum foil is an excellent barrier to water vapor, gases, and aromas if its thickness is more than 
25 μm. At lower thicknesses it is permeable because of formation of small pinholes.

21 3

4 5 6 7

Figure 17.4 Sequential stages in the production of drawn and wall-ironed (DWI) cans: 1, body blank; 
2 and 3, drawn and redrawn cups; 4, 5, and 6, first, second, and third stages of wall ironing and base forma-
tion; 7, finished can trimmed to required height. (From Malin, J.D., Metal containers and closures, in: S.J. 
Palling (ed.), Developments in Food Packaging-1, Applied Science Publishers Ltd., London, U.K., pp. 1–26, 
1980. With permission.)

1
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Figure 17.5 Sequential stages in the production of drawn and redrawn (DRD) cans: 1, body blank; 
2, drawn cup; 3 and 4, first and second stage redrawn cups; 5, finished trimmed can with profiled base. (From 
Malin, J.D., Metal containers and closures, in: S.J. Palling (ed.), Developments in Food Packaging-1, Applied 
Science Publishers Ltd., London, U.K., pp. 1–26, 1980. With permission.)

© 2016 by Taylor & Francis Group, LLC

  



587Food Packaging and Aseptic Packaging

17.4 Corrosion oF metal Containers

A very important phenomenon which determines the shelf life of canned foods is the corrosion of 
their metallic containers. Corrosion is a chemical reaction between a metal and its environment to 
form largely useless corrosion products. Since corrosion occurs on the surface of the metal, its rate 
can be reduced by changing the conditions at the surface (e.g., by coating with lacquer). Corrosion 
may have several negative consequences on the metal container itself (swelling or perforation and 
leaking of the product) and on the quality of the packaged food through the transfer of metals and 
rust to it. Therefore, corrosion is a matter of great concern to package manufacturers and food pro-
cessors and measures are taken to decrease its rate and control it. It is a subject that has been inves-
tigated by scientists since the beginning of the use of tinplate as a packaging material, and therefore 
extensive relevant literature exists (e.g., Board and Steele 1975, Anonymous 1986, Mannheim 1986, 
Robertson 1993, Robertson 2006, Lee et al. 2008).

The reaction of corrosion of a metal in an aqueous electrolytic solution containing oxidizing 
substances is an electrochemical one involving the transfer of electric charge, which in the metal 
are electrons and in the solution ions. When a metal surface corrodes the metal is oxidized; thus, 
its cations are formed and are dissolved into the solution leaving the freed electrons on the metal 
surface. For a metal, M, the chemical reaction is

 M M ze(s) (aq)
z+→ + −

The region of the surface where oxidation, that is, dissolution of the metal, takes places is called 
anode as the accumulation of electrons in the area establishes a negative charge on it. The electrons 
move through the mass of the metal to regions where they can cause reduction of the oxidizing sub-
stances contained in the electrolytic solution. The removal of electrons (reduction) is the cathodic 
reaction, and the region where it occurs is called cathode.

17.4.1 Corrosion of the internal surfaCe of tinplate Cans

17.4.1.1 introduction
Corrosion of the internal surface of tinplate cans involves the oxidation of the two metals (Sn and 
Fe) of tinplate, that is, their conversion to cations and their transfer to the food. Each one of the two 
metals may be the anode and get oxidized according to the reactions

Sn(s) → Sn2+ + 2e− and Sn2+ → Sn4+ + 2e−

Fe(s) → Fe2+ + 2e− and Fe2+ → Fe3+ + e−

The cations of the two metals enter the food and are transformed into insoluble salts, hydroxides, or 
oxides and remain in the food and/or are deposited on the can walls.

Inside a tinplate can filled with food, pores and scratches in the tin coating may exist extend-
ing up to the steel layer and leaving tiny areas of steel exposed to the food. The food is usually an 
electrolyte and also contains oxidizing substances. In the area around such a pore the metals Sn 
and Fe are in electrical contact and also immersed in an electrolyte. Consequently, a short-circuited 
galvanic cell is created in the region between the two metals, with one metal becoming the anode 
and getting oxidized and the other becoming the cathode where the oxidizing substances are being 
reduced. This type of corrosion is called galvanic corrosion. Taking into account thermodynamic 
considerations only, one would normally expect that the metal with the larger negative value of 
the standard reduction potential E0 would be the anode. In the present case that would be iron with 
E0 = −0.44 V, while tin has E0 = −0.14 V.

The oxidizing substances that cause corrosion of the can’s metals are called corrosion accel-
erators. They oxidize the metals, while themselves are reduced at the cathode. The most common 
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corrosion accelerators found in foods are the hydrogen ion and a group of other oxidizing com-
pounds that compete with the hydrogen ion for their reduction at the cathode. These, by being 
reduced themselves, inhibit the emergence of cathode polarization from the hydrogen gas bubbles. 
They are called cathodic depolarizers, and the most important of them are oxygen, nitrates, sulfur, 
sulfur dioxide, some plant pigments, and trimethylamine oxide.

Corrosion of a can depends on many factors such as the corrosiveness of the contained food, 
the characteristics of the tinplate used to make the can, the use of lacquer (or the lack of use) on 
the internal surface of the can, processing variables (headspace, heating, and cooling), and storage 
parameters (temperature and time).

17.4.1.2 mode of action of Corrosion accelerators
The action of some of the corrosion accelerators is described by the following chemical reactions:

 Hydrogen Ion: 2H+ + 2e− → H2 ↑

 Oxygen: O2 + 2H2O + 4e− → 4OH−

 Nitrates: NO 10H 8e NH 3H O3 2
− + − ++ + → +4

 Sulfur dioxide: HSO 6e 7H H S 3H O2 23
− − ++ + → +

Corrosion by oxygen gas accumulated in the can’s headspace is dealt with better control of the head-
space’s volume, by increasing the vacuum, blanching of the product, and deaeration of liquid foods 
to remove the dissolved oxygen.

The source of nitrates in the canned food is either the water added to the food during its prepara-
tion or the nitrates encountered in fruits and vegetables, like tomatoes, green beans, etc., grown in 
heavily fertilized soils. Nitrates act as cathode depolarizers if the pH of the food is lower than 5.5. 
The problem could be overcome by reducing the quantities and the time of application of nitrate 
fertilizers. Since this is not very realistic, the best solution remains the use of very well-enameled 
cans. As far as the water added to the food is concerned, its nitrate content should not exceed 5 ppm.

Sulfur dioxide in acidic foods exists mostly in the form of HSO3
−. In soft drink and wine cans, it 

may be reduced according to the reaction presented above to hydrogen sulfide giving an offensive smell.
Sulfide staining is another case of corrosion, for which sulfur compounds are responsible. 

It occurs to foods rich in proteins with pH > 5 (meat and meat products, fish, and dairy products, 
etc.) and manifests itself through the emergence of black stains of iron sulfide and blue–black or 
brown stains of tin sulfide on the surface of tinplate. This is not a health hazard; it is rather a 
problem of bad appearance of the inside of the can. There are three amino acids containing S in 
their molecule, and there may be disulfide bonds in the proteins. During or immediately after heat 
processing, the amino acids and the disulfide bonds are reduced, and H2S and S2− are produced. 
At the same time tin and iron are oxidized; their ions react with S2− and stains of SnS and of FeS 
are formed. The measures taken to limit sulfide staining is rapid cooling after heat processing, the 
use of well-passivated tinplate, and the use of cans enameled with sulfide stain-resistant lacquers.

Some fruits (e.g., strawberries, cherries) containing the red pigments, anthocyanins, if canned in 
plain tinplate containers, are either decolorized or get an unpleasant violet color. Anthocyanins are 
cathodic depolarizers and are easily reduced by the tin. To avoid the problem only well-enameled 
cans are used for these fruits.

17.4.1.3 mechanism and progress of Corrosion
17.4.1.3.1 Plain Tinplate Cans
Two general cases of corrosion are observed for plain tinplate cans: (a) dissolution of tin called 
detinning and (b) dissolution of iron called pitting corrosion.
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17.4.1.3.2 Detinning
As already mentioned, pores and scratches in the tin coating may exist extending up to the steel 
layer and leaving tiny areas of steel exposed to the food. In these pores, short-circuited galvanic 
cells are created and galvanic corrosion proceeds. According to the electrochemical series one 
would normally expect that iron would be the anode and get oxidized (Fe(s) → Fe2+ + 2e− and Fe2+ → 
Fe3+ + e−), while tin would be the cathode and remain intact. And indeed this is the case of external 
corrosion of tinplate cans. However, inside the can, depending on the food, tin can be cathodic or 
anodic. For salt solutions and pure water tin is cathodic. For many foods, like fruit juices, some 
vegetables, meat, fish, and milk, which contain organic acids or amino acids, called anodic depolar-
izers, reversal of polarity of the couple Sn–Fe occurs. Anodic depolarizers combine with Sn2+ and 
form stable complexes and in this way, by greatly reducing the concentration of Sn2+, make the oxi-
dation of tin (Sn(s) → Sn2+ + 2e−) more favorable over the oxidation of iron. Tin becomes the anode; 
it dissolves preferentially and thus protects the iron, which remains intact. This is the most common 
case of corrosion, and tin is called a sacrificial anode. Another factor that contributes to the polarity 
reversal of the couple Sn–Fe is the higher hydrogen overpotential of tin over that of iron. Practically 
that means that the cathodic reaction of the reduction of hydrogen ions is taking place preferentially 
on the surface of steel than of tin.

There are three cases of detinning: normal, rapid, and partial detinning and pitting. In normal 
detinning, tin offers complete protection to the iron, and tin dissolution and hydrogen production are 
slow. Representative foods responsible for this type of corrosion are citrus, pineapple, peach, and 
apricot. In rapid detinning, tin still offers complete protection to the iron, but the rates of tin dis-
solution and hydrogen production are high. Representative foods for this case are tomato products, 
lemon juice, and berries. In partial detinning and pitting, the protection offered to iron by the tin is 
limited as there are areas of steel which are anodic, and steel corrodes. Relatively soon either hydro-
gen swelling or perforation occurs. This type of corrosion is observed with steel of lower quality or 
with prunes and pear nectar.

There is some concern that the tin dissolving from the can into the food might present a health 
risk to the consumer. In Europe, Commission Regulation (EC) 242/2004 sets limits for tin content 
of canned foods as follows: 200 ppm for canned foods in general; 100 ppm for canned beverages; 
and 50 ppm for canned foods for babies, infants, and young children. These limits are easily met. 
In most cases, under normal conditions of canning and storage, tin concentration in foods in plain 
tinplate cans is 50–90 ppm after several months of storage (Robertson 2006).

17.4.1.3.3 Pitting Corrosion
For foods like pears, carbonated beverages containing phosphoric acid, and pickles, tin is cathodic 
relative to iron. Anodic dissolution of iron takes place, ultimately leading to perforation of the con-
tainer and leaking of the product. This type of corrosion is called pitting corrosion.

17.4.1.3.4 Enameled Cans
The internal surface of cans is very often covered with lacquers to be protected from corrosion. 
However, the use of coatings does not always assure protection of the surface, and there are even 
cases in which corrosion is accelerated. Therefore, the selection of a proper lacquer for the particu-
lar product and careful coating are very essential for avoiding corrosion problems.

The mechanism of corrosion in enameled cans is quite different and more complex than that in 
plain tinplate cans. Only at the pores, cracks, and scratches of the lacquer layer there is exposed 
surface of metal and of course exactly as in the case of plain cans there are pores and scratches in 
the tin coating extending up to the steel layer. Corrosion will start at the places where the defects 
of the lacquer layer coincide with defects in the tin layer leaving areas of steel exposed to the food.

Two types of corrosion are observed and in both initially tin is dissolved at the pores of the 
lacquer. Next, if tin is anodic with respect to iron, its dissolution continues under the lacquer and 
finally results in lacquer flaking. Since the exposed area of tin is relatively small, the sacrificial 
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protection offered to iron is limited and very soon iron starts dissolving. Abnormally rapid corro-
sion of iron may occur leading to swelling or perforation of the container. The problem is dealt with 
by increasing the thickness of the enamel coating. Thus, while a thickness of 4–6 μm is adequate for 
nonaggressive products, for aggressive foods like tomato paste, a thickness of 8–12 μm is necessary 
(Robertson 1993).

In the second type of corrosion, iron is anodic to tin right from the beginning. The tin remains 
intact, and the iron is attacked. Ultimately, the can wall is perforated (pitting corrosion). Beets in 
vinegar and berries are to blame for pitting corrosion. The best measure to control this corrosion 
of lacquered cans is improved coverage of the surface (double coating and extra coating of the side 
seam of the can).

17.4.2 Corrosion of aluminum

Although aluminum has a large negative standard reduction potential (E0 = −1.66 V), it does not 
corrode easily because as soon as it is exposed to air or water a very thin film of aluminum oxide 
(Al2O3) is formed on its surface. This oxide film offers aluminum complete protection in the pH 
range 4–9 (Robertson 1993).

Aluminum is particularly vulnerable to pitting corrosion (Al → Al3+ + 3e−) if the food it is in 
contact with contains Cl− (Wranglen 1985, Lee et al. 2008). The chloride ions start the creation of 
pores in the layer of Al2O3. Although their role is not completely known, it is postulated that they 
are adsorbed at defective spots of the layer and begin the formation of pores. The problem appears 
in both cans and foil and is controlled with very good lacquer coating of the surface.

17.5 plastiC paCKaging

17.5.1 introDuCtion

Polymers are macromolecules, that is, molecules of high molecular weight, comprised of many 
 simpler repeated units, joined together in a regular way. Monomers are the simple low molecular 
weight compounds from which polymers are made by the polymerization reaction. Plastics are 
polymers, either synthetic or modified natural polymers, that can be formed to the desired shape by 
heat and pressure. In the packaging industry, the terms plastic and polymer are frequently used one 
in the place of the other; however, the term plastic refers more to the final product, while polymer 
characterizes the raw material for making the product.

For polymers there is a direct relationship between method of production—structure—properties—
applications. Plastics differ from all other materials in that they possess a great variety of properties. 
This is the reason for their widespread use in various fields of everyday life and one of them is food 
packaging. First of all most of the polymers are inexpensive, and the processes for converting them 
into food packaging are inexpensive too. They are very versatile in that they can be formed easily 
to rigid, semirigid, and flexible packages. Plastic containers have low weight, do not corrode, and 
can be transparent. Polymers are good thermal and electrical insulators, are heat-sealable, and can 
combine various functionalities. This combination of properties makes polymers ideally suitable for 
applications where other materials do not perform well. However, they have significant disadvan-
tages too. Unlike glass and metal, they are permeable to gases and vapors. Most of them do not have 
high mechanical strength and high enough heat resistance. In general, they are not biodegradable, 
and this is the reason they are considered as having negative environmental impact. A major disad-
vantage of polymers is the risk of migration into the food of low molecular weight substances con-
tained within the polymer. To minimize this possibility, many regulations exist for food packaging 
plastics, and extensive tests are carried out to ensure that the packaged food is safe for  consumers. 
Another factor detrimental to food migration is the scalping (adsorption) of food aromas and flavors 
by the plastic packaging.
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Polymer science and technology is a very vast scientific field, and there are numerous books on 
the subject. More information can be found in general references on polymer science and technol-
ogy (e.g., Baird 1976, Rodriguez 1982, Grulke 1994), in the Macrogalleria® website of polymer 
 science, general references devoted exclusively to plastic food packaging (e.g., Briston and Katan 
1974, Jenkins and Harrington 1991, Brown 1992), and the relevant chapters in food packaging 
books (e.g., Briston 1980, Goddard 1980, Robertson 1993, 2006, Soroka 1996, Lee et al. 2008).

17.5.2 ClassifiCation of polymers

Polymers can be classified according to various criteria, like their origin, type of monomer, molecu-
lar shape, behavior during heating, mechanism of polymerization reaction, and functional group.

The polymers that consist of one type of repeating building-block unit are called homopolymers, 
while those consisting of two or more different units are called heteropolymers. A heteropolymer 
produced by polymerizing together two different types of monomers is called copolymer, and if the 
types of monomers are three, the polymer is called terpolymer, etc. As far as the shape of the mac-
romolecules is concerned there are linear (a main chain), branched (side chains attached to the main 
chain), and cross-linked (three-dimensional network of interconnected main chains) polymers.

Another distinction of food packaging polymers, related to their molecular structure and behav-
ior when heated, is in thermoplastics and thermosets. Thermoplastics are linear or branched but 
with no cross-links between the chains. When heated they soften, and eventually they become 
polymer melt. Then they can be formed in various shapes and become solid upon cooling. The phe-
nomenon is reversible, and the “heating-melting-forming-cooling-solidifying” cycle can be repeated 
many times. Almost all polymers used in food packaging are thermoplastic, and thermoplastics 
account for more than two thirds of all polymers used today.

Thermosets are cross-linked polymers. The creation of the network of polymer chains occurs 
during formation of the plastic object and is done by heating, irradiating, or adding cross-linking 
agents. Covalent bonds are formed between the macromolecular chains, and in essence the material 
becomes one gigantic molecule. The process is irreversible, and hard and stiff objects are produced 
from thermosets. Thermosetting polymers do not melt on heating and thus cannot be remolded for 
a second time. If heating continues they degrade, form blisters, and finally char. Thermosets find 
minimal applications in food packaging as coatings, adhesives, and bottle closures.

17.5.3 polymer morphology anD phase transitions in polymers

The properties of polymers depend on their molecular structure, molecular weight, morphology, 
and chemical composition (Robertson 2006). The subjects of morphology and phase transitions are 
briefly mentioned here. Detailed information on all these topics can be found in polymer science 
textbooks.

For thermoplastic polymers there are two ideal extreme cases concerning their morphology: 
crystalline and amorphous. In the first state the macromolecules are arranged in an orderly fashion 
parallel and closely packed in ideal crystals, while in the second they are completely disordered. 
Pure crystalline morphology is very difficult to be obtained, and hence there are only very few 
cases of completely crystalline polymers. On the other hand, some polymers that are commercially 
important in food packaging are totally amorphous. Most thermoplastic polymers are semicrystal-
line, consisting of amorphous and crystalline regions and are characterized by a degree of crys-
tallinity, which expresses the percentage of crystalline material in the total mass of the polymer. 
The degree of crystallinity affects considerably the mechanical, optical, thermal properties of the 
polymer, as well as its permeability to gases and vapors. It depends on the chemical structure, the 
number of branches in the chain, the mean molecular weight and the molecular weight distribution 
of the polymer, and processing parameters, such as the cooling rate of the polymer melt, the pres-
ence of additives, and stretching.
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Let us consider a thermoplastic polymer at high enough temperature for it to be in the liquid 
state and suppose we study the change of the specific volume of the polymer with respect to tem-
perature as we cool it. The following behaviors are observed. If the polymer is totally crystalline, 
as it cools, its specific volume decreases with a constant slope and at the crystalline melting tem-
perature Tm, a sharp drop of the specific volume occurs as the polymer undergoes a phase transi-
tion from liquid to crystalline solid. If the polymer is totally amorphous, as the temperature drops, 
the specific volume decreases with a constant slope, and then at a certain temperature the slope 
changes and remains constant at the new value thereafter. The temperature at which this change of 
slope is observed is called glass transition temperature Tg. If the polymer is semicrystalline both 
Tm and Tg are observed.

An amorphous polymer at temperatures above Tg is either liquid or soft and flexible like rubber. 
At the glass transition temperature Tg the polymer changes from a rubbery state to a glassy state, 
that is, it becomes solid like glass with physical properties similar to those of a crystalline solid but 
with the molecular disorder of a liquid. In the rubbery state, because of the increased molecular 
movement of the chains, a polymer is more permeable than in the glassy state. Other properties 
(e.g., coefficient of thermal expansion, specific heat capacity) that depend on the ease of molecular 
movement of the chains are different at the two states (rubbery–glassy).

The physical properties of thermoplastic semicrystalline polymers at a temperature of interest 
depend on the values of Tg and Tm in relation to the temperature of interest. If this temperature is 
below Tg then the polymer is comprised of crystalline and glassy regions and as such is an effective 
barrier to permeants. If it is above Tg permeability increases because the glassy regions have been 
transformed to rubbery ones.

The mobility of the polymer chains and the Tg value of the polymer are interrelated. Whatever 
factor increases the Tg value and vice versa. Thus, bulky pendant groups in the  macromolecule and 
cross-linking of the chains raise Tg. On the other hand, symmetry in the macromolecule and the 
addition of plasticizers lower Tg.

17.5.4 fooD paCKaging polymers

The most widely used materials in food packaging, thermoplastic polymers, are presented next, 
arranged more or less according to their functional group. These are polyolefins (polyethylenes, 
polypropylene); poly(substituted olefins) (polystyrene, poly(vinyl alcohol), poly(vinyl chloride), 
poly(vinylidene chloride)); copolymers of ethylene (ethylene-vinyl acetate, ethylene-vinyl alcohol, 
ionomers); polyesters (polyethylene terephthalate); polycarbonates; polyamides; polyacrylonitrile 
and copolymers of acrylonitrile; and regenerated cellulose (Robertson 1993).

A useful table summarizing the main properties and uses of the above polymers is presented by 
Krochta (2007). More information about the chemistry, properties, manufacture, applications, regu-
latory, safety, and environmental aspects of polyethylene (Tice 2003), polypropylene (Tice 2002a), 
polystyrene (Tice 2002b), poly(vinyl chloride) (Leadbitter 2003), and polyethylene terephthalate 
(Matthews 2000) can be found in the reports prepared under the responsibility of the ILSI Europe 
Packaging Material Task Force and available at the website of ILSI Europe.

17.5.4.1 polyethylene (pe)
Polyethylene is the simplest, cheapest, and most widely used polymer. It is produced by polymer-
ization of ethylene gas (CH2=CH2), and its chemical formula is [–CH2–CH2–]n. There are several 
types of PE available, differing in molecular structure and properties. The distinction is based on 
density and the most common are

 1. Low Density Polyethylene (LDPE): It has a branched structure with many and long side-
chain branches. Because of the branches, it has low density (910–940 kg m−3), degree of 
crystallinity 50%–70%, and softening temperature lower than 100°C. All types of PE, 
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because of their nonpolar nature, are excellent moisture barriers. However, they have high 
permeability to gases (O2, CO2, and N2) and aromas. For packaging, a very useful prop-
erty of LDPE is that it is heat-sealed easily giving tough, liquid-tight seals. LDPE has the 
disadvantage of environmental stress cracking, that is, when stressed while in contact with 
polar liquids or vapors (detergents, essential oils, vegetable oils) cracks are formed on its 
surface. It also tends to adsorb volatile constituents of the contained food, like d-limonene 
from orange juice. It is used mainly as a film for making bags to package fresh produce and 
bakery products and pouches for frozen foods. The LDPE film is soft, flexible, and stretch-
able. LDPE is combined with other packaging materials, like paperboard, aluminum, and 
other polymers for making multilayer packaging materials (laminates), where it serves as 
a moisture barrier, a heat-sealing layer, or as an adhesive.

 2. High Density Polyethylene (HDPE): It is a linear polymer with few and short side-chain 
branches. Because of the absence of branches, it has high density (941–965 kg m−3), degree 
of crystallinity up to 90%, and softening temperature about 121°C. Compared to LDPE, 
it has better resistance to chemicals and oils, greater tensile strength and hardness, and 
5–6 times lower permeability to water vapor and gases, but it is much more opaque and 
significantly more difficult to heat-seal. Like LDPE, it has the problem of environmental 
stress cracking. It is used for making bottles and jugs for milk and water, containers for 
salt, and as a film for bags (e.g., grocery bags). The HDPE films have a white, translucent 
appearance and usually are very thin (10–12 μm).

 3. Linear Low Density Polyethylene (LLDPE): It is a copolymer of ethylene with small 
amounts of a higher alkene. It is a linear polymer with many but short side-chain branches. 
The term linear refers to the absence of long chain branches. It combines the advantages of 
LDPE and HDPE. It has the clarity and good heat-sealabiliy of LDPE and the mechanical 
strength and chemical resistance of HDPE. For this reason it has been replacing LDPE in 
many applications.

17.5.4.2 polypropylene (pp)
Polypropylene is produced by addition polymerization of propylene (CH2=CH(CH3)), and 
its  chemical formula is [–CH2–CH(CH3)–]n. It is a polymer with many similarities to LDPE. 
However, compared to LDPE, it has lower density (900  kg m−3), higher softening tempera-
ture (140°C–150°C), higher tensile strength, stiffness and hardness, but lower resilience. As 
a polyolefin it has low permeability to water vapor, while its permeability to gases is medium. 
PP has good resistance and impermeability to fats and oils; so it is suitable for packaging fatty 
foods. Its relative high temperature stability makes it useful for hot filling, retorting, and micro-
waving applications. Finally, it has good gloss and clarity, properties essential for successful 
reverse printing.

PP is formed into bottles, cups, tubs, bowls, jars, glasses, trays, and closures. PP films are avail-
able in two forms: nonoriented (also called cast) and oriented. Orientation is accomplished by 
stretching the film while hot in one direction or two directions. In the first case, OPP (oriented PP) 
is produced and in the second, BOPP (biaxially oriented PP). There are food packaging applica-
tions for both forms of films. Cast PP is used as a component in multilayer packaging materials 
(laminates) when high temperature resistance and good heat-seal strength are required (e.g., retort 
pouches). OPP film is used for packaging bakery and confectionery products, various snacks, and 
cheeses. BOPP film has a high clarity; however, it is not heat-sealable, and it has to be coated with 
another polymer.

17.5.4.3 polystyrene (ps)
PS is produced by addition polymerization of styrene (C6H5–CH=CH2), and its chemical formula 
is [–CH2–CH(Ph)–]n, where Ph is the phenyl ring. It is totally amorphous and thus a hard, rigid, but 
brittle, clear, and transparent material, with a high Tg in the range 90°C–100°C. In that form it is 
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called crystal grade PS. It has medium permeability to gases and high to water vapor. To deal with 
the problem of brittleness of PS, polybutadiene and a styrene–butadiene copolymer are blended 
with the PS, and the resulting material is called Toughened or High Impact PS (HIPS).

Crystal grade PS is used for making transparent jars, glasses, trays, and disposable cutlery. With 
HIPS tubs and cups are made for dairy products, margarine, ice cream, etc. PS finds also many 
applications as foamed or expanded PS. These include trays for fresh produce, meats, poultry, fish, 
cartons for eggs, cups, and plates.

17.5.4.4 poly(vinyl chloride) (pVC or V)
PVC is produced by addition polymerization of vinyl chloride monomer (VCM) (CH2=CHCl). If the 
addition of the monomer to the growing chain of the polymer is “head to head” PVC’s chemical for-
mula is [–CH(Cl)–CH2–CH2–CH(Cl)–]n, and if it is “head to tail” the formula is [–CH2–CH(Cl)–
CH2–CH(Cl)–]n. In the PVC used in the various applications, this addition is done in a completely 
random manner and thus PVC is a clear, amorphous polymer. It is an inexpensive polymer, but 
its use in food packaging is rather limited. On the other hand, it finds many nonfood-packaging 
 applications ranging from piping to surgical gloves.

PVC is a very stiff and brittle material and to make it flexible and soft, plasticizers (organic 
liquids of low volatility) are added to it. Also stabilizers are incorporated into the polymer. These 
substances tend to migrate into the food, and there have been safety concerns and controversies 
about this migration. Now internationally, there are regulations in the law concerning migration of 
additives of VCM and residual VCM content of the PVC. Therefore, extreme care should be taken 
when choosing additives for PVC and also compliance with the relevant migration limits set up in 
the law must be assured.

Unplasticized PVC, or with a low plasticizer content, is used to make jars for coffee and 
instant drinks in powder form and inserts for the boxes of chocolates and biscuits. Plasticized 
PVC films have good stretch and cling, clarity, and transparency and relatively high permeability 
to gases and water vapor. For these reasons, they are used for overwrapping fresh produce and 
fresh meat.

17.5.4.5 poly(Vinylidene Chloride) (pVdC)
The PVdC homopolymer is produced by addition polymerization of vinylidene chloride (CH2=CCl2), 
and although it has many desirable properties, it is brittle, it does not adhere well to other materials, 
and presents problems in processing. For these reasons vinylidene chloride is copolymerized with 
vinyl chloride. It is a generally accepted convention to call the copolymer of vinylidene chloride 
(85%–90%) and vinyl chloride simply PVdC. Another name is Saran from the trade name Saran® of 
the film produced by Dow Chemical Company.

The unique property of PVdC is that it is an excellent barrier to both water vapor and gases and 
aromas. In addition, humidity does not affect its permeability to O2 and CO2. It is one of the two 
most important high barrier polymers employed in food packaging. It can withstand the relative 
high temperatures of hot filling and retorting, and thus it is used as an internal barrier layer in mul-
tilayer containers (e.g., retort pouches) for thermally processed foods. It is also used as a coating for 
bottles and other films, for example, regenerated cellulose. Saran wrap is a single-layer PVdC film 
used by the consumers to wrap food at home.

17.5.4.6 ethylene-Vinyl acetate (eVa) Copolymer
The copolymers of ethylene (CH2=CH2) and vinyl acetate (CH3COOCH=CH2), with a vinyl ace-
tate content of 3%–12%, have many properties similar to those of plasticized PVC. Therefore, EVA 
copolymer films can replace the latter in various applications, for example, wrapping of fresh meat, 
since they have the advantage over the PVC films of not containing plasticizers that may migrate to 
food. EVA copolymers are also used as the heat-seal layer in laminates and lids.
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17.5.4.7 ethylene-Vinyl alcohol Copolymer (eVoh or eVal)
The copolymer of ethylene (CH2=CH2) and vinyl alcohol (CH2=CHOH), with an ethylene con-
tent of 27%–48%, is an expensive polymer. Its properties depend on the relative proportions of 
the two monomers. EVOH is an excellent barrier to gases and aromas, being one of the two high 
barrier polymers. However, it is very sensitive to humidity and has to be protected from moisture. 
Its permeability to oxygen increases almost 50 times for an increase of the relative humidity from 
65% to 100%. At low relative humidities, it is the material with the lowest permeability to oxygen, 
better than Saran HB (High Barrier). Its permeability to oxygen increases with increasing ethylene 
content. While PVdC is usually coated on the external surface of another material, EVOH must be 
between two layers of polyolefins to be protected from moisture. So in multilayer structures, it is 
combined with PP (retort pouches, bottles for hot filling), PET, or LDPE. It is also used in modified 
atmosphere packaging where, because of its gas barrier properties, it helps maintain the composi-
tion of the gases inside the package at the required level.

17.5.4.8 ionomers
They are copolymers of ethylene and methacrylic acid (CH2=C(CH3)COOH), with a methacrylic 
acid content less than 15%. After production of the polymer, some carboxyl groups are neutral-
ized by Na+ or Zn2+ ions, and in this way ionic crosslinks are formed between the polymer chains. 
Ionomers are produced commercially only by Du Pont under the trade name Surlyn®. Ionomers are 
the best adhesives available in food packaging but also the most expensive. They are the most suit-
able for binding aluminum to other packaging materials. Surlyn forms excellent heat-seals even in 
the case that the product remains in the seal area and the seal has good strength and even in the case 
it didn’t have enough time to cool and solidify completely (excellent hot tack). For these reasons, 
ionomers are used as the internal layer in multilayer films. They are combined with polyamides and 
polyesters for packaging meat and cheese.

17.5.4.9 polyesters
Polyesters are produced by condensation polymerization of dicarboxylic (mostly aromatic) acids 
with diols (glycols). The most important polyester used in food packaging is polyethylene tere-
phthalate (PET or PETE), made by reacting terephthalic acid with ethylene glycol:
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Amorphous-oriented PET is a strong polymer with relatively low permeability to gases. It has excel-
lent clarity, transparency, and gloss and in that respect it is similar to glass. Since the end of the 
1970s, PET is used for making bottles for carbonated beverages. A huge growth followed, new 
markets opened up, and today PET is the major plastic for making bottles for all kinds of beverages, 
water, juices, milk, vegetable oils, and dressings and even beer. PET jars are used for packaging 
a variety of foods from peanut butter and mustard to instant coffee. To improve their gas barrier 
properties PET bottles can be coated with PVdC, or SiOx, or made multilayer with an internal layer 
of EVOH.

Almost all PET films are biaxially oriented and heat stabilized. They have excellent mechanical 
properties, chemical resistance, and elasticity. They have good dimensional stability from −60°C to 
220°C. The crystalline melting point Tm of PET is 267°C and the Tg is between 67°C and 80°C. PET 
films are used for making “boil-in-bags” and “roast-in-bags.” Since PET has poor heat sealability, 
the films are often coated with a heat-sealable layer of another polymer.
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Another application of PET is for making “dual-ovenable” trays, that is, for both microwave 
and conventional oven. A special form of PET, crystallized PET (CPET) is used for this purpose 
because it can withstand up to 220°C without deformation.

Examples of other polyesters besides PET that can be used in food packaging are polybutylene 
terephthalate (PBT) and PETG. PETG is a copolyester, produced by reacting terephthalic acid with 
two glycols (ethylene glycol and cyclohexane dimethanol).

17.5.4.10 polycarbonates (pC)
These polymers are linear polyesters of carbonic acid H2CO3 with aromatic diols, most commonly 
Bisphenol A (BPA–HO–C6H4–C(CH3)2–C6H4–OH). They are distinguished from the other polyes-
ters in that they contain the characteristic group –O–CO–O– in their molecule. Polycarbonates are 
amorphous polymers with excellent clarity and transparency like glass, toughness, and high tem-
perature resistance. Polycarbonates have high softening point temperature (Tm between 220°C and 
250°C and Tg 150°C) and thus can withstand 130°C–140°C temperatures for a long time. They are 
used as glass replacements in various nonfood packaging applications. Plastic glasses and pitchers 
used in hotels and bars are usually made of polycarbonates. Their major application in food packag-
ing is the 5-gal reusable water bottle. In the past plastic baby bottles were made of BPA polycarbon-
ate. There were safety concerns for the babies about the BPA that remains in the plastic migrating 
into the hot milk usually consumed from these bottles. Bisphenol A (BPA) is a suspected endocrine 
disruptor. In Europe, the use of BPA for the manufacture of polycarbonate infant feeding bottles has 
been banned according to Regulation (EU) No. 321/2011. Nowadays all plastic baby bottles in the 
market are advertised as BPA free.

17.5.4.11 polyamides (pa) or nylons
Polyamides (nylons is a generic name) are produced by condensation polymerization of a dicar-
boxylic acid with a diamine and are identified by a couple of numbers, the first being the number 
of carbon atoms in the molecule of diamine and the second in the molecule of dibasic acid. Thus, 
nylon 6,6 is produced from the hexamethylene diamine H2N–(CH2)6–NH2 and adipic acid HOOC–
(CH2)4–COOH according to the reaction:
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Polyamides can also be produced by the condensation of an ω-amino acid:

 n H N R COOH H HN R CO OH n H On2 21� � � � � �( ) → +( ) ( )−

In this case the polyamide is identified by a single number, which is the number of carbon atoms 
in the molecule of amino acid. Nylon 6 corresponds to condensation of ε-aminocaproic acid H2N–
(CH2)5–COOH, while it is actually produced from ε-caprolactam (CH2)5CONH, the cyclic amide 
of ε-aminocaproic acid.

The various polyamides have many properties in common. They are strong with excellent ther-
mal stability and grease and oil resistance. Like EVOH, they are very good barriers to gases when 
dry and are highly permeable and sensitive to water vapor. Therefore, they are usually protected 
from moisture being placed between layers of polyolefins.

In food packaging, nylons are exclusively used as films (combined with LDPE or PP) for bags 
and wraps for packaging cheeses, meats, cured and cooked meats, nuts and frozen foods. Films 
from biaxially oriented nylon (BON) have very good mechanical properties and low permeability 
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to gases and aromas. A unique characteristic of nylons is their high puncture resistance, and for this 
reason they are used in applications where this property is essential, for example, packaging of meat 
with bones and of nuts. In the United States, most polyamide packaging films are nylon 6, while in 
Europe, nylon 11.

17.5.4.12 polyacrylonitrile (pan) and heteropolymers of acrylonitrile
Polyacrylonitrile (PAN) is used as a fiber and not in packaging. The terpolymer acrylonitrile-
butadiene-styrene (ABS) has limited use in food packaging for making tubs and trays. The copo-
lymer acrylonitrile-styrene (ANS) has excellent gas and moisture barrier properties, and bottles 
for packaging carbonated beverages were made from this polymer. In 1977, FDA banned the use 
of these bottles because of concerns about potential migration of acrylonitrile into the beverage. 
In  1984, FDA withdrew the ban provided that the residual acrylonitrile content of the polymer is 
less than 0.1 ppm. Although this limit is met, by that time PET had already been established as the 
polymer for carbonated beverage packaging.

The acrylonitrile-methyl acrylate (ANMA) copolymer with the addition of a small quantity of 
butadiene-acrylonitrile rubber is known under the trade name Barex. It is a transparent material 
with good mechanical properties and excellent gas barrier properties. It was developed for making 
bottles for carbonated beverage packaging.

17.5.4.13 regenerated Cellulose or Cellophane
Cellophane is a generic term (except in Britain) for regenerated cellulose film (RCF). Regenerated 
cellulose is produced from wood pulp. With the addition of suitable chemicals to the wood pulp cel-
lulose is dissolved into solution. Then, with the addition of other chemicals, cellulose is coagulated 
(regenerated) and finally is produced in the form of a continuous transparent film. It can be regarded 
as transparent paper. In a dry environment it is a good barrier to gases; however, when exposed to 
high relative humidities it absorbs moisture and its permeability increases considerably. It is very 
permeable to water vapor and cannot be heat-sealed. With various coating these drawbacks are cor-
rected. The RCF used in food packaging is always coated on one or both sides. The usual materials 
RCF is coated with are nitrocellulose, PVC, LDPE, and PVdC. Although in many applications now-
adays BOPP is used instead of RCF, it is still used for twist-wrapping of sweets (Robertson 2006).

17.6 plastiC paCKage manuFaCture

17.6.1 semirigiD anD rigiD plastiC paCKaging

17.6.1.1 methods of production
Several different manufacturing methods exist for forming plastics into trays, tubs, cups, lids, jars, 
and bottles. In general, these containers have wall thickness greater than 75–150 μm.

17.6.1.1.1 Injection Molding
The pellets of a thermoplastic polymer are softened in a heated cylinder, and the molten plastic is 
injected through a nozzle into the cool mold with a reciprocating and rotating screw. After solidifi-
cation of the plastic object, the two halves of the mold open, and the object is ejected. The method 
produces the most dimensionally accurate objects of any other process. It is used for making tubs, 
cups, lids, and spouts from PE, PP, and PS. It is also used for manufacturing the preforms for the 
PET bottles.

17.6.1.1.2 Compression Molding
It is used for constructing closures for bottles and jars from thermoset polymers, usually urea–
formaldehyde resins. A measured quantity of the resin is placed into the open mold that has been 
preheated to 190°C–200°C. The mold closes and is pressed with a hydraulic press. The molten resin 
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completely fills the mold cavity. The heating and the high pressure are necessary for thermosetting 
of the polymer (i.e., the formation of cross-links between the chains). The plastic object stays in the 
mold for 1–2 min for curing and then is removed.

17.6.1.1.3 Blow Molding
It is the main process for producing hollow objects like bottles. A cylindrical semimolten tube, 
called parison or preform, of the thermoplastic polymer is placed into a cooled mold of the desired 
shape. Pressurized air or nitrogen is fed into the parison and blows it to the final container shape. 
Blow molding is in general carried out in three steps: melting the resin, forming the parison, blow-
ing the parison. The first two stages are accomplished either by extrusion and the whole process is 
extrusion blow molding or by injection and the process is injection blow molding.

In extrusion blow molding (Figure 17.6) (Briston 1980), the parison is continuously extruded 
between the two open halves of the mold and in the form of a heat-softened cylindrical hollow tube. 
At the moment the tube attains the right length, the extruder stops and the mold closes and thus seals 
the bottom of the parison. From a blow pin mounted inside the extruder die, blowing air is fed into the 
parison and inflates it. The polymers that are most commonly extrusion blow-molded are HDPE, PP, 
PVC, and heteropolymers of acrylonitrile. A variation of this process is coextrusion blow  molding, 
in which two or more extruders, each one handling a different resin, are feeding the same die. In 
this way the parison produced and the final bottle are composed of layers of different polymers. For 
instance, to obtain a PP bottle or jar with good oxygen barrier properties, a high barrier polymer, 
like EVOH, can be coextruded between the two outer PP layers. Usually, in these structures, a thin 
layer of adhesive resin, or tie, is also used to better bind the different polymer layers. Bottles of the 
composition mentioned above are used for packaging ketchup and sauces. Another application of 
coextrusion is to make a bottle with a layer of regrind resin from industrial scraps or even a layer of 
recycled plastic, between layers of virgin plastic to avoid potential migration problems.

Injection blow molding is a two-step process, similar to the making of glass bottles (Figure 17.7) 
(Briston 1980). In the first step by injection molding, the preform is formed having a blowing stick 
inside it. In the second step, the semimolten preform, with the blowing stick inside, is transferred 
to the blow mold. Compressed air fed through the blowing stick inflates the preform to the final 
container shape. Common polymers injection blow-molded are HDPE, PP, PS, PVC,  and  PET. 

Blowing tube
Finished bottle

Cutting blades
Continuous plastic tube

Extruder head

Split mold

Figure 17.6 Extrusion blow molding of plastic bottles. (From Briston, J.H., Rigid plastics packaging, in: 
S.J. Palling (ed.), Developments in Food Packaging-1, Applied Science Publishers Ltd., London, U.K., pp. 27–53, 
1980. With permission.)
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The advantages of the method over extrusion blow molding are more dimensionally accurate bot-
tles, better quality of the neck and finish of the bottle, no scraps, and no need for trimming the 
bottle. As with coextrusion, with coinjection there is the possibility of producing a multilayer pre-
form and then a multilayer bottle or jar.

An extension of the previous method is injection stretch blow molding. The differences are the 
preform is much shorter than the bottle and a rod is used to stretch the preform in the axial direction 
(Lee et al. 2008). With the process biaxial orientation of the polymer’s macromolecules is achieved 
and retained. This is the reason why the process is also called orientation blow molding. The advan-
tages of the so-formed containers are better mechanical properties, improved gas barrier properties, 
increased transparency and surface gloss, and reduced creep. The most common application of the 
method is making PET bottles and jars (Figure 17.8). PET is difficult to be blown and careful control 
of the temperature is required to avoid significant crystallization of the PET. Other resins like PVC, 
PP, and heteropolymers of acrylonitrile are also stretch blow-molded. For high volume production of 
the common PET bottles the following two-stage technique is implemented. In the first, the preform 
is injection-molded. Cooling it in the mold to less than 120°C must be very rapid to prevent PET 
crystallization. The rate of crystallization is high only in the temperature range of 120°C–220°C, 
while only amorphous PET has the required transparency and gloss. In the preform, the whole area 
of the finish is in its final form and won’t change during blowing. The preforms are stored at ambient 
temperature until needed for the second stage. Then they are reheated to between 90°C and 110°C 

(iv) (v)

Blowing
cycle

(vi)

(i) (ii) (iii)

Injection
cycle

Figure 17.7 Diagrammatic representation of the injection blowing process. (From Briston, J.H., Rigid 
plastics packaging, in: S.J. Palling (ed.), Developments in Food Packaging-1, Applied Science Publishers Ltd., 
London, U.K., pp. 27–53, 1980. With permission.)
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and placed in the blowing mold. The stretch rod is pushed downward and stretches the preform, and 
the compressed air fed in inflates the preform to the final container shape.

Thermoforming (Figure 17.9) (Briston 1980) is a simple technique for making trays, cups, tubs, 
and cartons. A sheet of a thermoplastic material, usually 75–250 μm thick, is clamped in a frame on 
top of the mold. The sheet is softened by heating via an infrared heater and forced into or over the 
mold by vacuum, air pressure, or by mechanical means. After cooling, the plastic takes the shape 
of the mold. Thermoplastic polymers that are usually thermoformed are PS, PP, HDPE, nylon, and 
EPS (expanded or foamed PS). A major application of thermoforming is the manufacture of meat 
and produce trays and egg cartons from EPS sheet. Dual-ovenable trays made from thermally stable 
PET, also called crystallized PET (CPET), are produced with the variation of the thermoforming 
technique. A nucleating agent is added to the PET sheet, and the tray remains in the thermoform 

Vacuum holes

Heating

Sheet

Clamp

Mold

Heater
Forming

Figure 17.9 Simple vacuum thermoforming. (From Briston, J.H., Rigid plastics packaging, in: S.J. Palling 
(ed.), Developments in Food Packaging-1, Applied Science Publishers Ltd., London, U.K., pp. 27–53, 1980. 
With permission.)

Figure 17.8 PET bottles and jar and respective preforms.
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mold long enough for the PET to crystallize. CPET is heat stable at temperatures up to 230°C, 
whereas amorphous PET starts to soften at temperatures higher than 63°C.

Details on the methods of production of rigid, semirigid, and flexible plastic packaging can be 
found in a number of sources (Baird 1976, Briston 1980, Goddard 1980, Robertson 1993, Soroka 
1996, Brody and Marsh 1997, Mauer and Ozen 2004, Robertson 2006, Krochta 2007, Lee et al. 
2008, Yam 2009).

17.6.2 flexible plastiC film paCKaging

Plastic packaging film is a flexible polymer sheet up to 0.25  mm thick. A product of thickness 
greater than 0.25 mm is referred to simply as a sheet, and it is usually thermoformed. Brennan et al. 
(1990) present a table with the general properties and applications of the plastic films most com-
monly used in food packaging.

17.6.2.1 methods of production
Extrusion. Single-layer films of any thermoplastic can be formed with this method. The 

components of a single-screw extruder are shown schematically in Figure 17.10 (Goddard 
1980). The most important part of an extruder is the screw that rotates within a heated 
barrel. The resin is fed in through a hopper in pellet or powder form. The screw com-
presses and shears the material, which is heated by friction and through contact with the 
hot walls of the barrel. The plastic melts, it gets homogenized, and finally the polymer melt 
is forced out through the die. The die determines the final shape of the product, which is 
called extrudate. The extruder may also have two screws (twin-screw extruder) instead of 
one (single-screw extruder), corotating or counter-rotating. When the polymer melt exits 
through a slit die and is drawn around two or more chilled casting rolls, a flat film is pro-
duced, and the process is called flat or cast-film extrusion. If the die is annular, a plastic 
tube is extruded usually vertically upward. Air is introduced into the tube through a hole in 
the center of the die and inflates the tube transforming it into a large tube with thin walls. 
Then the tube is cooled, flattened, and wound up. The second process is called tubular 
or blown-film extrusion (Figure 17.11) (Goddard 1980). The method is employed mainly 
for making bags, and the polymers most commonly used are HDPE, LDPE, and LLDPE. 
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Figure 17.10 Single-screw extruder: 1, input hopper for resin granules; 2, feeder screw; 3, heating  elements; 
4, slot extrusion die; 5, extruded film. (From Goddard, R.R., Flexible plastics packaging, in: S.J. Palling (ed.), 
Developments in Food Packaging-1, Applied Science Publishers Ltd., London, U.K., pp. 55–79, 1980. With 
permission.)
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The advantages of cast-film extrusion are better optical properties, high production rates, 
and better thickness uniformity of the film. The advantages of blown-film extrusion are 
better mechanical properties of the film and much lower cost.

Coextrusion. It is possible for two or more extruders, each one processing a different polymer, 
to be coupled and feed the same die (Figure 17.12) (Goddard 1980). The extrudates merge 
and fuse in a feed block and in this way a multilayer film is formed. The feed block is a 
metal block with specially designed flow channels (Lee et al. 2008). The main advantages 
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Figure 17.11 Blown tubular film extrusion: 1, screw extruder; 2, circular die; 3, air at constant flow; 
4,  tubular film; 5, guide frame; 6, nip rollers; 7, wind-up roll. (From Goddard, R.R., Flexible plastics  packaging, 
in: S.J. Palling (ed.), Developments in Food Packaging-1, Applied Science Publishers Ltd., London, U.K., 
pp. 55–79, 1980. With permission.)
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Figure 17.12 Five-layer and three-component extrusion combination die: 1, extruder screw (polymer a); 
2, extruder screw (polymer b); 3, extruder screw (polymer c); 4, combining adaptor; 5, five-layer film. (From 
Goddard, R.R., Flexible plastics packaging, in: S.J. Palling (ed.), Developments in Food Packaging-1, Applied 
Science Publishers Ltd., London, U.K., pp. 55–79, 1980. With permission.)
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of coextruded films are lower cost, less tendency for delamination, and greater flexibility 
in achieving the desired properties (Robertson 2006).

Calendering. The hot plastic material is compressed between two or more rollers. A continu-
ous sheet of very uniform thickness is produced. PVC films and sheets are usually formed 
by this technique.

Solution casting. The polymer is dissolved in an appropriate solvent, and the solution is cast 
through a die on a moving and heated steel belt. The solvent is evaporated, and at the other 
side of the belt the flat plastic film is removed. Cellulose acetate, propionate, and butyrate 
films are produced by this method (Robertson 1993).

17.6.2.2 orientation of plastic Films
Usually thermoplastic films after or during their formation are oriented to acquire improved strength 
and durability. Orientation achieves alignment of the polymer’s macromolecules in a given direc-
tion. It involves heating the film at a temperature at which it becomes soft (above Tg, but below Tm) 
and stretching it in one or two directions. When the film is cooled, the macromolecules remain 
“frozen” in this configuration and extend like springs. If an oriented film is reheated at its orienta-
tion temperature, it shrinks as the macromolecules return to their original size and random spatial 
orientation. Orientation in one direction (machine direction) is called uniaxial, while in two direc-
tions (machine and transverse) is called biaxial.

The advantages of biaxially oriented films are better optical and mechanical properties 
and increased shrinkability. Permeability to gases and water vapor may decrease by 0%–50%, 
depending on the polymer and the conditions of the orientation process. The disadvantages are 
more difficult heat sealing and easier tear propagation. If the shrinkage characteristic of oriented 
films is undesirable, this can be rectified by annealing, and the so-processed oriented films are 
called heat set.

Films made from PET, PA, PVdC, PP, and LDPE are most usually oriented, with OPP and BOPP 
being the ones produced in larger quantities. Both cast and tubular films can be biaxially oriented 
in the following way. In cast-film extrusion, if the chilled casting rolls are rotating at different and 
increasing speeds, the film is stretched and oriented in the machine direction. Then the film is fed 
into a tenter frame and is stretched and oriented in the transverse direction. In tubular film extru-
sion, the air inflates the plastic tube and stretches and orients it in the transverse direction, while the 
rolls at the end of the bubble, by rotating faster than the rolls at the beginning of the bubble, stretch 
and orient the film in the machine direction.

17.6.3 multilayer Combinations of flexible paCKaging materials

The various flexible packaging materials available have different characteristics concerning their 
permeability to gases and water vapor, mechanical properties, optical properties, resistance to high 
or low temperatures, etc. When an individual packaging material cannot meet all functional pack-
aging needs of a food, a multilayer combination of materials is chosen because it combines the 
advantages of the individual materials without the disadvantages and at a low cost. For example, a 
two-layer film used for making vacuum packaging bags consists of PA/LDPE. PA has low perme-
ability to gases but high to water vapor. On the other hand, LDPE has low permeability to water 
vapor and high to gases. Their combination has low permeability to both.

The flexible materials used in food packaging are thermoplastic polymer films, paper, aluminum 
foil, and metallized plastic films. Their combination is accomplished by three methods: coextru-
sion, coating, and laminating. Coextrusion, as already mentioned, is limited to combining only 
thermoplastic polymers. Coating is applying a thin layer of a liquid or a melt to the surface of a 
material. Laminating is the bonding of two or more webs. Laminate is a combination of layers of 
flexible packaging materials with each major web being generally thicker than 6 μm. Sometimes the 
term laminate is used to imply any multilayer combination regardless of the method of manufacture.
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Multilayer combinations are used for packaging a wide variety of foods ranging from dried foods 
(dried soups, nuts, coffee) to high-moisture foods (meat, cheese) to liquids (milk, fruit juices). The 
selection of the most appropriate combination of materials depends on the properties of the food, 
the properties of the individual materials, the type of processing, packaging and storage of the food, 
the desired shelf life of the food, etc. In tables presented by Fellows (1990) examples of laminated 
and coextruded structures are given along with their food applications. A useful table presented by 
Goddard (1980) gives the materials that provide the various desired properties in a laminate.

Substrates like plastics, paper, and metal foil can be solution-coated or extrusion-coated with a 
polymer to produce a two-layer flexible material with improved properties, like strength, perme-
ability, heat-sealability, etc. Solution coating involves the application of a thin layer of a solution 
or dispersion of a polymer onto the surface of the substrate followed by evaporation of the sol-
vent. In extrusion coating, the substrate, in the form of a flat film, passes underneath the die of an 
extruder from where molten polymer exits and is deposited directly on the surface of the substrate. 
The coating is cooled and solidified as the combination of the two materials passes through two 
chill rolls. With this technique the most commonly used coatings are LDPE, PP, PA, and PET.

Lamination, that is, the bonding together of two or more webs, can be accomplished with adhe-
sives (adhesive lamination) and by extrusion (extrusion lamination). Adhesive lamination can be dry-
bond lamination or wet-bond lamination. In the former, a solution of the adhesive is coated onto one 
surface of one of the two substrates, then the coating is dried with hot air for the solvent to evaporate, 
and finally the two webs are pressed together with a heated compression nip. In the latter, the bonding 
of the two webs is done without drying the adhesive and in this case one of the two substrates must 
be permeable to the solvent of the adhesive. A development of adhesive lamination is solventless 
lamination where the adhesive layer is formed by curing (polymerization) without solvents. In extru-
sion lamination a molten polymer, usually LDPE, is continuously extruded between two other webs.

Metallization is a specialized type of coating (Robertson 2006). A very thin layer, usually between 
8 and 50 nm (Lee et al. 2008), of metal (most commonly aluminum) is deposited on the surface of a 
plastic film or paper. The process is carried out in a vacuum chamber at pressure less than 3 kPa and is 
called vacuum metallization. The aluminum is heated at 1500°C–1800°C; it vaporizes and then con-
denses on the surface of the plastic film that passes past a chilled drum. Metallized films are excellent 
barriers to gases, water vapor, and light. Generally, a metallization of plastic films with an aluminum 
layer 50 nm thick results in a reduction of the permeability to gases and water vapor by 95%–99%. 
Metallized films have the appearance of thin metal foil, but they are more flexible, stronger, and highly 
reflective. Plastic films that are usually metallized include PP, unplasticized PVC, PVdC, cellophane, 
PS, PET, and PAs. In food packaging, metallized films are used as components of laminates and very 
rarely as single films. For example, a laminate consisting of 20 μm OPP/20 μm metallized OPP is 
widely used for packaging various kinds of snack foods. Metallized PET film laminated to paperboard 
is a very common susceptor used in microwave ovens for browning and crisping.

Another specialized type of coating of films and bottles is with SiOx (x = 1.5–1.8), 150–300 nm 
thick. Thin glass-like coatings of SiOx on PET, PP, and PA are produced either by physical vapor 
deposition (PVD) of SiOx or by plasma-enhanced chemical vapor deposition (PECVD) of gaseous 
organosilane and oxygen (Lange and Wyser 2003). Films coated with SiOx are transparent, retort-
able, microwavable, and have barrier properties comparable to metallized films. Their disadvan-
tages are high production cost, limited flex resistance, and the formation of cracks on their surface.

17.7 paper and paperBoard paCKaging

17.7.1 introDuCtion

Paper and paperboard are the most widely used packaging materials, accounting for about one-third 
of the total packaging market. They are used in all levels of packaging (primary, secondary, etc.). 
About 5% of the total paper and paperboard consumption is used for food packaging (Kirwan 2003).
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Paper and paperboard are materials in the form of sheet and are made from an interlaced network 
of cellulose fibers. There is no clear demarcation line between the two, but generally product of 
thickness less than 300 μm is considered paper. ISO standards define paperboard as paper having a 
grammage (mass per unit area) greater than 224 g m−2 (Robertson 2006).

The main advantages of paper are its relatively low cost and light weight. It is a very versatile 
material; a variety of types are available with different properties and applications. It is easily 
machined and folded, easily bonded with other materials, and has good printability properties. 
It can be a partial or complete barrier to light. Wood, the raw material for paper production, is a 
renewable resource. Finally, it is recyclable and biodegradable. The main disadvantages of paper 
are poor barrier properties to moisture, gases, aromas and oils, limited formability, and almost 
complete loss of mechanical strength if it gets wet or absorbs moisture.

17.7.2 paper anD paperboarD proDuCtion

17.7.2.1 pulping technology
Paper pulp, the raw material for making paper and paperboard, is produced from wood. The purpose 
of pulping is to separate the cellulose fibers of wood without damaging them. This is accomplished 
either by a mechanical process (grinding of wood chips), in which case the product is groundwood 
pulp, or a chemical process, and the product is chemical pulp. Paper made from groundwood pulp 
has lower mechanical strength and brightness and is used mainly as newsprint and magazine paper. 
The chemical methods are basically two: the alkaline sulfate (kraft) process and the acid sulfite pro-
cess. Their fundamental aim is to dissolve and remove the lignin of the middle lamella that cements 
together the cellulose fibers of wood. In this way the cellulose fibers are separated as pure as pos-
sible. In both methods initially the barks are removed from the logs, and the logs are passed through 
a chipper. The wood chips are charged into the digester with the cooking chemicals. “Digestion” 
of the wood is performed under pressure and at relatively high temperatures. Both methods remove 
the lignin and much of the hemicelluloses of the wood. The chemicals used in the sulfate process 
are NaOH and Na2S, while in the sulfite process are sulfite and bisulfite salts and excess of SO2. 
Combinations of chemical and mechanical pulping methods, called semichemical, are also in use. 
Their product is of intermediate quality, but they have high yields.

Next the pulp is bleached to improve its color or left unbleached for certain applications. For 
chemical pulps, bleaching involves oxidation of colored compounds and removal of the remaining 
lignin. In the past chlorine gas was used for bleaching chemical pulps. Byproducts of the reaction of 
chlorine with constituents of the pulp are the well-known toxic substances dioxins. There were con-
cerns expressed about the trace amounts of dioxins remaining in the bleached paperboard migrating 
into milk packaged in aseptic cartons. Despite the extremely low risk from dioxins in this case, the 
manufacturers of bleached paperboard replaced chlorine gas with chlorine dioxide, oxygen, ozone, 
and peroxide.

17.7.2.2 papermaking
The first step of the papermaking process is the beating/refining of the pulp, which has been diluted 
to a 5%–7% solids content. The fibers are beaten while suspended in water. The objective is to 
increase the surface area of the fibers by helping them to absorb water. By this process the fibers are 
flattened out, and the space between fibers is reduced. All these lead to increased interfiber bonding 
and eventually to stronger paper. While at the beater, various nonfibrous chemicals are added to the 
pulp-water slurry to improve the properties of the paper and reduce cost of manufacturing. These 
additives may be fillers, sizing agents, pigments, etc. Fillers like silicates, calcium carbonate, talc, 
etc., can improve brightness, opacity, smoothness, and ink receptivity of the paper. Sizing agents 
like rosin, chemically modified starches, carboxymethyl cellulose (CMC), polyurethanes, etc., fill 
the gaps between the fibers, so they increase paper strength, increase resistance to penetration by 
water and oils, and reduce ink blurring.
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Next, the pulp is fed to the papermaking machine, the two main types of which are the Fourdrinier 
machine and the cylinder machine. In the Fourdrinier machine a very dilute suspension of fibers 
(solids content less than 1%) is deposited on a moving, vibrating wire-mesh belt. Over 95% of the 
water is drained through the screen, and the fibers interlace in a random way as they are deposited 
on the belt. At the last part of the Fourdrinier belt, vacuum is applied in suction boxes to remove 
more water. In the cylinder machine, a wire–mesh cylinder is rotated partially submerged in a 
fiber suspension. Vacuum is applied inside the cylinder, the water is sucked in, and the paper web 
is formed on the mesh. Fourdrinier machines are mainly used for paper and thinner board, while 
cylinder machines are for heavy multilayer boards.

The paper sheet leaves the papermaking machine at moisture content 75%–90%, depending on 
the type. First it is carried through press rolls that reduce its moisture to 60%–70%. Next the paper 
sheet is dried to final moisture 4%–10%, by passing through a series of drum driers, and is pressed 
between two rollers (calendering) to get a smoother surface. Other treatments of the surface fol-
low, which depend on the required properties of the surface for the particular application of the 
paper. The same kinds of compounds that were added to the pulp-water slurry at the beater can be 
applied to the surface. For example, surface-sizing agents prevent water penetration and increase 
the strength of the paper.

17.7.3 types of paper anD boarD

The most common types of packaging paper are

Kraft paper, which is made from sulfate, usually unbleached pulp, has good mechanical 
strength, and is used for making bags and sacs. It is very rarely used in direct contact with 
food.

Greaseproof paper, which is a translucent paper, resistant to fat and oil penetration and for 
this reason is used for packaging butter and other fatty foods. Oils and fats do penetrate 
greaseproof paper after some time, and this is the reason greaseproof paper is also called 
imitation parchment because only vegetable parchment is practically impermeable to fats. 
The greaseproof property of this paper is obtained through very prolonged pulp beating, 
which results in fibrillation, extensive fiber breakage, fiber hydration, and filling of many 
interstitial voids.

Glassine paper, which is a glossy, almost transparent paper, more resistant to fats and oils 
than greaseproof paper. It is produced by treating greaseproof paper in a supercalender, 
where after being dampened with water, it is rolled through a battery of steam-heated 
rollers. Due to the compression and thermal treatment, more hydrogen bonds are formed 
between the cellulose fibers. Glassine paper is used for packaging bakery and confec-
tionery products.

Vegetable parchment, which is a paper, the name of which is derived from its resemblance to 
animal parchment obtained from animal skin. It is made from unsized bleached chemical 
pulp, and at the end of its production sequence, the paper rapidly passes through a con-
centrated sulfuric acid bath at low temperature. This treatment makes the cellulose fibers 
to swell and to partially dissolve; thus, the voids between the fibers are filled and more 
hydrogen bonds are formed. Next the paper is neutralized, washed, and dried. The result-
ing paper has excellent wet strength and resistance to grease and oils.

Wet-strength papers, which are typical vegetable parchment substitutes. They have high wet 
strength, resistance to oils, and are produced by the addition of synthetic resins like poly-
amides to the pulp.

Coated papers. Papers of various types can be coated with various substances. Wax-coated 
papers are heat-sealable and provide a moderate barrier to water and water vapor. Polymer-
coated papers are also available with various properties depending on the polymer used.

© 2016 by Taylor & Francis Group, LLC

  



607Food Packaging and Aseptic Packaging

Paperboard, which is paper with thickness greater than 300 μm. There are three main types 
available (Brennan et al. 1990):
Chipboard, which is made from repulped waste. It is gray in color and has low mechanical 

strength. In food packaging it is usually used as secondary packaging, that is, with the 
food already contained in a bag like the breakfast cereals.

Duplex board, which is produced from a mixture of semibleached chemical pulp and 
mechanical pulp and it is lined on both sides with chemical pulp.

White board or Food board, which is made from virgin bleached Kraft pulp.
There are also available paperboards coated with wax, LDPE, PVdC, PAs. Paperboard coated 

with LDPE is called liquid packaging board (Krochta 2007), and it used for packaging pas-
teurized milk and juices stored in the refrigerator. Paperboard coated with PP is used for 
foods that are microwaved in their package. Paperboard coated with PET is used for the dual-
ovenable trays, and paperboard is one of the layers of the laminate used for the aseptic cartons.

17.7.4 paper anD paperboarD paCKages

The most common food packages made of paper and paperboard are

• Paper bags and wrappings
• Folding cartons and setup boxes
• Corrugated board and solid fiberboard boxes
• Composite cans
• Fiber drums
• Molded pulp containers

17.7.4.1 paper Bags and Wrappings
Bags and sacs may be produced from a single layer of paper (e.g., grocery bags) or multiple layers (e.g., 
sacs for sugar and flour). They are usually made of kraft paper and because they do not have barrier 
properties, they serve only the functions of containing the food and protecting it from contamination 
and physical damage. Bags made of glassine and greaseproof papers, vegetable parchment, plastic 
laminated or coated papers are also available. Greaseproof paper and vegetable parchment are used 
for wrapping butter and margarine and as interleavers between slices of meat, pastry, etc.

17.7.4.2 Folding Cartons and setup Boxes
Paperboard cartons and boxes are available either as folding cartons or as setup boxes. The former are 
delivered in a collapsed state and are assembled at the packaging point, while the latter are delivered 
ready for filling. Folding cartons are made from solid paperboard, consisting of one or more layers 
(multi-ply board) of cellulose fibers and of thickness between 300 and 1100 μm. The board can be 
plain, laminated, or coated with clay, LDPE, etc. Clay coatings are used to improve external appear-
ance and printing quality. The manufacturing of folding cartons involves printing of the web or sheets 
of the board, cutting and creasing the board to make blanks. Then the blanks are folded to shape, the 
longitudinal seal is made by gluing or heat sealing, and the blanks are flattened. At the food facility 
the blanks are erected from the flat condition, closed or sealed at the bottom, filled with the product, 
and closed or sealed at the top. For setup boxes almost all the above steps are carried out at the box 
manufacturing facility. Setup boxes are usually made from thicker board, and therefore they are stron-
ger than folding cartons. They have the disadvantages though of being more expensive and occupying 
more space. They are usually used for packaging quality candies, chocolates, and bakery products.

17.7.4.3 Corrugated Board and solid Fiberboard Boxes
Boxes made from corrugated board or solid fiberboard are widely used as secondary, tertiary, 
and quaternary packaging of products to facilitate transportation and storage. They are usually 
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the external packaging of foods already packaged, for example, in cans, jars, bottles, etc., and 
very seldom in direct contact with foods.

Corrugated board is a material characterized by a high compressive strength at a relatively low weight. 
It is composed of one or more layers of fluted or corrugated paper, called medium, and on both surfaces 
of it flat paperboard sheets, called liner or linerboard, have been glued to the flute tips (Robertson 1993). 
The flutes offer resistance to static loads in a direction parallel to them and also to dynamic stresses in 
a direction perpendicular to them (flat crushing). The liner is made from unbleached or bleached kraft 
paper of grammage 127–440 g m−2, while the medium is made from mostly recycled semichemical 
unbleached paper of grammage 112, 127, and 150 g m−2 (Lee et al. 2008). The liner and the medium can 
be combined in many ways to form the following three main types of corrugated board: Double-faced 
corrugated board consists of one flute and two walls and is used for manufacturing standard boxes. 
Double-wall corrugated board consists of two flutes and three walls and is used for heavy duty boxes. 
Finally, triple-wall corrugated board consists of three flutes and four walls and is used for heavy duty 
boxes. In addition to the above categories of corrugated board, another parameter that may vary is the 
height of the flutes and their number per unit length of board. There are four basic types of flutes, des-
ignated as A, B, C, and E. For most boxes the C flute is used, characterized by 120–145 flutes m−1 and a 
flute height of 4.0 mm (Lee et al. 2008). The liner and/or the medium of corrugated board may be wax 
coated to improve the resistance to moisture and oils, reduce abrasion, and protect the printing.

Solid fiberboard usually consists of two to five plies of paperboard bonded together with adhesive 
and lined on one or both faces with kraft paper. The total thickness of the board is between 0.8 and 
2.8 mm and the grammage 556–1758 g m−2. Solid fiberboard containers cost two to three times 
more than the equivalent corrugated board containers, and for this reason they are preferred only 
in cases where they can be returned and reused. It is estimated that they can be reused 10–15 times 
(Robertson 1993).

17.7.4.4 Composite Cans and Fiber drums
Composite cans and fiber drums are cylindrical containers consisting of layers of paper or thin 
paperboard or laminated layers bonded together with adhesive and used for packaging a wide 
variety of foods ranging from dry solids to liquids. Their cylindrical body is constructed either 
by spirally winding webs of paper around a stationary mandrel or by convolute or straight wind-
ing individual rectangular sheets around a rotating mandrel. The small size containers are called 
composite cans, and their bodies are made of paperboard or paperboard laminated with aluminum 
foil and a plastic film. The second option is used when a material with good barrier properties to 
liquids and gases is required. The top and bottom ends of the cans are made of paperboard, plastic, 
or metal, in which case the ends are double seamed to the body. Foods most commonly packaged 
in composite cans include snacks, nuts, ground coffee, refrigerated dough, and pastries (Lee et al. 
2008). Fiber drums of capacity from 20 to 280 L are useful for storing and transporting dry and 
semiliquid foods. Usually the inside of the drum is laminated with PE, PET, or aluminum foil.

17.7.4.5 molded pulp Containers
Molded pulp containers are typically made from recycled paper pulp with or without the 
 addition of virgin mechanical and chemical pulp. A pulp and water mixture is placed into a 
wire–mesh mold and either air under pressure and at 480°C compresses the pulp and removes 
water or vacuum is applied to the other side of the mold to remove water from the slurry. In both 
cases the formed container is dried further. The most well-known molded pulp containers are 
the one dozen egg cartons, bottle sleeves, and trays for fruits and vegetables (Robertson 1993, 
Lee et al. 2008).

More details on paper and paperboard packaging can be found in the following references: 
Robertson (1993), Soroka (1996), Kirwan (2003), Ottenio et al. (2004), Robertson (2006), Krochta 
(2007), Lee et al. (2008), and Kirwan (2008).
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17.8 permeaBility oF thermoplastiC polymers to gases and Vapors

All thermoplastic polymers permit the transport of low molecular weight substances through their 
mass. For foods in plastic packages this transport can greatly influence their quality and conse-
quently their shelf life. The effective protection of packaged foods from loss to or gain from the 
external environment of moisture, gases, and vapors depends on package integrity and the perme-
ability of the plastic packaging material itself to these specific substances.

There are two major mechanisms by which gases and vapors are transported through food pack-
aging polymers:

 1. Through pinholes or channel leaks, especially in the seal area of packages. The mechanism 
involves diffusion of gas molecules through a column of stagnant air inside the pinhole.

 2. Through permeation, that is, a molecular mechanism also known as activated diffusion or 
solution diffusion. The mechanism involves adsorption of the gas molecules on one surface 
of the polymer, diffusion through the polymer’s macromolecules, and desorption at the 
other surface of the polymer.

It should be pointed out that transport through leaks of defective packages is often more crucial than 
permeation in determining the total transmission rate and should not be ignored (Chung et al. 2003). 
The focus of this section is permeation and this mechanism will be presented exclusively next. For 
more details on permeation the following references may also be consulted: Karel (1975), Brown 
(1992), Robertson (1993), Jasse et al. (1994), Hernandez (1997), Robertson (2006), and Lee et al. (2008).

17.8.1 theoretiCal analysis of permeation

In this section, the permeation of a gas or vapor (from now on called permeant) through a flat poly-
mer sheet is examined. This transport is driven by a concentration gradient and naturally is in the 
direction from high concentration to low concentration. According to this mechanism, in the high 
concentration side of the sheet’s surface, molecules of the permeant are adsorbed, then they diffuse 
through the macromolecules of the polymer because of concentration difference, and finally they are 
desorbed from the low concentration side of the sheet’s surface. The behavior of systems in which 
liquid solvents or vapors of solvents at high concentrations permeate through polymeric materials is 
much more complex and differs considerably from that of gases and vapors at low concentrations.

Let us consider a flat polymer sheet or film, schematically shown in Figure 17.13, which has a 
thickness L and separates environments (1) and (2) where the partial pressures of the gas or vapor 

(1) (2)

Permeation

dx
C1

C2

p2p1

p1 > p2

L

x

Figure 17.13 Permeation through a flat polymer sheet.
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(permeant) under study are different. We will assume that the length and the width of the sheet are 
much bigger than its thickness; thus the permeation will take place in one direction, across the thick-
ness of the sheet. Let us define A as the surface area of the sheet, perpendicular to which permeation 
occurs, p1 (atm) the partial pressure of the permeant in the gas mixture of environment (1) to the left 
of the sheet and p2 (atm) the equivalent partial pressure in environment (2) to the right of the sheet. 
If we take p1 > p2 then the transfer of the permeant is from environment (1)–(2). Let us also define C1 
and C2 the permeant concentrations (mol cm−3) at the two surfaces of the sheet in the solid polymer 
phase. We will also assume that the temperature is constant and the same everywhere.

For one-directional diffusion of a permeant through the polymer film, Fick’s first law is applied:

 
J D

C

x
= − d

d
 (17.1)

where
J is the diffusion flux (mol cm−2 s−1) of permeant, that is, amount of permeant diffusing per unit 

area per unit time through a plane perpendicular to the permeation direction
D is the diffusivity (cm2 s−1) of permeant in the polymer
C is the concentration (mol cm−3) of the permeant in the polymer
x is the distance (cm) inside the polymer sheet in the direction of permeation

Mass balance for the permeant in combination with Equation 17.1 gives
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If the diffusivity D of the particular permeant in the particular polymer is independent of concentra-
tion C Equation 17.2 gives

 

∂
∂

= ∂
∂

C

t
D

C

x

2

2  (17.3)

Equation 17.3 is the simplest form of Fick’s second law, and solutions for various boundaries and 
initial conditions exist in the literature (e.g., Carslaw and Jaeger 1959). From the solution of Equation 
17.3 the concentration C of the permeant in the polymer is obtained as a function of the distance x 
and the time t. Once the function C(x, t) is known, the diffusion flux of the permeant to the left side 
environment of the plastic film can be calculated from
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Let us define Q (mol) as the amount of permeant transferred during time t and perpendicular to 
surface A to environment (2) at the right of the sheet. What we are really interested in is actually the 
permeation rate dQ/dt which is
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After a relatively short initial transient period, permeation will take place under steady-state condi-
tions, that is, the concentration of the permeant inside the sheet will not change anymore with time. 
For permeation at steady state, setting ∂C/∂t = 0 in Equation 17.3 one obtains:

 

d
d

0
2

2

C

x
=  (17.6)

© 2016 by Taylor & Francis Group, LLC

  



611Food Packaging and Aseptic Packaging

Integration of Equation 17.6 with boundary conditions:
at x = 0, C = C1 and
at x = L, C = C2 gives
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 (17.7)

So the concentration C of the permeant inside the film decreases linearly with distance x.
From Equations 17.4 and 17.7:
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and from Equations 17.5 and 17.8 is obtained:
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It is difficult to measure the concentrations C1 and C2 of the permeant at the two surfaces of the film. 
Fortunately they can be expressed in terms of the partial pressures p1 and p2 of the permeant in the 
gas mixtures of environments (1) and (2) to the left and the right of the plastic film, which in turn 
are easier to measure using gas chromatography or a gas analyzer. The simplest sorption isotherm, 
valid for small concentrations of permeant in the polymer, is Henry’s Law which gives

 C S p1 1= ⋅  (17.10)

 C S p2 2= ⋅  (17.11)

where S (mol cm−3 atm−1) is the solubility coefficient of the permeant in the polymer.
Substituting Equations 17.10 and 17.11 into Equation 17.9 we obtain

 

d
d

 
Q

t
D S A

p p

L
= ⋅ ⋅ ⋅ −[ ]1 2  (17.12)

The product of the diffusion coefficient D and the solubility coefficient S is defined as the perme-
ability coefficient P (or permeability constant or simply permeability):

 P = DS (17.13)

Thus, the permeation rate equation at steady state (Equation 17.12) becomes
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Equation 17.14 will hold provided that the assumptions that were made during its derivation are 
valid:

 1. Permeation occurs in one direction and under steady-state conditions.
 2. The diffusion coefficient D and the solubility coefficient S are constant and independent of 

the concentration C of the permeant. This is the case for the permanent gases (O2, H2, N2, 
and CO2) in polymers and at atmospheric pressure. However, it does not hold when strong 
interactions between the permeant and the polymer exist, for example, for water or organic 
vapors and polar polymers such as cellophane and nylon.
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For the permeation of water vapor, Equation 17.14 can be transformed to a more useful form. The 
partial pressures p1 and p2 can be expressed in terms of the relative humidities (RH)1 and (RH)2 of 
the air in environments (1) and (2) to the left and the right of the plastic film. (RH)1 and (RH)2 can 
be measured or set at the desired values more easily than p1 and p2. The relative humidity (RH) of 
air is defined as:
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where
pw is the partial pressure of water vapor in the air
pw

0  the saturated water vapor pressure at the temperature of the air

Solving Equation 17.15 for pw and applying it for p1 and p2, provided that the temperature is the same 
everywhere, one finally gets
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Thus, the permeation rate equation at steady state for water vapor (Equation 17.14) becomes
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In addition to the already defined terms permeation rate (dQ/dt) and permeability coefficient (P), in 
the relevant literature, the terms transmission rate and permeance are often used. The transmission 
rate (TR) of a permeant is defined as the permeation rate normalized for area:
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When referring to the transmission rate of oxygen, the symbol oxygen transmission rate (OTR) is 
often used and when referring to water vapor the symbol water vapor transmission rate (WVTR). 
The common unit for OTR is [cm3(STP) m−2 (day)−1] and for WVTR [g m−2 (day)−1] or [g (100 in.2)−1 
(day)−1]. When reporting a TR value for a film the following must also be stated: the permeant, the 
polymer, the thickness L of the polymer film, the temperature, the partial pressures of the permeant 
gas, and the relative humidities on both sides of the film.

The permeance is defined as the transmission rate TR normalized for partial pressure difference:

 
Permeance
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(

=
−p p1 2 )

 (17.19)

For homogeneous films, for which the permeability coefficient P is characteristic of the bulk mate-
rial and independent of L, permeance is also:

 
Permeance = P

L
 (17.20)

It is also useful to examine the permeation during the unsteady-state period. We consider again the 
flat polymer sheet or film of Figure 17.13, which has a thickness L. Initially the concentration of 
the permeant in the polymer is uniform everywhere in the sheet and equal to C2. At time t = 0 the 
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concentration at the surface of the sheet at x = 0 is suddenly changed to C1 and remains constant at 
this value thereafter, while the concentration at the surface of the sheet at x = L remains constant 
at C2. The relationship between C1, C2 and p1, p2 is again described by Equations 17.10 and 17.11. 
The equation describing diffusion of the permeant during the unsteady-state period is Fick’s second 
law (Equation 17.3). Its solution (Carslaw and Jaeger 1959), for the initial and boundary conditions 
stated above, is
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where C(x, t) is the concentration of the permeant inside the polymer film as a function of distance 
x and time t. The concentration profile is a curve and progressively is transformed to a straight line. 
When time t attains high values, the exponential terms in the series tend to zero, the term with the 
series becomes zero, and Equation 17.21 is transformed to Equation 17.7, which describes the linear 
dependence of concentration on distance x during permeation at steady-state conditions.

We have already defined Q as the amount of permeant that has exited, from time zero to time t, 
the surface of the plastic film at x = L and has been transferred to the environment (2) at the right of 
the film. From Equations 17.4 and 17.5 Q is
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If Q* is the amount of permeant that has entered the plastic film from the surface at x = 0 from time 
zero to time t, then
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From Equations 17.22 and 17.23 and using Equation 17.21, after appropriate mathematical manipu-
lation, the following expressions for the amounts of permeant Q and Q* are obtained:
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The graphs of the above two equations are presented in Figure 17.14. For short times (permeation 
during the unsteady-state period) the plot of Q versus time is a concave curve upward, whereas 
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that of Q* is concave downward. For longer times (permeation during the steady-state period) 
the plots of both Q and Q* become linear. At long times, the exponential terms in the series of 
Equations 17.24 and 17.25 tend to zero, therefore the series go to zero, and the equations are trans-
formed to Equations 17.26 and 17.27. They describe only the linear parts of the two curves, which 
are parallel having the same slope.

 
Q

P A p p

L
t

S A L p p= ⋅ ⋅ − − ⋅ ⋅ ⋅ −( ) ( )1 2 1 2

6
 (17.26)

 
Q

P A p p

L
t

S A L p p
*

( ) ( )= ⋅ ⋅ − + ⋅ ⋅ ⋅ −1 2 1 2

3
 (17.27)

In Figure 17.14 extrapolating backward the linear part of the plot of Q versus t until it intersects the 
horizontal axis t, the value of the lag time α can be estimated. Setting in Equation 17.26 t = α and 
Q = 0 we finally get

 
D

L=
2

6α
 (17.28)

In the same figure extrapolating backward the linear part of the plot of Q* versus t until it intersects 
the vertical axis Q*, the value of the intercept β can be estimated. Setting in Equation 17.27 t = 0 
and Q* = β we finally get
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The practical significance of the above analysis is the following. If an experiment is carried out 
in which Q or Q* is measured as a function of time and then the graph of Q or Q* versus time is 
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Figure 17.14 Q* and Q versus time, where Q* is the amount of permeant that has entered the plastic film 
from the surface at x = 0 from time zero to time t and Q the amount that has exited the plastic film from the 
surface at x = L from time zero to time t.
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constructed from this single experiment, all parameters of the permeation, that is, P, D, and S, can 
be calculated in the following way:

• From the linear part of the plot of Q or Q* versus t, the value of the slope can be calculated, 
and then from the slope and Equations 17.26 or 17.27 the permeability coefficient P can 
be estimated.

• If in the experiment Q had been measured as a function of time, from the value of the lag 
time α and Equation 17.28 the diffusion coefficient D can be calculated and subsequently 
the solubility coefficient S (S = P/D).

• If in the experiment Q* had been measured as a function of time, from the value of the 
intercept β and Equation 17.29 the solubility coefficient S can be calculated and subse-
quently the diffusion coefficient D (D = P/S).

17.8.2 units of permeability CoeffiCient

An alternative expression for the permeability coefficient, P, is derived by solving Equation 17.14 
for P
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Therefore, the permeability coefficient P represents the amount of permeant permeating through 
the polymer film per unit time and per unit surface area of the film when the thickness of the film 
and the partial pressure difference of the permeant at the two sides of the film are unity. From 
Equation 17.30 the dimensions of P are

 

P = × × −( ) ( ) ( )quantity of permeant film thickness film surface area 1

×× ×− −( ) ( )time partial pressure difference1 1  (17.31)

There is not a generally accepted unit for P and more than 30 different units have appeared in the 
literature. This is due to the fact that every quantity in Equation 17.31 can be expressed in the appro-
priate unit and the combination is a unit for P. Examining the quantities in Equation 17.31 one by 
one, we may observe the following:

 1. The quantity of permeant Q is usually expressed in g, mol, or cm3(STP). The unit cm3(STP) 
expresses the volume of a gas at standard temperature and pressure (273 K and 1 atm) and 
is essentially a unit of mass and not of volume. 1 cm3(STP) = 1/22,400 mol.

 2. The film thickness is usually expressed in μm, mm, cm, or in mil.
 3. The film surface area in cm2, m2, or in 100 in.2

 4. The time in s or days or (24 h).
 5. The difference of partial pressures in mm Hg, cm Hg, atm, or in kPa.

In Table 17.1 the nine most commonly used units for the permeability coefficient are presented 
along with the conversion factors to convert all other units to the unit [cm3(STP) cm cm−2 s−1 
(cm Hg)−1]. The unit barrer has been adopted by the American Society for Testing and Materials 
(ASTM) as a unit for the permeability coefficient, without gaining, however, very wide accep-
tance. 1 barrer = 1 × 10−10 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]. For water vapor permeability a 
common unit is [g cm m−2 (day)−1(mm Hg)−1].
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17.8.3 permeability to “permanent” gases

O2, N2, H2, CO2, and some other gases are called “fixed” or “permanent” gases (Karel 1975) because 
they have very low boiling points and are very difficult to condense. They all have the following 
“ideal” behavior when permeating through thermoplastic polymers:

 1. The permeability coefficients are independent of the concentration of the permeant in the 
polymer.

 2. The same pattern of behavior is observed when examining the permeability coefficients of 
any particular polymer to the various “fixed” gases. For each one of the polymers its per-
meability coefficient to oxygen is about four times greater than its permeability coefficient 
to nitrogen, while its permeability coefficient to carbon dioxide is about six times greater 
than its permeability coefficient to oxygen.

 3. The dependence of the permeability coefficients on the temperature, for a relatively narrow 
temperature range, can be described by an Arrhenius type equation:

 
P P
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RT
= ⋅ −






0 exp P  (17.32)

where
P0 is the constant, independent of the absolute temperature T
EP is the activation energy for permeance

From Equation 17.32 it can be seen that a plot of log P versus the reciprocal of absolute temperature 
(1/T) should be a straight line. For the “permanent” gases the activation energy EP for permeance 
is always positive, and therefore their permeability coefficients increase when the temperature is 
increased. For the vapors of organic solvents, which condense easily, their permeability coefficients 
may increase or decrease when the temperature is increased. In Figure 17.15, Arrhenius plots (log P 
vs. 1/T) are presented for the permeability coefficients of three polymers to oxygen. The plots were 
constructed with the following data from Table 17.2:

LDPE at 25°C, P = 2.93 barrer and EP = 43 kJ mol−1

PVC (unplasticized) at 25°C, P = 0.045 barrer and EP = 56 kJ mol−1

PET (amorphous) at 25°C, P = 0.059 barrer and EP = 38 kJ mol−1

In the plot of log P vs. 1/Τ of some polymers and at a certain critical temperature, a sudden change 
of the slope of the diagram is observed, with the material becoming much more permeable at tem-
peratures higher than this critical value. For example, for poly(vinyl acetate) this happens at 30°C, 
while for polystyrene at 80°C. The change is attributed to the glass transition of the polymer.

taBle 17.1
units of the permeability Coefficient P
1 [cm3(STP) cm cm−2 s−1 atm−1] = 1.32 × 10−2 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]

1 [cm3(STP) mil m−2 (day)−1 atm−1] = 3.87 × 10−14 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]

1 [cm3(STP) mil (100 in2)−1 (day)−1 atm−1] = 5.99 × 10−13 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]

1 [cm3(STP) mm m−2 (day)−1 kPa−1] = 1.54 × 10−10 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]

1 [cm3(STP) cm m−2 (day)−1 atm−1] = 1.52 × 10−11 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]

1 [cm3(STP) cm m−2 (day)−1(mm Hg)−1] = 1.16 × 10−8 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]

1 [g cm m−2 (day)−1(mm Hg)−1] = 2.59 × 10−4 (MW)−1 [cm3(STP) cm cm−2 s−1 (cm Hg)−1]

where MW is the molecular weight of the permeant
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The “ideal” behavior of the “fixed” gases is not observed in the cases of permeation of water 
vapors in hydrophilic polymers and of permeation of vapors of volatile organic substances (e.g., 
solvents and fragrances) in all polymers.

In Table 17.2 (Hernandez 1997) the permeability coefficients of various polymers to O2, CO2, 
and N2 are presented and when available the values of the solubility coefficient, the diffusion coef-
ficient, and the activation energy for permeation are also given. Examining the values of D and S for 
CO2 in relation to those for O2, it can be easily seen that CO2 has smaller D than O2, but much bigger 
S and the final result is bigger P. At the same table the permeability coefficients to water vapor are 
shown in the same units and at the same temperature as for the “permanent” gases. For most of the 
polymers the permeability coefficient to water vapor is orders of magnitude bigger than the perme-
ability coefficient to oxygen.

17.8.4 permeability anD moleCular struCture anD morphology of polymers

As expected, the permeability coefficient of a polymer to gases and vapors also depends on the 
nature of the polymer. The diffusion of a dissolved gas or vapor inside the mass of a polymer is 
thought of as a series of activated jumps of the permeant from one roughly defined cavity to another 
cavity. Therefore, the following qualitative statement can be concluded: “whatever increases the 
number or the size of the cavities in the mass of the polymer or makes the macromolecular chains 
more mobile, it also increases the diffusion rate.” Based on this statement and taking into account 
that the permeability coefficient is the product of the diffusion coefficient and the solubility coef-
ficient, we can conclude that in order for a polymer to have low permeability to both gases and water 
vapor it must possess (Karel 1975, Robertson 1993) the following:

• An intermediate polarity, such as the one offered by Cl, F, CN, acrylic, and esteric func-
tional groups. Highly polar polymers like those with many OH groups (e.g., PVOH, cel-
lophane) have small permeability to gases under dry conditions and large to water vapor. 
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Figure 17.15 Permeability coefficients of LDPE, PVC, and PET to O2 as functions of temperature (plots 
constructed with data from Table 17.2).
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taBle 17.2
permeability, solubility, diffusion Coefficients, and activation energies for permeation 
of o2, Co2, n2 and Water Vapor* in Various polymers at 25°C and 0% rh

polymer P in barrier 
s in cm3(stp) cm−3 

(cm hg)−1 D in cm2 s−1 ep in kJ mol−1 

LDPE (ρ = 0.914 g cm−3)

 O2 2.93 6.27 × 10−4 4.60 × 10−7 43

 CO2 12.19 3.33 × 10−3 3.70 × 10−7 39

 N2 0.97 3.07 × 10−4 3.20 × 10−7 49

 H2O 91.04 34

HDPE (ρ = 0.964 g cm−3)

 O2 0.40 2.40 × 10−4 1.70 × 10−7 35

 CO2 3.55 2.93 × 10−3 1.20 × 10−7 30

 N2 0.15 2.00 × 10−4 9.30 × 10−8 40

 H2O 12.04

Polypropylene (ρ = 0.907 g 
cm−3) 50% crystallinity

 O2 0.96 48

 CO2 3.24 38

 N2 0.12 56

 H2O (at 30°C) 67.89 42

Polystyrene, biaxially 
oriented

 O2 1.70

 CO2 5.40

 N2 0.80

 H2O 1126.39

Polyacrylonitrile (Barex)

 O2 0.005

 CO2 0.015

 H2O 648.060

Poly(vinyl acetate) (at 30°C)

 O2 0.478 8.53 × 10−4 5.60 × 10−8 56

EVOH (ethylene 32%)

 O2 (0% RH) 4.63 × 10−5 

 O2 (65% RH) 3.09 × 10−4 

 H2O 478.33

EVOH (ethylene 44%)

 O2 (0% RH) 2.31 × 10−4 

 O2 (65% RH) 4.63 × 10−4 

 H2O 169.73

PVC unplasticized

 O2 0.045 3.87 × 10−4 1.20 × 10−8 56

 CO2 0.154 6.27 × 10−3 2.50 × 10−9 57

 N2 0.012 3.07 × 10−4 3.80 × 10−9 69

 H2O 277.74 23

PVC plasticized

 O2 4.94

(Continued)
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On the contrary the nonpolar polyolefins (e.g., polyethylene) have small permeability to 
water vapor and large permeability to gases.

• Inertness to the permeant. Hydrophilic polymers when exposed to high humidity absorb 
moisture, and this has the effect of swelling or plasticizing the polymer and thus increasing 
the permeability.

• High degree of crystallinity. Crystalline regions are less permeable to gases and vapors 
than amorphous areas.

taBle 17.2 (continued)
permeability, solubility, diffusion Coefficients, and activation energies for permeation 
of o2, Co2, n2 and Water Vapor* in Various polymers at 25°C and 0% rh

polymer P in barrier 
s in cm3(stp) cm−3 

(cm hg)−1 D in cm2 s−1 ep  in kJ mol−1 

PVdC (at 30°C)

 O2 0.005 67

 CO2 0.029 52

 N2 0.001 70

 H2O (at 25°C) 9.260 46

PET 40% crystallinity

 O2 0.034 9.60 × 10−4 3.50 × 10−9 32

 CO2 0.123 2.67 × 10−2 6.00 × 10−10 18

 N2 0.008 6.00 × 10−4 1.30 × 10−9 33

 H2O 131.160 29

PET amorphous

 O2 0.059 1.31 × 10−3 4.50 × 10−9 38

 CO2 0.309 3.73 × 10−2 8.00 × 10−10 28

Polycarbonate (Lexan)

 O2 1.404 6.67 × 10−3 2.10 × 10−8 19

 CO2 8.024 1.60 × 10−1 4.80 × 10−9 16

 N2 0.293 25

 H2O 1404.130

Nylon 6

 O2 (100% RH) 0.039 44

 CO2 0.077 41

 N2 0.005 47

Nylon 6,6 drawn

 CO2 0.069 2.00 × 10−2

Cellophane

 O2 (0% RH) 0.002

 O2 (76% RH) 0.009

 CO2 (0% RH) 0.005

 CO2 (76% RH) 0.073

 N2 (0% RH) 0.003

 N2 (76% RH) 0.007

 H2O 24688.0

Source: Hernandez, R.J., Food packaging materials, barrier properties, and selection, in: Handbook of Food Engineering 
Practice, K.J. Valentas, E. Rotstein, and R.P. Singh (eds.), CRC Press, Boca Raton, FL, pp. 291–360, 1997. 
With permission and conversion of the units.

* (RH)1 = 90% and (RH)2 = 0.
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• Orientation. Orientation of amorphous polymers decreases their permeability by 10%–15%.
• Bonds or attractive forces between the macromolecular chains. Strong intermolecular 

interactions between the polymer chains block the passage of the permeant molecules, 
forcing them to diffuse via a much longer path (Lee et al. 2008), thus their diffusivity in 
the polymer matrix is decreased. The addition of additives, fillers, and plasticizers in the 
polymer matrix generally increases permeability (Lee et al. 2008).

• High glass transition temperature Tg. At temperatures below Tg less voids between the mac-
romolecules exist and besides these voids remain fixed in shape and position. Consequently 
the permeant molecules have to follow a more tortuous path during their diffusion in the 
polymer matrix. Therefore, if a polymer has a Tg higher than ambient temperature, then it 
will have better barrier properties at ambient temperature.

The sorption of moisture by hydrophilic polymers decreases their Tg, causing swelling, and the 
water acting essentially as an internal lubricant between the macromolecules increases their mobil-
ity (Robertson 1993). The results are similar to those of other plasticizers, which by increasing 
the mobility of the macromolecules increase the permeability of the polymer. For example, in the 
polyamides when in dry condition, there are hydrogen bonds between the polymer chains that result 
in high Tg values. However, when even small quantities of moisture are adsorbed, these bonds break 
and Tg is considerably reduced. The increase of permeability to gases is particularly dramatic for 
polymers that have very low permeabilities when dry. On the other hand no change in the perme-
ability to gases is observed for hydrophobic polymers (like HDPE and LDPE) when exposed to high 
humidities.

17.8.5 permeability to water Vapor

In the case of permeation of water vapor in polymers there are deviations from the “ideal” behavior 
of the “fixed” gases. These are more pronounced in the case of hydrophilic polymers, such as (a) the 
permeability coefficient cannot any longer be considered independent of the concentration of water 
in the polymer film and (b) the temperature dependence of the permeability coefficient often is 
more complex than that described by Equation 17.32. For the calculation of dQ/dt, Equations 17.14 
and 17.17 are still used with the difference that the permeability coefficient depends on the partial 
pressures p1, p2 (or the relative humidities (RH)1 and (RH)2), and its value should be experimentally 
determined at the particular conditions p1 and p2. Thus, the values of P must be accompanied by the 
conditions at which P was measured, namely, temperature T (usually 38°C = 100°F or 25°C = 77°F), 
(RH)1 (usually 95%, 90%, or 75%) and (RH)2 (usually 0%). For the dependence of P on temperature 
the Arrhenius equation (Equation 17.32) is still used with the understanding that, for the system 
water vapor–polar polymers, the relationship is valid for very small temperature ranges (Karel 1975).

In the literature, very often instead of the permeability coefficient to water vapor the WVTR is 
specified. This is defined as:

 
WVTR
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= ⋅1
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 (17.33)

and the units of WVTR are usually either [g m−2 (day)−1] or [g (100 in.2)−1 (day)−1]. The value of 
WVTR must be accompanied by the thickness L of the polymer film (usually 25 μm), the tempera-
ture T, and the relative humidities (RH)1 and (RH)2 at which the WVTR was measured. From the 
known value of WVTR, the permeability coefficient P can be calculated via the equation:
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In Table 17.3 (Hernandez 1997) the permeability coefficients of some polymers to water vapor and 
the activation energies for permeation are presented.

17.8.6 permeability of multilayer paCKaging materials

A multilayer film consists of various films in series. Let us consider the case of three layers in series 
as shown in Figure 17.16. Very often the permeation rate (dQ/dt)tot of a permeant from environment 
(1) at the left side of the multilayer film to environment (4) at the right side of the multilayer film must 
be calculated as a function of the partial pressures p1 and p4 at the two sides because these two are 
the only known partial pressures. They may correspond to the inside and outside environment of the 
package. Initially, the equations for a three-layer film will be derived, and from the results the exten-
sion to any multilayer film will be obvious. We can write Equation 17.14 for (dQ/dt)tot as follows:
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 −( )  (17.35)

where
Ptot is the overall permeability coefficient of the multilayer film
Ltot is the total thickness of the film

Let us define L1, L2, L3 as the thicknesses of the three layers, and P1, P2, P3 as the permeability 
coefficients of the three polymers to the permeant under study, and p1, p2, p3, p4 as the partial pres-
sures of the permeant at the corresponding faces of the films as shown in Figure 17.16. We will also 
assume that permeation is taking place at steady-state conditions. The total thickness of the multi-
layer film is approximately equal to:

 Ltot = L1 + L2 + L3  (17.36)

taBle 17.3
permeability Coefficients to Water Vapor at 25°C, (rh)1 = 90% and (rh)2 = 0, 
and activation energies

polymer 
permeability Coefficient P in 
[g cm m−2 (day)−1 (mm hg)−1] 

activation energy 
ep in kJ mol−1 

PVdC 6.4 × 10−5 46

HDPE (ρ = 0.964 g cm−3) 8.4 × 10−5

Polypropylene (ρ = 0.907 g cm−3) 50% 
crystallinity at 30°C

4.7 × 10−4 42

LDPE (ρ = 0.914 g cm−3) 6.3 × 10−4 34

PET 40% crystallinity 9.1 × 10−4 29

PVC unplasticized 1.9 × 10−3 23

EVOH (ethylene 44%) 1.2 × 10−3

EVOH (ethylene 32%) 3.3 × 10−3

Polyacrylonitrile (Barex) 4.5 × 10−3

Polystyrene, biaxially oriented 7.8 × 10−3

Polycarbonate (Lexan) 9.8 × 10−3

Cellophane 1.7 × 10−1

Source: Hernandez, R.J., Food packaging materials, barrier properties, and selection, in: Handbook of Food Engineering 
Practice, K.J. Valentas, E. Rotstein, and R.P. Singh (eds.), CRC Press, Boca Raton, FL, pp. 291–360, 1997. With 
permission and conversion of the units.
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while the surface area A, perpendicular to which permeation occurs, is the same for the three  layers. 
Let (dQ/dt)tot be the permeation rate through the multilayer film and (dQ/dt)1, (dQ/dt)2, (dQ/dt)3 the 
corresponding rates through films 1, 2, and 3. Since the layers are set in series one on top of the 
other and permeation is taking place at steady state then
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From Equation 17.14:
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Taking into account Equation 17.37 and solving Equations 17.38, 17.39, 17.40 for the partial pressure 
difference we get:
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Adding Equations 17.41, 17.42, 17.43 we get
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Figure 17.16 Permeation through a three-layer laminate.
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Substituting Equation 17.35 into Equation 17.44 we finally get

 

L

P

L

P

L

P

L

P
tot

tot

= + +1

1

2

2

3

3

 (17.45)

For a multilayer film of n layers, with each layer having a permeability coefficient Pi and thickness 
Li, the extension of Equation 17.45 is obviously:

 

L

P

L

P
i

ii

n
tot

tot

=
=
∑

1

 (17.46)

and the extension of Equation 17.36:

 

L Li

i

n

tot

=1

=∑  (17.47)

Therefore, if the thickness Li and the permeability coefficient Pi of each of the layers of the multi-
layer film are known, from Equation 17.46 we can calculate Ltot/Ptot. Then taking the inverse of it 
and substituting into Equation 17.35, we can calculate the permeation rate (dQ/dt)tot through the 
multilayer film.

From the equations presented above it is possible for one to calculate the values of p2 and p3 
inside the multilayer film. From Equation 17.41 and using Equation 17.35 we get

 
p p

L

P

P

L
p p2 1

tot

tot
1 4(= − ⋅ ⋅ −1

1

)  (17.48)

and from Equation 17.43 and using Equation 17.35:

 
p p

L

P

P

L
p p3 4

tot

tot
1 4(= + ⋅ ⋅ −3

3

)  (17.49)

17.8.7 measurement of permeability CoeffiCient

Most of the methods used for measuring the permeability coefficient of polymers to gases and 
vapors rely on the creation and maintenance of a constant partial pressure difference of the gas or 
vapor under study at the two sides of the polymer film. Consequently when permeation is taking 
place under steady-state conditions, the permeation rate dQ/dt of the gas or vapor from one side 
of the film to the other is constant. Employing various methods finally an estimate of the constant 
value of dQ/dt is obtained, and next the permeability coefficient P is calculated from Equation 17.30.

17.8.7.1 permeability Coefficient of gases
Pressure increase method. The method is described in ASTM standard D1434. The plastic 

film is placed in the permeability cell between the side of high pressure and the side of 
low pressure. The air is evacuated from both sides of the membrane. At time zero of 
the test, a stream of pure permeant gas at high and constant pressure is fed at the high-
pressure side of the cell. The total pressure at the low-pressure side is measured as a func-
tion of time. When steady state is achieved and the permeation rate dQ/dt of the permeant 
becomes constant, the total pressure at the low-pressure side increases linearly with time. 
The rate of pressure increase becomes constant and is calculated from the slope of a 
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pressure versus time graph. The permeation rate is proportional to the rate of pressure 
increase and is calculated from that. Finally, the permeability coefficient P is calculated 
from Equation 17.30.

Concentration increase method. The permeability cell consists of two cylindrical compart-
ments and between them the sample plastic film is placed. A constant partial pressure differ-
ence of the studied permeant gas is created between the two compartments. This is achieved 
by sweeping continuously one compartment with a stream of pure permeant gas and the 
other compartment with a stream of an inert carrier gas (N2 or He) into which the permeant 
gas is transferred. This method is also called isostatic because the same total pressure is 
maintained at both compartments by balancing the flow rates of the two gases. In this way 
the plastic is not stressed. A detector is connected to the outlet of the compartment where the 
inert gas flows to measure the concentration of the permeant gas in the inert gas at the exit 
of the compartment as a function of time. The product of this concentration and the inert gas 
flow rate is equal to the permeation rate; thus, the data generated are permeation rate versus 
time. When steady state is reached, the concentration and permeation rate remain constant. 
Concentration of the permeant is measured with a thermal conductivity detector or a flame 
ionization detector or a coulometric sensor for oxygen or an infrared detector for water 
vapor. An extremely useful feature of the method is that it offers the capability of adjusting 
the humidity of the two gas streams at the desired level. This is very important when mea-
suring films whose permeability to gases depends on the humidity as well.

Quasi-isostatic method. The method is similar to the isostatic one, the difference being that 
the flow rate of the inert gas is zero. The compartment with the inert gas contains a stag-
nant volume of inert gas, while in the other compartment the situation is as in the isostatic 
method. At set time intervals a small gas sample is taken from the compartment with the 
inert gas, and the concentration of the permeant gas in that sample is measured using gas 
chromatography. To compensate for the gas withdrawn, an equal amount of inert gas is 
injected back to the compartment. The product of the concentration of permeant at each 
time t and the volume of the compartment is equal to the quantity of permeant Q that has 
permeated the film from time zero to time t. Thus, the data generated are Q versus time, 
and when steady state is achieved Q increases linearly with time, with its slope being equal 
to the constant permeation rate dQ/dt. The experiment is terminated before the mole frac-
tion of the permeant gas in the inert gas reaches 0.1 because the calculation for the method 
assumes that the partial pressure of the permeant gas in the compartment with the inert gas 
is practically zero during the whole experiment.

17.8.7.2 permeability to Water Vapor
One of the most common methods of measuring WVTR through a plastic film is a gravimetric 
method involving an aluminum cup (ASTM E96 and BS 3177). The film is stretched on top of an 
aluminum cup containing a desiccant (CaCl2) and is secured in place with melted wax. The cup is 
stored in a cabinet at constant temperature and constant relative humidity (usually 25°C or 38°C 
and 75% or 90% relative humidity). The mass of the cup is monitored as a function of time, and the 
increase of the cup’s mass relative to its mass at time zero is calculated as a function of time. The 
desiccant maintains the relative humidity inside the cup at 0% and absorbs the water vapor that 
permeates through the film. The increase of the cup’s mass at time t relative to its mass at time zero 
is the quantity Q of water vapor that permeated through the film from time zero to time t. When per-
meation is taking place under steady-state conditions, dQ/dt is constant; hence, Q increases linearly 
with time t. From the plot of Q versus t the slope dQ/dt is obtained, and then from Equations 17.33 
and 17.34 the WVTR and P are calculated.

A variation of the above method is described in standards ASTM D 895 and ASTM D 1251. 
Instead of the aluminum cup, plastic bags are used. They are made of film, the permeability of which 
we wish to measure. Inside each bag a quantity of CaCl2 is placed, and the bag is heat-sealed. The bags 
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are stored in a cabinet at constant temperature and constant relative humidity. The mass of each bag is 
monitored as a function of time. The procedure afterward is the same as in the cup method.

In recent years instruments have been developed for rapid determination of WVTR. The sample 
plastic film is placed between two compartments. One is maintained at high and constant relative 
humidity, while the other, where the water vapor is transferred to, contains a very sensitive humid-
ity sensor (e.g., IR detector) capable of measuring small increases of the relative humidity of the 
air. The time necessary to achieve a given rise of the relative humidity is recorded and from this 
WVTR is calculated.

17.8.8 sample permeability CalCulations

example 17.1

Estimate the mass of oxygen and the mass of water vapor in g, permeating through a plastic film 
of thickness 25 μm, of surface area 1 m2, in 1 month, and at temperature 25°C, assuming that 
permeation is taking place under steady-state conditions. From Table 17.2 obtain the permeability 
coefficients of the polymers LDPE, HDPE, PS, PVC, PVdC, and PET to oxygen and water vapor. 
The concentrations of O2 may be taken as 21% at one side of the film and 0 at the other, with 0% 
relative humidity at both sides. For water vapor the relative humidity can be taken as 90% at one 
side of the film and 0 at the other. Atmospheric pressure is 76 cm Hg, and the saturated water 
vapor pressure at 25°C is 23.756 mm Hg.

Solution

For permeation under steady-state conditions and for constant concentrations of oxygen and 
water vapor at the two sides of the film, the integration of Equation 17.14 gives

 
∆ ∆Q

P
L

A p p t= ⋅ ⋅ − ⋅[ ]1 2

For O2:
p1 = 0.21 × 76 cm Hg = 15.96 cm Hg and p2 = 0. L = 25 × 10−4 cm, A = 1 m2 = 104 cm2

Δt = 1 month = 30 × 24 × 3,600 s = 2.592 × 106 s
Also 1 mol O2 = 32 g = 22,400 cm3(STP)

Substituting in the above equation:

 

∆Q P= × ×
×

×

×

−
−10  

cm (STP) cm
cm s cm Hg

1
cm

10 cm

cm Hg

10
3

2
4 21

25 10

15 96

4

. ×× × ×2 592 106. s
32

22,400
g

cm (STP)3

So ΔQ = 23.639 P with ΔQ in g and P in barrer.

For water vapor:
pw mm Hg cm Hg at C0 23 756 2 3756 25= = °. .
p p1 1 0 90 2 3756 2 138= = =× ×( ) . . .RH cm Hg cm Hgw

0  and p2 = 0. L = 25 × 10−4 cm
A = 104 cm2, Δt = 2.592 × 106 s
Also 1 mol H2O = 18 g = 22,400 cm3(STP)

Substituting in the above equation:

 

∆Q P= × ×
×

×

× ×

−
−10

cm (STP) cm
cm s cm Hg

1
25 10

1
cm

10 cm

cm Hg

10
3

2 4
4 2

2 138. 22 592. × ×10 s
18

22,400
g

cm (STP)
6

3

So ΔQ = 1.781 P with ΔQ in g and P in barrer.
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The amounts of Ο2 and water vapor are estimated by substituting into the earlier two expres-
sions for ΔQ the values of P for each polymer and are presented in the table below.

polymer 
P to Water Vapor 

in barrer 
P to oxygen 

in barrer 
mass ΔQ of 
Water in g 

mass ΔQ of 
oxygen in g 

PS 1126.39 1.70 2006.1 40.2
UPVC 277.74 0.045 494.7 1.1
PET 131.16 0.034 233.6 0.8
LDPE 91.04 2.93 162.1 69.3
HDPE 12.04 0.40 21.4 9.5
PVdC 9.26 0.005 16.5 0.1

example 17.2

Solid food sensitive to oxygen gain is packaged under vacuum in plastic bags made from a three-
layer laminate and is stored at 25°C. It can be assumed that the oxygen that permeates the bag 
walls is immediately absorbed by the product so that the concentration of oxygen inside the 
package is always practically zero. The concentration of oxygen in the atmospheric air is 21% 
and the atmospheric pressure 760 mm Hg. The thickness of each bag is 65 μm and its surface 
area 500 cm2. The laminate is composed of the following layers: 40 μm PET/5 μm EVOH/20 μm 
LDPE. At 25°C the permeability coefficient of PET to oxygen is 5.0 × 10−4 [cm3(STP) cm m−2 
(day)−1 (mm Hg)−1], of EVOH 3.0 × 10−6 [cm3(STP) cm m−2 (day)−1 (mm Hg)−1], and of LDPE 2.5 × 
10−2 [cm3(STP) cm m−2 (day)−1 (mm Hg)−1]. Calculate the overall permeability coefficient of the 
multilayer film (i.e., laminate) to oxygen and the permeation rate of oxygen to the inside of the 
package.

Solution

The thicknesses of the layers are

 LPET = 40 μm = 40 × 10−4 cm

 LEVOH = 5 μm = 5 × 10−4 cm

 LLDPE = 20 μm = 20 × 10−4 cm

 and the total thickness Ltot = 65 μm = 65 × 10−4 cm

Substituting into Equation 17.45 we get

 

L
P

L
P

L
P

L
P

tot

tot

PET

PET

EVOH

EVOH

LDPE

LDPE

4

4

40 10
5.0 10

5
= + + =

×
×

+
×−

−

110
3.0 10

20 10
2.5 10

0.08 174.74

4

6

4

2

tot

−

−

−

−×
+

×
×

= + + =8 00 166 66. .

L
Pttot

4

tot
tot

5 3 2 165 10
174.74 3.7 [cm (STP) cm m (day)=

×
= ⇒ = ×

−
− − −

P
P 10 ((mm Hg) ]1−

From Equation 17.35 the permeation rate of oxygen to the inside of the package is

 

d
d tot

tot

tot
1 4

Q
t

P
L

A p p





 = −( )

	 A = 0.0500 m2
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 p1 = 0.21 × 760 = 159.6 mm Hg and p4 = 0

 
Therefore:

d
d

= 
1

 174.74 
0.0500 159.6 0.0457 cm (

tot

3Q
t







 × × = SSTP) day)( −1

example 17.3

Let a multilayer film (laminate) composed of the following layers in series: HDPE/EVOH/PET of the 
following thicknesses and permeability coefficients to water vapor at 25°C:

 HDPE: 40 μm, P = 8.4 × 10−5 [g cm m−2 (day)−1 (mm Hg)−1]

 EVOH: 10 μm, P = 3.3 × 10−3 [g cm m−2 (day)−1 (mm Hg)−1]

 PET: 50 μm, P = 9.1 × 10−4 [g cm m−2 (day)−1 (mm Hg)−1]

To make the calculations simpler we may assume that the above coefficients are constant and 
independent of RH. The multilayer film is at 25°C and at one side of it, the relative humidity of the 
air is RH = 90% and at the other, RH = 40%. At 25°C pw mm Hg0 23 756= . . Calculate:

 (a) The overall permeability coefficient of the multilayer film to water vapor.
 (b) The WVTR from one side of the film to the other.
 (c) The relative humidities at the two sides of the EVOH layer if the laminate is placed with the 

HDPE layer at the side of RH = 90% and the PET layer at the side of RH = 40%.
 (d) Verify that the WVTR that permeates each separate layer is equal to the WVTR calculated 

in step (b) above using the overall permeability coefficient.
 (e) Repeat the calculations of steps (c) and (d) for the case the laminate is placed with the HDPE 

layer at the side of RH = 40% and the PET layer at the side of RH = 90%.
 (f) How should the laminate be placed so that the EVOH layer gets the maximum protection 

from moisture?

Solution

 (a) Substituting into Equation 17.45 we get

 

L
P

L
P

L
P

L
P

tot

tot

HDPE

HDPE

EVOH

EVOH

PET

PET
= + + =

×
×

+
−

−
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5.
××
×

+
×
×

= + + =

−

−

−

−

10
3 3 10

50 10
9 1 10

47 62 0 30 5 49 53 4

4

3

4

4. .

. . . . 1
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t

L
P oot

4

tot
tot

4 2 1100 10
53.41 1.87 10 [g cm m (day) (mm Hg)=

×
= ⇒ = ×

−
− − − −

P
P 11]

 (b) From Equation 17.34 solving for WVTR we have

 
WVTR

(RH) (RH)
100

tot

tot
w

1 4= ⋅ ⋅
−P

L
p0 [ ]

Ptot = 1.87 × 10−4 [g cm m−2 (day)−1 (mm Hg)−1], Ltot = 100 × 10−4 cm, (RH)1 = 90, (RH)4 = 40

Therefore,

 
WVTR 23.756

[90 40]
100

0.222 g m (day)2=
×
×

× ×
−

=
−

−
− −1 87 10

100 10

4

4
1.
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 (c) For the calculation of the relative humidities of air at the two sides of the EVOH layer, that 
is, (RH)2 and (RH)3, Equations 17.48 and 17.49 can be used with p1, p2, p3, and p4 replaced 
by (RH)1, (RH)2, (RH)3, and (RH)4.

   Also,

L1 = LHDPE = 40 × 10−4 cm and P1 = PHDPE = 8.4 × 10−5 [g cm m−2 (day)−1 (mm Hg)−1]

L2 = LEVOH = 10 × 10−4 cm and P2 = PEVOH = 3.3 × 10−3 [g cm m−2 (day)−1 (mm Hg)−1]

L3 = LPET = 50 × 10−4 cm and P3 = PPET = 9.1 × 10−4 [g cm m−2 (day)−1 (mm Hg)−1]

 and (RH)1 = 90 and (RH)4 = 40

  With these changes Equations 17.48 and 17.49 give

( [ ]RH) (RH)
 

(RH) (RH) 90
40 10
8.4 10

2 1
1

1

tot

tot
1 4

4

= − ⋅ ⋅ − = −
×
×

−

−

L
P

P
L 55

1
40 45.42⋅ ⋅ − =

53 41
90

.
[ ]

  and

( [ ]RH) (RH)
 

(RH) (RH) 40
50 10
9.1 10

3 4
3

3

tot

tot
1 4= + ⋅ ⋅ − = +

×
×

−

−

L
P

P
L

4

44

1
40 45.14⋅ ⋅ − =

53 41
90

.
[ ]

 (d) For layer one we have

WVTR
 

(RH) (RH)
100

8.4 10
 40 10

23.756w
1 2

5
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−

=
×
×

× ×
−

−

P
L
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1

0 9[ ] [ 00 45 42 2 1−
= − −. ]

100
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  For layer two we have

WVTR
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2
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=
×
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−

−

P
L
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3

4

3 3 10
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4.

.
55 42 45 14

100
2 1. .− − −]

= 0.220 g m (day)

  For layer three we have

WVTR
(RH) (RH)

100
9.1 10
 50 10

23.756
[453

3
w

3 4
4= ⋅ ⋅

−
=

×
×

× ×
−

−

P
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4[ ] ..14 40]

100
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−
= − −2 1

  So the WVTR that permeates each one of the three layers is equal to the WVTR calculated 
in step (b) using the overall permeability coefficient.

 (e) Now (RH)1 = 40 and (RH)4 = 90.

( [ ]
.

RH)  = (RH) (RH) (RH) 402 1
1

1

tot

tot
1 4− ⋅ ⋅ − = −

×
×

−L
P

P
L

40 10
8 4 10

4

−− ⋅ ⋅ − =5

1
53 41

40 90
.

[ ] 84.58

  and

( [ ]
.

RH) (RH)
 

(RH) (RH) 903 4
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×
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−
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L
P

P
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3

3

450 10
9 1 10 44 53 41

40⋅ ⋅ − =
1

90 84.86
.

[ ]

 (f) From the results of steps (c) and (e) it is concluded, as expected, that for the central layer to 
be best protected from moisture, the polymer (HDPE in the present case) with the smallest 
permeability to water vapor must be placed at the side with the highest relative humidity.
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17.8.9 appliCation of permeability equations to shelf life CalCulations

17.8.9.1 simple shelf-life model for oxygen or moisture-sensitive packaged Foods
For foods sensitive to oxygen or moisture gain, a very simple method for estimating their shelf life 
is the following. This method may give very wrong results because of the many assumptions and 
simplifications used. The main assumptions are as follows:

• There exists a maximum oxygen concentration in the food or a maximum change of the 
moisture content beyond which the food is no longer acceptable; thus, it has reached 
the end of its shelf life. Representative values for these limits for various foods may be 
obtained from the literature (e.g., Salame 1974, Robertson 2006, Lee et al. 2008); how-
ever, for more accurate values experiments should be conducted for the specific food 
product.

• The total quantity of oxygen or water vapor transferred through the packaging from the 
outside to the inside of the package is absorbed by the food, and their concentration in the 
food is increased.

• In the gaseous environment inside the package the concentration of oxygen and the relative 
humidity remain constant. Hence, the driving force and the transfer rates of oxygen and 
water vapor through the packaging are constant. Most often, for oxygen-sensitive foods, 
the partial pressure of oxygen inside the package is considered to be practically zero, and 
for moisture-sensitive foods the relative humidity inside the package is equal to initial 
water activity of the food × 100.

Then the maximum allowable quantity of absorbed oxygen or moisture necessary for the particular 
quantity of food inside the package to reach the end of its shelf life is calculated. The oxygen and 
water vapor transmission rates are calculated from the Equations 17.50 and 17.51, which are actually 
Equations 17.14 and 17.17, with pO2 ,i = 0 and (RH) w initiali a=100( ) .

 

d
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O
O e O i
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2
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= −0 [ ]
 (17.51)

where PO2  and PH O2  are the oxygen and water vapor permeability coefficients, respectively, of the 
polymeric packaging material, Α the package surface area, L the package thickness, pO e2 ,  and (RH)e 
the oxygen partial pressure and relative humidity, respectively, in the external environment of the 
package, pO i2 ,  and (RH)i the oxygen partial pressure and relative humidity, respectively, in the inter-
nal environment of the package, and pw

0  the saturated water vapor pressure at the constant storage 
temperature of the packaged food.

Thus, finally from oxygen and moisture mass balances, shelf life may be estimated from the 
equations:

Shelf life of oxygen-sensitive food
maximum allowable quantity

st = oof absorbed oxygen
d /d O2[ ]Q t

 (17.52)

 
Shelf life of moisture sensitive food

maximum allowable quanti
st - = tty of absorbed moisture

d /d H O2[ ]Q t

 (17.53)
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sample problem

A solid food product in powder form is to be packaged in PET jars in a pure nitrogen atmosphere. 
The particular product is very susceptible to oxidative rancidity, and its oxygen concentration tol-
erance limit is 80 ppm. Estimate the shelf life of the food at 20°C under the following conditions: 
Each jar contains 400 g of product. The total surface area of the jar is 350 cm2, and the thickness 
of its wall is 0.0400 cm. The oxygen concentration in the atmospheric air is 21% (v/v). It can be 
assumed that the oxygen concentration inside the jar is practically zero. The oxygen permeability 
coefficient of ΡΕΤ at 20°C is 1.9 × 10−4 [cm3(STP) cm m−2 (day)−1 (mm Hg)−1].

Solution

The food reaches the end of its shelf life when its oxygen concentration rises to 80 ppm = 0.080 g 
of O2 contained in 1000 g of food or 0.080 × 400/1000 g O2 contained in 400 g of food or 0.032 g 
O2 contained in 400 g of food, that is, when the quantity of oxygen in the jar reaches 0.032 g. 
Since the molecular weight of oxygen is 32 g mol−1 and 1 mol corresponds to 22,400 cm3(STP), the 
maximum allowable quantity of absorbed oxygen is 0.032 × 22,400/32 = 22.4 cm3(STP).

The oxygen transmission rate from the outside environment to the inside of the jar is 
 calculated from Equation 17.50 with pO i2, = 0, p POO e2 0.21 760 159.6 mm Hg,, .= × = ×= −

2 1 9 10 4 
[ ( ) ( ) ]cm STP cm m day mm Hg( )3 2 1 1− − − , L = 0.040 cm, and A = 350 cm2.

Substituting into Equation 17.50 we get

 

dQ
dt O









 = × × ×
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−
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0 04
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4
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.
× cm (STP)

m (day) (mm Hg)
m
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1159 6
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cm (STP) day 1= × − −

Therefore, from Equation 17.52 the shelf life ts of the food is

 
tS =

×
= =−

22.4 cm STP
2.65 10 cm STP /day

845 days 2.3 years
3

32

( )
( )

17.8.9.2 shelf-life model for Foods sensitive to moisture gain
The model described in the previous paragraphs is very simplified because it assumes that the 
partial pressure or the relative humidity difference in Equations 17.50 and 17.51 remains constant 
during the whole shelf life of the food. However, this is not the case when the moisture content of the 
food increases considerably with time. The subject is dealt with in the model described next, which 
was first presented by Labuza et al. (1972).

Let us consider a moisture-sensitive food of low moisture content packaged in a plastic material 
with low water vapor permeability and stored at a high relative humidity environment. The model 
predicts the variation of the moisture content X of the food with time t. X is on a dry basis, expressed 
in g water per g dry solids. Assuming that the food loses its crispness and becomes inedible when 
its moisture content exceeds a critical value XF, the model also predicts the time necessary for the 
moisture content of the food to increase from the initial value XIN to the final value XF, that is, the 
shelf life ts of the moisture-sensitive food. Additional assumptions necessary for the derivation of 
the model are as follows:

• The water vapor permeability coefficient P of the packaging material is constant, and the 
temperature T and the relative humidity (RH)e of the external environment are constant too.

• The quantity of air inside the package is negligible, and the water vapors permeating the 
package material are all absorbed by the food increasing its moisture content.

• The main resistance to water vapor transfer is in the packaging material and not in the 
mass of the food. At every moment the food has uniform moisture throughout its mass and 
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is in equilibrium with the air inside the package, which means that the relative humidity 
of this air is equal to initial water activity of the food × 100. This assumption is generally 
valid for most plastic packaging materials, which have permeance (P/L) values smaller 
than 1 g m−2 (day)−1 (mm Hg)−1 (Robertson 1993).

• The moisture sorption isotherm of the food in the region of interest (for XIN ≤ X ≤ XF) can 
be approximated with satisfactory accuracy by a straight line segment, that is, X = baw + c.

According to the model:

For the moisture sorption isotherm between ΧIN and XF being approximated by:

 X ba c= +w  (17.54)

the moisture content X of the food increases with time t according to:

 
X X X X t= ( )e e IN e− − − τ/  (17.55)

and the shelf life ts is given by:

 
t

X X

X X
s

e IN

e F

ln= ⋅








τ −

−
 (17.56)

where the time parameter τ is:

 
τ = ⋅ ⋅

⋅ ⋅
L m b

P A p
ds

w
0  (17.57)

and

 
X

b
ce

e(RH)= +
100

 (17.58)

where
aw is the water activity of the food
b, c are the slope and intercept, respectively, of the moisture sorption isotherm
(RH)e is the relative humidity of external environment
XIN is the initial moisture content of food on a dry basis, in g water per g dry solids
XF is the final critical moisture content of food on a dry basis, in g water per g dry solids, when 

the food reaches the end of its shelf life
L is the thickness of packaging material
mds is the mass of product dry solids contained in the package
P is the water vapor permeability coefficient of the packaging material
A is the surface area of the package
pw

0  is the saturated water vapor pressure at the constant storage temperature of the packaged food

Therefore, the shelf life is dependent on food parameters (mds, XIN, XF, b, and c), package parameters 
(P, A, L), and environmental parameters (T, (RH)e). Temperature T influences P, pw

0 , b, and c.
Equations 17.55 and 17.56 have been used extensively in several labs, including ours, to pre-

dict the variation of the moisture content X of the packaged food with time t and the food’s shelf 
life. Plots of X predicted by Equation 17.55 versus t are in good agreement with experimentally 
determined moisture contents as functions of time for various foods. The agreement is particularly 
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good in the region of the sorption isotherm where the linear approximation holds, and all the other 
assumptions made for the derivation of the model are valid. If experiments are made with the same 
food but packaged in various size packages and with different plastic packaging materials, all the 
experimental moisture content measurements can be plotted in the same graph along with the model 
predictions. This can be done by normalizing (i.e., dividing) the experimental time values by the 
equivalent for each case value of the time parameter τ. The validity of the theoretical model can also 
be tested by plotting the ln[(Xe −	XIN)/(Xe −	X)] (calculated with the experimental values of X) versus 
time t. The graph should be a straight line of slope 1/τ and with zero intercept.

Combining Equations 17.56 and 17.57 and solving for P/L, one may calculate the required per-
meance (P/L) of the plastic packaging material in order for the food to have the desired shelf life. It 
is also useful for estimating the influence on shelf life of parameters like the environmental condi-
tions (temperature and relative humidity), the size of packaging, the initial moisture content of the 
food, etc. As shown by Equations 17.56 and 17.57, the shelf life ts is proportional to the ratio mds/A, 
equal to the volume over the surface area of the package, which in turn is approximately propor-
tional to the thickness of the package. So ts is approximately proportional to the thickness of the 
package, and this has also been experimentally verified (Taoukis et al. 1988). Therefore, for foods 
sold in packages of different sizes and otherwise completely identical, their shelf life will be the 
shortest in the smallest size package. For this reason the calculations and the experiments for shelf 
life must be done for the smallest size package.

For some foods, for the approximation of the moisture sorption isotherm in the region of inter-
est, it is necessary to use two linear segments with different slopes and intercepts, instead of one. 
Equations for ts, equivalent to Equation 17.56, are available for this case in the literature. Another 
approach is to use the experimental moisture sorption isotherm directly and not to approximate it 
with a mathematical expression. Then the necessary integration for the derivation of equations for 
ts is done numerically instead of analytically (Azanha and Faria 2005).

sample problem

A single cookie of net weight 5.000 g was packaged in a polypropylene sachet and was stored 
in an environment of constant temperature 25°C and constant relative humidity 75%. Its initial 
moisture content was 0.020 g water per g dry solids, and the cookie loses its crispness and 
becomes inedible when its moisture content exceeds a critical value of 0.075 g water per g dry 
solids. The PP sachet had a surface area of 80 cm2 and a thickness of 60 μm. At these conditions 
the water vapor permeability coefficient of PP is 3.5 × 10−4 [g cm m−2 (day)−1 (mm Hg)−1]. At 25°C 
the moisture sorption isotherm of the cookie in the region of 0.020–0.075 g water per g dry solids 
can be approximated by the straight line segment X = 0.127αw + 0.014. Estimate the shelf life of 
the cookie and derive the function predicting the variation of the moisture content X of the cookie 
with time t.

Solution

The mass of the cookie is 5.000 g, therefore the mass mds of the cookie’s dry solids inside the 
package is: mds = 5.000 × 1/1.020 = 4.902 g

 b = 0.127 g water per g dry solids

 c = 0.014 g water per g dry solids

 A = 80 cm2 = 80 × 10−4 m2 = 0.0080 m2

 P = 3.5 × 10−4 g cm m−2 (day)−1 (mm Hg)−1

 L = 60 μm = 60 × 10−4 cm

© 2016 by Taylor & Francis Group, LLC

  



633Food Packaging and Aseptic Packaging

 P/L = 3.5 × 10−4/60 × 10−4 = 0.0583 g m−2 (day)−1 (mm Hg)−1

 [(RH)e/100] = 0.75

and at 25°C the saturated water vapor pressure is pW
0 23 756.= mm Hg

Substituting into Equations 17.58 and 17.57 we get
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Then from Equation 17.56 the shelf life ts is
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From Equation 17.55 the moisture content X of the cookie increases with time t according to

 X X X X t t= − − = − −− −
e e IN e e( ) . ( . . )/ / .τ 0 109 0 109 0 020 56 2

So, X = 0.109−0.089e−t/56.2, with t in days.

17.9 aseptiC paCKaging

17.9.1 introDuCtion

Aseptic processing and packaging is a food preservation technique that uses relatively mild ster-
ilization treatments compared to retorting to produce high quality foods. The technique consists 
of two separate but integrated operations: an aseptic processing system, and, an aseptic packaging 
system. The aseptic processing system usually employs thermal processing to continuously sterilize 
a pumpable food in bulk. The aseptic packaging system consists of three operations: sterilization 
of the container, filling it with the presterilized and sterile food, and hermetically sealing it. The 
last two operations are carried out inside an aseptic zone so that reinfection is prevented. In the 
food industry, the terms aseptic, sterile, and commercially sterile are often used interchangeably 
(Stevenson 1992).

Aseptic packaging is usually applied to pasteurized or sterilized products such as milk and dairy 
products, puddings, desserts, juices, soups, sauces, and some products with small or large particles 
(e.g., potatoes or vegetable pieces) (Reuter 1989a). It is also applied to nonsterile foods, such as 
yogurt, with the aim of achieving extended shelf life (ESL), sometimes under refrigeration, by pre-
venting infection with additional and other microorganisms (Reuter 1989a).

The term aseptic packaging originally meant that the food product was commercially sterile, and 
thus ambient temperature shelf stability was achieved. Nowadays, the situation has progressed far 
beyond that point. Aseptic packaging has been applied to refrigerated products to achieve ESL for 
these foods beyond that of traditional pasteurized products (Brody 2000, 2003, 2006). Various fluid 
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milk products and fruit juices are currently packaged aseptically in glass or polyester bottles, and 
the refrigerated shelf life achieved ranges from 60 to 90 days (Brody 2000).

In 1981, the US FDA accepted the use of hydrogen peroxide for the sterilization of aseptic pack-
ages containing a low-density polyethylene layer in contact with the food (Mabee 1997), and this 
has led to dramatic growth of the aseptic industry. According to the Institute of Food Technologists 
(IFT), aseptic processing and packaging is the top invention in food science in the 50-year period 
from 1939 to 1989.

Compared to canning, aseptic processing and packaging has the following advantages. High-
temperature short-time (HTST) sterilization processes can be used for the pumpable food product. 
These are more energy efficient and give products of better quality than the conventional canning 
process, which uses lower temperatures and longer times. Containers made of inexpensive materi-
als like paper and plastics can be utilized. These do not have to withstand the extreme conditions of 
temperature and pressure encountered during retort processing (Mabee 1997). In conclusion, aseptic 
processing and packaging result in better product quality and cost savings due to reduced energy 
consumption and inexpensive packaging (Reuter 1989a).

The main problems associated with aseptic processing and packaging are the increased dif-
ficulty of securing package and seal integrity, the inadequate inactivation of some enzymes, and 
the complexity of the equipment and control system. Aseptic packaging is the weakest component 
of the whole process and thus the most likely to malfunction (Reuter 1989a). Aseptic processing of 
low-acid foods containing finite-size particulates (two-phase foods) presents a great challenge in 
terms of ensuring adequate heat treatment of the particles. In 2005, the FDA accepted a method for 
aseptically processing low-acid foods containing finite-size particulates, and Campbell Soup Co. 
began processing and packaging particulate-laden soups in cartons (Brody 2006).

17.9.2 sterilization of paCKages anD equipment

Packages and equipment surfaces get contaminated with microorganisms by air or by contact with 
humans or with each other. The destruction of microorganisms adhering to surfaces, by any type of 
sterilization method, follows, in most cases, first-order kinetics and for the mathematical descrip-
tion of the kinetics, the D-value is often used (Reuter 1993). The numerical value of D is the time 
necessary to kill the 90% of the initial number of a specific type of microorganism at constant tem-
perature and under specific environmental conditions. The D-value of the sterilization process used 
for the most resistant type of microorganism likely to be found on the packaging material should be 
less than 1 s (Reuter 1989b).

17.9.2.1 required Count reduction of Bacterial spores on packaging material
For the sterilization of the packaging material, the required number of decimal reductions (number 
of D-values) or log cycle reductions (LCR) depends on the type of product contained, its desired shelf 
life, and the storage temperature. For nonsterile acidic products of pH < 4.5 stored under refrigeration, 
for a shelf life of a few weeks, four decimal reductions are required for a determinant microorganism 
(e.g., Aspergillus niger). For sterile low-acid products of pH > 4.5 stored at ambient temperature, for 
a shelf life of a few months, six LCR are required for a determinant microorganism (e.g., Bacillus 
 subtilis). If there is the possibility that Clostridium botulinum is able to grow in the product, then a full 
12D process should be applied (Reuter 1989b). For heat treatment and treatment with hydrogen perox-
ide, six decimal reductions for B. subtilis are more than 12 reductions for C. botulinum (Reuter 1993).

The nonsterility rate Fs, that is, the proportion of nonsterile packages in a batch of sterilized 
packages, resulting from the sterilization process of the packaging material, can be calculated 
(Reuter 1989b) from the equation:

 F
N A

Rs
10

= ⋅
 (17.59)
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where
N is the number of bacterial spores per m2 of packaging material surface
A is the surface area in contact with food in one package
R is the number of decimal reductions achieved by the package sterilization method

It is usually assumed that the maximum initial load on the package surface is 1000 microorganisms 
per m2 for plastic films and paperboard laminates on reels and 3000 microorganisms per m2 for 
prefabricated cups. It is also assumed that only 3% of the total number of microorganisms on the 
package’s surface are spores (Reuter 1989b). It is obvious that it is extremely important to keep the 
initial load of microbes on the package surface as low as possible.

For example, in order to attain a nonsterility rate resulting from the sterilization process of the 
packaging material of 1 package in 1,000,000 packages (Fs = 10−6) for prefabricated cups, with each 
cup having a surface area A of 400 cm2 = 0.0400 m2 and an assumed initial load N of 90 spores per 
m2, the number R of required decimal reductions is calculated from Equation 17.59 as:
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17.9.2.2 methods of sterilization of packaging materials
The sterilant used must fulfill (Cousin 1993) the following criteria. It must kill spores within a 
short contact time, be compatible with the type of packaging material, easy to apply and to remove, 
inexpensive, nontoxic to personnel, nondamaging to the aseptic system, and any residues left on the 
packaging material must be within acceptable tolerance levels. The sterilization methods generally 
involve heat, chemicals, irradiation, or a combination of these.

In general, heat sterilization cannot be applied to heat-sensitive plastics. Saturated steam under 
pressure is considered as the most reliable sterilant, despite a few problems in its use (Reuter 1989b). 
It is more effective in killing microorganisms than superheated steam or hot air. Saturated steam 
at 140°C–147°C is used to sterilize polypropylene cups for a period of 4–6 s in a pressure chamber 
(Reuter 1989b). Superheated steam at atmospheric pressure is used for metal cans. Dry hot air at 
315°C and at atmospheric pressure is used to sterilize composite cans made from laminations of Al 
foil, plastics, and paper. Mixtures of hot air and saturated steam have been used to sterilize cups and 
lids made from PP, which are thermally stable up to 150°C (Amman 1989). The heating, occurring 
during the extrusion of the plastic, may also be used for the sterilization of the plastic containers. 
During this operation, temperatures of 180°C–230°C are reached for up to 3 min (Reuter 1989b). 
However, because of a nonuniform temperature distribution inside the extruder and considerable 
dispersion of residence time, there is no guarantee of commercial sterility. Therefore, these contain-
ers can only be used for acidic products with pH < 4.5, otherwise it is recommended that extruded 
containers be poststerilized chemically.

Among the chemical processes, only treatment with hydrogen peroxide, peracetic acid, and 
ethylene oxide have found commercial application. Although the lethal effect of hydrogen per-
oxide on microorganisms and spores has been known for years, the actual mechanism of death 
is not yet fully understood. A H2O2 concentration of at least 30% and a temperature higher than 
80°C is necessary to achieve destruction within seconds of the most resistant spores on packaging 
materials (Reuter 1989b). Concentrated H2O2 solutions at ambient temperature do not have any 
destructive effect. Application of cold H2O2 is effective only if it is combined with hot air drying 
of the packaging material or with infrared irradiation or UV light. The sterilization conditions in 
most cases have been determined empirically. The damaging power of hydrogen peroxide comes 
from its transition to highly reactive hydroxyl radicals, which react with many organic compounds 
causing peroxidation of lipids, cross-linking and inactivation of proteins, and mutations in DNA 
(Nindl 2004).
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A number of systems that combine peroxide treatment with heat and/or UV radiation have been 
developed. These are the dipping, the spraying, and the rinsing processes. In the first, the packaging 
material, in the form of a flat sheet, passes through a bath of 30%–33% peroxide solution and is then 
dried with hot air. In the spraying process, peroxide is sprayed through nozzles onto prefabricated 
packages, and the droplets are dried with hot air. A newer development is the direct use of a mixture 
of hot air and peroxide vapors. The rinsing process is applied to glass containers, metal cans, and 
blow-molded plastic bottles. After rinsing with peroxide or with a mixture of peroxide and peracetic 
acid, the container is drained and then dried with hot air. When the peroxide treatment is combined 
with UV radiation, they act synergistically, and the lethal effect achieved is greater than the sum of 
the effects of each treatment done separately (Robertson 1993). This is because the UV radiation 
promotes the breakdown of peroxide into hydroxyl radicals. The optimum effect is achieved when 
the peroxide concentrations are between 0.5% and 5%. Higher peroxide concentrations require 
greater UV intensities for optimum result.

Peracetic acid (CH3–COO–OH) is effective against spores of bacteria at concentrations of 1% or 
less even at ambient temperature. It is produced by the oxidation of acetic acid by hydrogen peroxide, 
and the solution usually employed consists of peracetic acid and hydrogen peroxide (Robertson 1993).

Ethylene oxide is a toxic gas that can penetrate porous materials like paperboard. It can be 
used for the presterilization, in special facilities, of preformed carton blanks and bags-in-boxes 
(Robertson 1993). However, because of the long exposure times required for sterilization, the need 
to dissipate residues, and the fact that it does not have regulatory approval, it is not currently used as 
a packaging sterilant in aseptic packaging (Cousin 1993).

UV radiation is effective in destroying microorganisms in the wavelength range of 200–315 nm. 
The most effective part of the spectrum is the UV-C range between 250 and 280 nm, with an 
optimum effectiveness at 253.7 nm (Reuter 1989b). There are various problems, like the need for 
smooth surfaces and dust-free packaging materials, which limit UV irradiation’s effectiveness 
in killing microorganisms. For these reasons, it is used commercially only in combination with 
hydrogen peroxide (Reuter 1989b). IR radiation is not particularly useful in sterilizing packaging 
materials.

Ionizing radiation in the form of gamma rays from cobalt 60 and cesium 139 is used commer-
cially to sterilize medical instruments. Also sterilization of large volume bags made from plastic 
laminates for use in aseptic bag-in-box systems is carried out in this way (Robertson 1993).

One of the recent nonthermal methods of sterilization of surfaces of packaging materials, equip-
ment, foods, and medical devices involves the use of intense and short duration pulses of broad-
spectrum “white” light (Barbosa-Canovas et al. 1998; Robertson 2006). The PureBright™ process 
developed by PurePulse Technologies, Inc., uses a technique known as pulsed energy processing. 
Electrical energy is stored in a capacitor and is released from lamps in the form of short, high inten-
sity pulses of light. These flashes last from 1 μs to 0.1 s and are typically applied at a rate of 1–20 
flashes per second.

17.9.2.3 Verification of the sterilization processes
Validation of the presterilization of the aseptic packaging machine and of the sterilization of the 
packages requires a microbiological challenge. The method followed is presented by Elliott et al. 
(1992) and Cerny (1993), while the statistical considerations supporting the microbiological chal-
lenge are described by Moruzzi et al. (2000).

Challenging package sterilization. Sets of 100 containers are inoculated with 103, 104, and 
105 spores per container of known resistance to the sterilizing agent and are left to dry. 
The test is performed in triplicate with resterilization of the equipment between runs. The 
aseptic packaging system is run as for a commercial test batch. The sterilizing critical 
factors, such as peroxide concentration, peroxide dosage, and drying air temperature are 
set at the minimum values that would be expected during regular production. Machine 
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speed is set at the maximum. After sterilization, the containers are filled with an appro-
priate growth medium, incubated, and observed for growth. From the results, the LCR 
achieved is calculated to determine the adequacy of the sterilization process. It is very 
crucial to choose the proper indicator organism depending on the sterilization medium 
used. Bernard et al. (1993) and Cousin (1993) list recommended indicator organisms. For 
instance, for sterilization with H2O2 and UV or heat they propose B. subtilis.

Confirming equipment sterilization. If equipment sterilization is done with steam, sterile 
strips of aluminum foil are inoculated with 103, 104, and 105 spores of Bacillus stearother-
mophilus per strip and are placed on the surfaces to be sterilized. After the completion of 
the sterilization cycle, the equipment is disassembled, the strips are aseptically removed 
into tubes with an appropriate growth medium, and incubated at 55°C for 28 days. If all 
of the incubated strips are found to be sterile, then at least five decimal reductions were 
achieved. A similar method is used in the case of sterilization with hydrogen peroxide and 
heat. Spores of B. subtilis var. globigii are inoculated in this case.

Demonstrating sterile air. Air quality in the sterile zone should be demonstrated to be class 
100 or better. This means that there are not more than 100 particles of size 0.5 μm or larger 
per cubic foot of air and not more than 100 microorganisms per m3 of air (Elliott et al. 
1992). Testing of air for particles is usually accomplished with a single-particle counter. 
Several kinds of air collectors are commercially available for sampling the environment 
for airborne microorganisms.

17.9.3 the aseptiC zone

The aseptic zone is the area where the sterile container is filled with the sterile product and sealed. 
It begins at the point where the packaging material is sterilized or at the point the presterilized 
package enters the machine and ends after the package is sealed (Stevenson 1992). The aseptic 
zone must be sterilized before production begins, and sterility must be maintained during pro-
duction. There should exist sterilizable physical barriers separating sterile from nonsterile areas. 
In addition, mechanisms should be provided to allow the entrance into the aseptic zone of sterile 
packaging material and the withdrawal of sealed packages, without compromising the sterility of 
the zone.

The aseptic zone is protected from contamination by steam or by sterile air or gases (Buchner 
1993b). Steam is used in the Dole aseptic canning machine and in the filling zone of most bag-in-
box systems. For the systems using sterile air or gases, either vertical laminar flow or turbulent 
ventilation and slight overpressure in totally closed machine cabinets are usually employed.

Before production begins, packaging machines, filling lines and fillers, and the air/gas system 
have to be sterilized. For the packaging machines, hydrogen peroxide solution, hot air, steam, and 
various disinfectant solutions are used as sterilizing agents (Buchner 1993b). Filling lines and fill-
ers are first cleaned automatically by the CIP system and then are sterilized with saturated steam or 
pressurized superheated water. Sterile air is produced by filtering through high-efficiency particu-
late air (HEPA) filters or by incineration.

17.9.4 aseptiC paCKaging systems

Aseptic packaging systems have been classified into six categories based on the type of container 
used. Thus, there are can, bottle, sachet and pouch, cup, carton, and bulk packaging systems. 
In 1995 about 460 aseptic filling installations were operating in the Unites States; in 1999, 540; 
and in 2005, 560 installations (Brody 2006). In 1999, there were 23 different commercial aseptic 
packaging systems, while in 2005 there were 28, including 10 new ones. In 1999, the distribution of 
the 540 installations (Marcy 2000), according to the type of packaging used, was: 42% bag-in-box, 
34% paperboard cartons, 8% metal cans, 8% plastic cups, and 8% pouches and bottles.
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17.9.4.1 Can systems
The Martin–Dole system (Lange 1989) was the first commercial aseptic packaging system and has 
operated successfully since 1950. It uses superheated steam to sterilize the metal cans (tinplate, ECCS, 
aluminum) and the can ends. For tinplate cans, the temperature must not exceed 232°C because at 
this temperature tin melts. Seaming is done with a conventional can double seamer, modified for 
aseptic operation. In the aseptic zone superheated steam is used to maintain aseptic conditions.

Dole has developed the “hot air” packaging system (Lange 1989) for packaging acid (pH < 4.3) 
noncarbonated beverages into composite cans, consisting of spirally wound body, made from lami-
nations of Al foil, plastics and paper, and metal ends. The cans are sterilized by heating with hot air 
for 3 min to a temperature of 143°C. These products can also be hot-filled at 88°C–93°C, but in the 
case of heat-sensitive fruit juices, the aseptic filling process is preferable to preserve product quality.

17.9.4.2 Bottle systems
There have been several attempts to commercialize aseptic packaging systems in glass bottles, 
but none has found widespread acceptance (Robertson 2006). In the system described by Buchner 
(1993a) the glass bottles are first rinsed with water, and then a mixture of hydrogen peroxide vapor 
and hot air is admitted into them. The peroxide condenses on all surfaces of the bottles, and after a 
certain exposure time it is dried off by sterile hot air.

For plastic bottles three types of aseptic packaging systems are in use (Robertson 2006). In the 
first system, the nonsterile bottles, after blowing, are sterilized by spraying their inside and outside 
surface with a H2O2 solution, which is subsequently evaporated as the bottles pass through a hot air 
tunnel. Then the bottles are rinsed with sterile water and filled. Hydrogen peroxide solution, at con-
centrations higher than 30%, seems to have some interaction with polyethylene terephthalate (Clark 
2004). Thus, it is used only for the sterilization of HDPE bottles, whereas for PET bottles a mixture 
of peracetic acid and hydrogen peroxide is used.

In the second system, the bottles are blown sterile, that is, they are extruded, blown with sterile 
air, and then sealed to prevent contamination of their internal surface. Prior to filling, they enter a 
sterile chamber, where their outside surface is sterilized with a H2O2 spray. Then the closed tops of 
the bottles are cut away, and the bottles filled. Finally, they are capped with presterilized foil caps 
or heat-sealable closures (Robertson 1993).

In the third system, all operations, that is, bottle formation (parison extrusion and blow molding), 
filling, and sealing take place in sequence in a single mold (Zimmermann 1993). The thermoplastic 
resins usually used are HDPE, PP, and PETG. Sterility of the containers is achieved by the extrusion 
process at temperatures 170°C–230°C and holding time of several minutes. Sterile air is used for 
blowing the parison and forming the bottle. While the bottle is still inside the mold it is filled with 
the product, and next the top part of the bottle is formed into a cap that closes the bottle.

Newer developments of aseptic packaging in PET bottles (Brody 2009) include “dry steriliza-
tion” and “aseptic dry preform decontamination.” In the first process, the PET bottles are pre-
warmed to 50°C–60°C with hot air. Next a mixture of H2O2 vapors and hot air is introduced into 
the bottle to sterilize it. There is no visible condensation on the surface because the bottles are hot 
from preheating. Finally, all peroxide is displaced from the bottle by purging with sterile air before 
the bottle reaches the filler. In the second process, the preforms are sterilized with gaseous H2O2 at 
the entrance of the reheat oven before blowing. Stretch blow molding is carried out with sterile air, 
and the empty sterile bottles are then aseptically conveyed to the aseptic filling system.

17.9.4.3 pouch systems
The film is drawn from a reel and is sterilized in a hot H2O2 bath, which also acts as a siphon lock 
to a sterile chamber (Buchner 1993b). Then it is drained, dried, and fed to a vertical form-fill-seal 
machine operating inside the sterile chamber. It is folded over a shoulder to form a tube and sealed 
at the longitudinal seam. The tube is closed at the bottom by the cross seal, and the pouch is filled 
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with the product. The top transverse seal is made, and the pouch is drawn out of the sterile chamber 
through a flexible lock. The film used may be polyethylene or a laminate if a longer shelf life is 
required. Foods that are usually packaged by these machines are tomato products and sauces.

17.9.4.4 Cup systems
The plastic cups can be either preformed or formed, filled, and sealed in a single machine. Preformed 
cups are usually made from high impact polystyrene (HIPS) or polypropylene. They can also be made 
from laminates if better barrier properties are required (Robertson 1993). The inside surface of pre-
formed cups is sterilized either by spraying H2O2 and heating with hot compressed air or by dipping 
in a 35% peroxide bath at 85°C–90°C. The cup’s closure is usually aluminum foil and has a thin coat-
ing of PE to provide heat sealability. It is typically sterilized with peroxide solution too (Robertson 
1993). Foods usually packaged in aseptic cups include puddings, cream, and dairy products.

In the form-fill-seal machine, the plastic material used for thermoforming the cups is in the form of 
a web. Sheets made of any thermoplastic polymer can be used, the most common being polystyrene, 
because it is easily thermoformed. The shelf life of coffee creamer aseptically packaged in simple PS 
cups and at ambient conditions is at least 4 months. For longer shelf lives, improved barrier properties 
are required, and coextruded multilayer films are the solution. For aseptically packaged pudding, lam-
inate of the following composition has been used: outer layer of HIPS, adhesive, barrier PVdC layer, 
inner layer of LDPE. The shelf life of the product in these cups and at ambient conditions is more 
than 12 months (Lutkemeyer 1989). Sterilization of the web is accomplished by passing it through a 
35% H2O2 bath at room temperature. Next the web passes through a sterile tunnel where it is heated 
to 130°C–150°C to get sterilized, get rid of the remaining H2O2 , and become soft enough for thermo-
forming. The cups are usually formed by a combination of mechanical forming and compressed air. 
Sterilization of the lidding material is done in a similar way to the cup web (Robertson 1993).

Another form-fill-seal system is the “Neutral Aseptic System” (NAS) supplied by ERCA and 
Conoffast (de Groof 1993). The system, although it did not have much commercial success, is quite 
ingenious. On one hand, it makes use of the high temperature reached during the extrusion process 
to ensure the sterility of the packaging material and on the other it protects the sterility of the food 
contact layer with a strippable PP layer. The film from which the cups are formed is composed of 
PP/PE/PVdC/PS. Within a sterile chamber first the outer layer of PP is peeled off, exposing a sterile 
inner surface, and then the film is thermoformed into cups. The lidding material is composed of 
three layers: Polybutylene/Polyethylene/Al foil. Inside the sterile chamber the polybutylene layer is 
peeled off, and the rest is heat-sealed on the cups.

17.9.4.5 Carton systems
The cartons used for packaging fruit juices, long-life milk, soups, and sauces, and in general prod-
ucts with a minimum shelf life of 6 months at ambient temperature, are constructed from a laminate 
of seven layers. The layers, their typical thicknesses (Robertson 2006), and their functions (Schulte 
1989; Strole 1989) are

• Outer polyethylene (15 g m−2) protects the ink layer and the paperboard from moisture and 
permits the heat sealing of the flaps on the body of the carton; enables the package flaps 
to be sealed.

• Bleached paperboard serves as a carrier for the décor.
• Unbleached paperboard gives the package the required mechanical strength (typical thick-

ness for both paperboards 186 g m−2).
• Polyethylene (25 g m−2) is the adhesive to bind the aluminum to the paperboard.
• Aluminum foil (6.3 μm) acts as a gas and light barrier.
• Two inner polyethylene layers (15 and 25 g m−2) act as a liquid barrier and enable the for-

mation of the transverse seals by heat sealing.
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Some ingredients of fruit juices may cause, after a period of time, a reduction in the adhesion of the 
PE inner layer to the aluminum foil, resulting in the detachment of the PE inner layer. The problem 
is solved by applying two layers of PE, first a thin ethylene copolymer with good adhesion properties 
to aluminum and a second layer of standard PE (Strole 1989).

In contrast to the laminate described above, the cartons for pasteurized milk and pasteurized 
juices are constructed from laminate, which does not contain aluminum foil. It consists of polyeth-
ylene, paperboard, and polyethylene. Since the pasteurized products have a shelf life of a few days 
and they are stored under refrigeration, the protection offered by the aluminum foil is unnecessary; 
thus, a cheaper carton can be used. These cartons are usually of the gable-top type.

Through the years carton manufacturers and their customers developed cartons of new and excit-
ing shapes, sizes, contours, and combinations of carton and plastic bottle. At the same time a whole 
range of add-ons, such as drinking straws, screw caps, and reclosures were applied to cartons to 
enhance consumer convenience (Robertson 2002). Another development is the use of barrier plas-
tics instead of aluminum foil in the composition of the laminate. As a result there was a rapid 
increase in the range of foods packaged in cartons, from milk, cream, and juices at the beginning to 
soups, sauces, waters, wines, and teas nowadays.

A variation of the classic paperboard carton is one which features an all-plastic top on a 
round corner carton (Brody 2003). Another development is a retortable, square-shaped carton, 
for soups, ready meals, vegetables, and pet food, which was developed as a replacement for the 
metal can (Robertson 2002). The carton and its contents are subjected to the same high-pressure 
high- temperature retort process as metal cans and glass jars. The strength of the carton lies in the 
combination of the packaging material with a customized process to form and seal the package. 
The laminate has basically the same structure as the laminate of the aseptic carton but with poly-
propylene replacing polyethylene. Products packaged in this carton have a shelf life, under ambient 
conditions, of 18 months.

Stand-up aseptic pouches (100% transparent) were developed by replacing aluminum foil with 
silicon oxide-coated polyester film (PET/SiOx) as the barrier layer and replacing the paperboard 
with plastics in the structure of the laminate of the aseptic carton. In addition, the absence of alu-
minum from the laminate permitted the use of these pouches in the microwave oven. This led to 
the introduction of microwavable stand-up aseptic pouches for packaging sauces, soups, tea, and 
coffee drinks.

There are two main types of aseptic packaging systems in cartons and these are described next.

17.9.4.5.1 Form-Fill-Seal Cartons
The Tetra Brik system is a typical example of a system of this type and is shown schematically 
in Figure 17.17 (Brennan et al. 1990). The seven-layer laminate is supplied in rolls and is already 
printed and creased. First, a polyethylene strip is attached to one edge of the laminate. One of the 
sterilization methods usually employed is the following: The laminate is fed through a deep bath 
containing 35% solution of H2O2 at 78°C. Next squeezer rollers remove surplus peroxide, and then 
sterile air at 125°C is blown over both surfaces of the sheet to heat and sterilize it and to evaporate 
the remaining peroxide. The laminate is next formed into a tube, and the longitudinal seal is made 
by a heat-sealer (Robertson 1993). The polyethylene strip binds together the overlapping edges of 
the sheet. The bottom transverse seal is made, the tube is filled with the product, and finally the 
top transverse seal is made. For transverse sealing the high-frequency induction heating technique 
(Schoefert 1993) is used. A short, high-frequency impulse of approximately 200 ms heats the alu-
minum layer of the laminate and melts the inner polyethylene layers, which bond together under 
the sealing bar pressure. It is possible to produce packages either without headspace, by making 
the top transverse seal below the level of the product, or with a headspace of up to 30% of the total 
volume by injecting sterile air or nitrogen. The sealed packages are finally pressed by molds into 
rectangular blocks, the top and bottom flaps are folded down and heat-sealed to the body of the 
carton. The sterilization of the laminate, forming of the carton, filling, and sealing are all carried 
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out inside a sterile chamber, maintained at a gauge pressure of 0.5 atm with sterile air (Robertson 
1993). To meet the requirements of aseptic filling, it is essential that all machine parts that come in 
contact with the sterile product are sterilized before production starts. Two sterilization methods 
are available (Schulte 1989): treatment with hot air of 360°C or spraying with 30%–40% hydrogen 
peroxide solution and drying with hot air.

17.9.4.5.2 Prefabricated Cartons
The filler uses prefabricated carton sleeves or blanks, which are made at the carton manufacturer’s 
installation according to the following procedure: First the laminate is produced in the form of a 
web, it is printed, and the blanks are die-cut, creased, and the longitudinal seam is made. The partly 
assembled lay-flat blanks are shipped in boxes to the food processor (Deimel 1989). At the proces-
sor’s installation, each blank is opened up into a rectangle and pushed onto one of the mandrels of 
the revolving mandrel wheel. The polyethylene at the bottom end of the sleeve is softened by blasts 
of hot air (base activation). The base is folded, pressed, and heat-sealed against the end face of the 
mandrel. After that the carton’s top is prefolded. All these operations take place under nonsterile 
conditions. The carton then passes to the aseptic zone, where sterility is maintained by a slight 
overpressure of sterile air. One method of sterilizing the inside surface of the carton is with 35% 
H2O2 solution. The peroxide is vaporized first and then is forced into the package by hot air under 
a slight overpressure. The vapor condenses on the cool carton walls. Hot air is introduced next 
into the carton to heat and sterilize it and to evaporate the peroxide (Deimel 1989). Alternatively, 
the inside surface of the carton is sprayed with a 1%–2% solution of H2O2, then irradiated with 
UV radiation, and finally the remaining peroxide is removed by jets of hot air (Robertson 1993). 

Tetra brik package Horizontal sealer

Sterile product

Longitudinal sealer

Laminate tube

Feed pipe

Air jetsSqueeze rollers

Laminate

Hot peroxide bath

Figure 17.17 Schematic representation of the Tetra Brik aseptic packaging system. (From Brennan, J.G. 
et al., Food Engineering Operations, 3rd edn., Elsevier Applied Science Publishers, London, U.K., pp. 617–653, 
1990. With permission.)
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Next,  the  carton  is  filled with the product, and for products that tend to foam the filler can be 
equipped with a defoaming unit. Most of the time a certain amount of headspace in the carton is 
necessary, and if required for the protection of the product the headspace can be filled with steam or 
nitrogen. After filling the carton, the top is folded and sealed with ultrasonics. The protruding flaps 
on each side are folded down and sealed to the package with hot air (Deimel 1989).

The main advantage claimed by the prefabricated carton system over the form-fill-seal carton 
system is that the difficult production step of longitudinal seam sealing is done by the system sup-
plier and not the filler (Deimel 1989). The longitudinal seam of the prefabricated cartons is different 
from that of the form-fill-seal cartons; it is made by paring down the board layer and folding back 
the reduced caliper edge and sealing it by flame welding. Another advantage cited is the flexibility 
of the filling machines. The same machine can be used to produce different capacity cartons, pro-
vided that they are of the same cross section, and this is done simply by adjusting the height.

17.9.4.6 Bulk packaging systems
There are a number of bulk aseptic packaging systems used commercially, with typical container 
volumes of 10–1000 L (Robertson 1993). They are steel drums or bags-in-box. Large, nonrefriger-
ated tanks holding up to 10 m3 of aseptic product are also used.

Steel drums have a tin coating on the inside surface. They typically have a capacity of 208 L (55 
US gallons) and are used for packaging fruit juice concentrates and tomato concentrate. The ends 
are double seamed to the body of the drum, and filling and emptying is done through a hole. Drum 
sterilization is usually accomplished with saturated steam (Robertson 1993).

In bag-in-box packaging systems the food is filled into a plastic bag, which then is placed into a 
carton box, a metal drum, or a wooden crate. In the case of larger sizes, filling occurs after the bag 
has been placed inside the box, drum, or crate (Robertson 1993). The bags are sterilized usually by 
gamma irradiation in a special facility. They are delivered to the food processor premade, steril-
ized, and in lay-flat form. The bags are kept sealed until filling; thus, their inside surface remains 
sterile. They are manufactured from a variety of laminates suitable for the particular product and 
the shelf life required. Usually one of the laminate layers is a barrier material such as aluminum 
foil, PVdC, EVOH, or metallized PET. The outer layers are usually LDPE because of its good heat-
sealing properties and barrier properties to liquids and moisture. A connector is fixed onto the bag. 
The aseptic filler consists of a filling valve and a sealed sterile chamber. Various designs of filling 
valves and connectors are used. Prior to filling, it is necessary to sterilize only the exposed surfaces 
in the filling valve and connector, which come into contact with the product. Sterilization is carried 
out with steam or with bactericide solutions. From the whole package only the filling valve and the 
connector have to be inside the sterile chamber.

17.9.5 paCKage inspeCtion anD testing

An important function of the package is to secure against the entry of microorganisms and to 
maintain the commercial sterility of its contents during and after processing. This function may 
be defeated if the package becomes defective, especially if it loses its hermetic condition. Both the 
FDA and USDA require that aseptical packages containing low-acid foods be inspected and tested 
for defects.

17.9.5.1 definitions of package defects
A package defect can be classified as critical, major, and minor depending on its impact on hermetic 
condition (Gavin and Weddig 1995).

A critical defect (Gavin and Weddig 1995) provides evidence that the package has lost its her-
metic condition or evidence of microbial growth in the package. A major defect (Gavin and Weddig 
1995) does not show visible signs of the package losing its hermetic condition, but it is of such mag-
nitude that the package is weakened and may have lost its hermetic condition. A minor defect has 
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no adverse effect on the hermetic condition of the package. Although a minor defect does not cause 
safety problems, it can adversely affect the appearance and salability of the product.

For paperboard packages (cartons), flexible pouches, and semirigid plastic containers with heat-
sealed lids, Gavin and Weddig (1995) and the NFPA Bulletin 41-L (Anonymous 1989a) present a list 
of the commonly observed defects and their classification as critical, major, or minor. For example, 
critical defects for paperboard packages are leakers (channel, corner, perforation, pull tab, and seal), 
cuts, and punctures that penetrate the package and swollen packages due to gas formation probably 
by microorganisms. The flexible package defects poster (Anonymous 1989b) has photographs of 
these defects to aid in their recognition. In addition, in the NFPA Bulletin 41-L good manufacturing 
guidelines and package integrity test methods are presented for the three types of flexible packages 
discussed.

17.9.5.2 package integrity test methods
Testing the integrity of a package refers either to leak detection or to structural integrity evaluation. 
Evaluation of seal integrity is a special case of leak detection. A leak can be defined as a physical 
opening on the package surface or in the seal that allows entry and/or exit of fluids, microorganisms, 
and/or gases (Floros and Gnanasekharan 1992). Two common types of leaks found in food pack-
ages are pinholes and channel leaks. The former are found in the body, while the latter are found 
in the seal area of the package. A channel leak is much longer and more difficult to detect than a 
pinhole. There is no agreement concerning the minimum leak size that the package integrity test 
should be able to detect. Obviously, this is the size that permits microbial contamination. Intuitively, 
one expects it to be equal to 0.5 μm, which is the size of a bacterium. In practice, this does not hold 
true and much research has been done on the subject and much remains to be done (Blakistone and 
Harper 1995). Yam (1995) believes that an inspection system can provide sufficient safety assurance 
if it can detect pinholes of 10 μm and channel leaks of 50 μm in diameter.

The food industry for many years has been using destructive methods for testing package integ-
rity. Invasive tests that partially or completely destroy the package and are used on discrete samples 
or parts of a package are destructive (Floros and Gnanasekharan 1992). Destructive testing pre-
sumes an appropriate sampling scheme, and it is simply an indicator of packaging equipment per-
formance. Unfortunately, it does not provide a way to isolate and reject defective packages. It is also 
expensive and time-consuming. On the other hand, nondestructive testing, especially if it can be 
on the spot, is highly desirable. Nondestructive, 100% in-line inspection is the absolute optimum.

Gavin and Weddig (1995) and the NFPA Bulletin 41-L (Anonymous 1989a) specify the frequency 
of testing and the minimum of tests required for paperboard packages, flexible pouches, and semi-
rigid plastic containers with heat-sealed lids. In the first reference, a table is also presented summa-
rizing the destructive and nondestructive methods used for testing the integrity of aseptic packages.

Destructive tests include the peel, the teardown, the bubble, the dye penetration, the electrolytic, 
the microbial challenge, the storage and distribution, the burst, and the seal tensile strength tests.

The peel test is applied to semirigid plastic containers with heat-sealed lids, while the teardown 
test is applied to both paperboard packages and flexible pouches (Anonymous 1989a, Gavin and 
Weddig 1995).

The bubble test is applied to packages containing air at atmospheric pressure in their head-
space. The container is immersed in a water bath, and vacuum is drawn over the immersion vessel. 
Because of the pressure difference between the inside and the outside of the package, if there is a 
leak, air will flow from the inside to the outside. This air flow will become visible through the for-
mation of air bubbles at the spot of the leak.

The dye penetration test (Anonymous 1989a, Gavin and Weddig 1995) can be implemented to all 
types of aseptic packages. After the product has been removed, the container is rinsed thoroughly 
with water and wiped dry. A dye solution is prepared by dissolving 5 g of rhodamine B powder in 
1 L of isopropanol. Drops of dye are applied to the critical areas of the inside surface of the con-
tainer, including the seals. Adequate time is allowed for the dye to seep into leaks, and then the 
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seals are split open and are visually inspected for pink ink penetration. The external surface of the 
package is also inspected for the presence of the dye.

The electrolytic test can be applied to any aseptic package provided that the container has at 
least one layer that does not conduct electricity. The procedure described below (Anonymous 1989a, 
Gavin and Weddig 1995) refers to semirigid plastic containers with heat-sealed lids. The cup is cut 
open through the bottom, the product is drained, and the container is rinsed thoroughly with water 
and wiped dry. A sodium chloride solution is prepared by dissolving 10 g of sodium chloride in 1 L 
of water. The plastic container is half-filled with this solution and inserted upside down into a bowl 
containing the sodium chloride solution as well. Two electrodes are connected via wires to the poles 
of a 9 V battery. An ampmeter is placed in series in the circuit. One electrode is inserted into the 
solution in the cup and the other is placed in the solution of the bowl. Plastic packages generally 
do not conduct electricity; they are electrical insulators. If there is an indication in the ammeter of 
current flow, then there should be a hole somewhere in the cup or the seal for the circuit to close. 
It is possible for tight packages to give false positive results in the electrolytic test. Thus, in the case 
of positive result a dye test should also be performed.

Microbial challenge tests, also called biotests, have been designed to detect entry of microorgan-
isms into any type of sealed container (Floros and Gnanasekharan 1992). The container is filled 
with a nutrient broth instead of food, sealed, and then immersed into a bacterial suspension for a 
specified period of time. Then the package is incubated for a certain length of time, and the extent of 
microbial growth in the container’s contents is assessed. In theory, leaks on the container will allow 
the product inside to become contaminated and then to spoil. A pH indicator may also be incor-
porated into the nutrient broth to provide visual confirmation of microbial growth. The most com-
monly used microorganisms in microbial challenge tests are Enterobacter aerogenes, Aerobacter 
aerogenes, and Pseudomonas aeruginosa.

Storage and distribution tests include drop, vibration, and compression tests. The first two are 
used to simulate the abuse which packages will be subjected to during distribution (Floros and 
Gnanasekharan 1992). There are commercially available drop testing equipments that can simulate 
a variety of impact possibilities. Modern vibration testers can approximate realistically actual trans-
portation effects. Finally, compression tests measure the ability of the package to withstand pressure 
during stacking in warehouses.

The burst test is applied to flexible pouches and provides an indication of the ability of the pouch 
to withstand internal pressure and of the maximum internal pressure required to cause failure of the 
seals (Floros and Gnanasekharan 1992). The AOAC-approved method for the burst test is described 
in the AOAC International Bacteriological Analytical Manual, 7th Edition (1992). When conduct-
ing this test, the pouch is sandwiched between two parallel restraining plates. A needle punctures 
the top of the pouch wall and compressed air is injected into the pouch at a controlled rate until a 
predetermined pressure is attained. This constant pressure is maintained for 30 s; then, it is released, 
and the seals are examined to ensure that they have stayed intact (Yam 1995). Burst tests have 
two basic controllable parameters: the pressurization rate and the distance between the restraining 
plates. The latter is not used in aseptic package testing, but it is applicable to retort pouches. The 
military specifications require that the meals-ready-to-eat (MRE) retort pouches should be able to 
withstand 20 psig for 30 s, when the restraining plates are 0.5 in. apart (Yam 1995).

The seal tensile strength test is applied to flexible pouches and is basically a tensile test per-
formed by a universal testing machine or its equivalent. The procedure is described in ASTM D 
882 method “A” or “B.” A strip containing a part of the seal to be examined is cut from the pack-
age. The two ends of the strip are gripped between the jaws (one movable, the other fixed) of the 
universal testing machine and are pulled apart at a controlled rate. The force per unit length of the 
seal required to separate the two sealed surfaces is a measure of the seal’s strength and should not 
be less than specified for the particular material and the particular application. Besides the mea-
surement, the tear at each seal is visually inspected, and its appearance should conform to what the 
manufacturer considers as an adequate seal.
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Nondestructive tests include the visual examination, the squeeze test, the vacuum chamber test, 
and many other testing methods based on pressure difference, machine imaging, infrared imag-
ing, spectrophotometers, capacitance measurement, x-rays, ultrasound, and magnetic resonance 
imaging.

The visual examination is the simplest nondestructive test and can be applied to all types of 
packages. It typically involves inspecting the seals for normal appearance, absence of voids, wrin-
kles or pleats, correct seal alignment, presence of product in the seal area, and delamination of the 
packaging material. Dimensional checks of the seals may also be performed. The photographs of 
the various package defects contained in the flexible package defects poster (Anonymous 1989b) 
may be particularly useful to the operator conducting the visual examination.

The squeeze test for flexible pouches and semirigid plastic containers with heat-sealed lids is 
described by Gavin and Weddig (1995).

The vacuum chamber test (Gavin and Weddig 1995) is for semirigid plastic containers with 
heat-sealed lids. The containers are placed in carriers within a vacuum chamber. There are proxim-
ity sensors with a dial indicator just touching the lids. The chamber is evacuated to 20 in. Hg. The 
headspace gases will expand causing the lids to dome and the needle of the dial indicator of the 
proximity sensors to deflect. If the needle deflection does not remain constant and decreases over 
time, there might exist a microleakage in the container.

When a pressure differential exists across the wall of a package, if there is a leak, gas will flow in 
or out of the package. An observed gas flow is an indication of leaks. Gas flow is usually detected by 
measuring either pressure changes using a very sensitive pressure sensor or deflections of the pack-
age wall caused by the gas flow, using a proximity sensor, or detecting the presence in the outside 
environment of a trace gas which is naturally present in the package headspace or had been intro-
duced into it. The pressure outside the package can be lower than atmospheric (vacuum method) or 
higher (external pressure method). This is the basic principle of all pressure difference techniques 
used for leak detection and all possible combinations of the ways to create the pressure difference 
and to detect the gas flow have been applied to commercial equipment. Pressure difference testing 
is currently the most popular nondestructive technique for flexible package evaluation. Blakistone 
and Harper (1995) present a list of commercially available testing equipment that employ the pres-
sure difference technique, along with details about the way the pressure difference is created and 
the gas flow is detected.

In the vacuum method, the package is placed inside an enclosed chamber where vacuum is 
drawn. Because of the pressure difference, gas or liquid will flow out through the leaks. For the 
vacuum method to work, the package must have a headspace, and a certain amount of residual gas 
must exist in the headspace. It works best for packages containing dry products and detects gross 
leaks (>100 μm). In the external pressure method, the high (up to 7 atm) pressure outside the pack-
age causes the test gas to flow to the inside. Compared to the vacuum method, this method does not 
require residual gas in the package; it is quicker and can detect smaller leaks (Yam 1995).

A whole array of other methods for packaging defect detection have been tried and are being 
developed, without achieving commercial success yet. These include machine imaging, infrared 
imaging, spectrophotometers, capacitance measurement, x-rays, ultrasound, and magnetic reso-
nance imaging. Blakistone and Harper (1995) present a list of these methods and a few details about 
the resolution, cost, speed, applications, and limitations of each method.
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18 Modified Atmosphere 
Packaging of Fruits 
and Vegetables

E. Manolopoulou and Theodoros Varzakas

18.1 introduCtion

Fruits and vegetables are important parts of the human diet as they are the major sources of essen-
tial nutrients such as vitamins, minerals, complex carbohydrates, and antioxidants (Lee et  al., 
1995). They also contain an immense variety of biologically active secondary metabolites that 
reduce the risks of cancer and heart/circulation diseases (Johnson et al., 1994). Consumption of 
fresh fruits and vegetables is on the rise because of the increasing awareness of their nutritional 
importance. Fruits and vegetables are highly perishable, as they continue their metabolic processes 
after harvest and must be stored to maintain the fresh quality as long as possible. The most impor-
tant factor in maintaining quality and extending the shelf life of fruit and vegetables after harvest 
is temperature. Most of the physical, biochemical, microbiological, and physiological reactions 
contributing to deterioration of produce quality are largely dependent on temperature. Metabolic 
processes including respiration, transpiration, and ripening are particularly temperature  dependent 
(Ryall and Lipton, 1979; De Wel et al., 1982; Mitchell, 1992). Conventional cold storage can be 
optimized by modification of the atmosphere surrounding the product to create a new atmosphere 
that usually has a lower level of O2 and a higher level of CO2. At these levels of O2 and CO2, the 
respiration rate of most commodities will decrease and their shelf life will be extended (Geeson, 
1990). Creating and maintaining the optimal atmosphere to achieve this benefit is based on pack-
aging with plastic films known as modified atmosphere packaging (MAP; Marcellin, 1974; Lee 
et al., 1995, 1996).
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MAP may be defined as “the enclosure of food products in gas-barrier materials, in which the 
gaseous environment has been changed” (Young et a1., 1988). The purpose of MAP is to inhibit 
spoilage agents and therefore maintain a higher quality within a perishable food during its natural 
life or actually extend the shelf life. The absolute or desirable levels of these environmental vari-
ables differ according to commodity and stage of development. Moreover, tissue response may vary 
because of interactions among these variables as influenced by variety, preharvest conditions, and 
climatic factors.

The fact that this technology utilizes natural gases and would not cause harmful effects to human 
health and to the environment made it very appealing as an alternative to chemicals commonly used 
in foods for the control of diseases and insects. MAP has been developed over the last decades as 
a technique to retain high quality of fruits and vegetables. Commercially, MAP is used in several 
intact and fresh-cut commodities.

In recent years, the rapid growth of fresh-cut (minimally processed) products made the use 
of MAP necessary (Lange, 2000). MAP is especially important for these products because of 
their greater susceptibility to water loss, cut-surface browning, higher respiration rates, enhanced 
 ethylene biosynthesis and action, and microbial growth (Gorny, 1997).

Recent advances in the design and manufacturing of polymeric films with a wide range of gas-
diffusion characteristics have given impetus to the implementation of MAP. Also, the increased 
availability of various absorbers and adsorbers of O2, CO2, C2H4, and water vapor provides possible 
additional tools.

18.2 modiFied atmosphere paCKaging

The term MAP can be defined as an alteration in the composition of gases in and around fresh 
produce through respiration and transpiration when such commodities are sealed in plastic films. 
With proper temperature control and atmosphere modification, the shelf life of many agricultural 
products may be extended for long periods. Modified atmosphere is used as a supplement to low- 
temperature preservation of fruits and vegetables. Fruits and vegetables are enclosed in a sealed 
pack, typically covered with a thin, gas-permeable plastic. The equilibrium levels of O2 and CO2 
achieved inside the package are functions of the commodity, product weight, respiration rate, 
 package gas permeability and area, and temperature (Chinnan, 1989). An equilibrium modified 
atmosphere is established when the rate of O2 and CO2 transmission through the package equals the 
product’s respiration rate.

The composition of the atmosphere inside the package is complicated by the fact that both res-
piration rates and package permeability are variables and directly proportional to temperature 
(Ooraikul, 1991; Tano et  al., 2007). It should be noted that the temperature dependence of the 
respiration rate is different from that of the permeability of films (Cameron, 2003). In fact, respira-
tion rates of fruits and vegetables increase more with temperature than gas permeability of films do 
(Exama et al., 1993). Owing to this fact, it is difficult to maintain an optimum atmosphere inside a 
package when the surrounding temperature is not constant. The maintenance of a constant optimal 
temperature throughout the postharvest handling chain (i.e., from the grower to the retail display) is 
one of the most difficult tasks. In modified atmosphere, the composition of the storage atmosphere 
is not closely controlled.

The atmosphere is commonly composed of N2, O2, and CO2. Although ordinary air con-
sists mainly of these three gases (78% N2, 21% O2, 0.04% CO2), the beneficial effect of MAP 
is obtained by applying the gases in an altered ratio (low in O2 and/or high in CO2), which may 
be different for different products. The choice of gas is totally dependent on the food product 
being packaged. An optimal atmosphere composition influences the metabolism (reduce respira-
tion rate, ethylene biosynthesis, and sensitivity to ethylene) of the product being packaged and 
the activity of decay-causing organisms and increases the storability and/or the shelf life (Kader 
et al., 1989; Ooraikul and Stiles, 1991; Gorrish and Peppelenbos, 1992; Church and Parsons, 1995; 
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Beaudry, 2000; Iqbal et al., 2009). In addition, MAP improves moisture retention, which can have 
a greater influence on preserving quality than O2 and CO2 levels in some raw products (Faber, 
1991; Blakistone, 1997; Kader, 1997; Richardson and Kupferman, 1997; Saltveit, 1997; Mahajan 
et al., 2007; Goulas, 2008).

Oxygen concentrations greater than 21 kPa may influence postharvest physiology and main-
tain the quality of fresh horticultural perishables. The beneficial effects of high O2 include pre-
venting anaerobic fermentation and avoiding the development of off-flavor and off-odor, retarding 
microbial growth, and inhibiting enzymic discoloration in fruits (Day, 1996; Tian et  al., 2002). 
Superatmospheric O2 levels (>21%) may be used in combination with fungistatic CO2 levels (>15%) 
for a few commodities that do not tolerate these elevated CO2 atmospheres when combined with air 
or low O2 atmospheres (Kader and Watkins, 2000).

The three major gases used in the MAP of foods are oxygen (O2), nitrogen (N2), and carbon 
dioxide (CO2).

Oxygen sustains aerobic respiration, inhibits the growth of anaerobic microorganisms, promotes 
the growth of aerobic microbes, and is responsible for several undesirable reactions in foods, includ-
ing oxidation and rancidity of fats and oils and rapid ripening and senescence of fruits and veg-
etables (Floros and Matsos, 2005).

Nitrogen is a relatively inert and odorless gas, with low solubility in both water and lipid. It is used 
to displace O2 in packs and storage vessels so as to delay oxidative rancidity and inhibit the growth 
of aerobic microorganisms. Owing to its low solubility, it is used as a filler gas to prevent pack 
collapse (snuffing), which can be a problem in atmospheres containing high CO2 concentrations 
(Church, 1994; Fellows, 2000).

Carbon dioxide is a colorless gas with a slightly pungent odor at very high concentrations. It is 
an asphyxiant and slightly corrosive in the presence of moisture. CO2 has a bacteriostatic effect; it 
slows down the respiration of many products, inhibits ethylene action, retards fruit softening, and 
in certain chilling-sensitive fruits reduces chilling injury (Burg and Burg, 1967; Abeles et al., 1992; 
Saltveit et al., 1998; Wang, 2006). It is soluble in both water and lipids, and its solubility increases 
with decreasing temperatures. The dissolution of CO2 in the product can result in package collapse 
(Floros and Matsos, 2005); the dissolution in water produces carbonic acid (H2CO3) that increases 
the acidity of the solution and reduces the pH.

Several other gases such as carbon monoxide, ozone, ethylene oxide, nitrous oxide, helium, neon, 
argon (increases shelf lives of some fruits and vegetables), propylene oxide, ethanol vapor, hydro-
gen, sulfur dioxide, and chlorine have been used experimentally or on a restricted commercial basis 
to extend the shelf life of a number of food products (Day, 1993; Barry and O’Beirne, 2000; Rocculi 
et al., 2005); however, few scientific reports have confirmed this (Sivertsvik et al., 2000).

MAP may be accomplished with polymeric films, rigid plastic trays, or preformed pouches 
closed by heat sealing (Geeson et  al., 1985; Barmore, 1987; Geeson, 1988). With polymeric 
films, the desired interior atmosphere is obtained by selecting a film area and permeability that 
are appropriate for the respiration rate of the product inside the package (Stannett, 1968; Doyon 
et al., 1991). When impermeable plastics are used, proper gas exchanges may be achieved by 
using perforations or silicone rubber window (Marcellin, 1974, Geeson, 1988; Watkins et al., 
1988; Emond et al., 1991; Renault et al., 1994a,b). The consequences of poor package design 
are significant. If a film of excessive gas permeability is used, there will be no atmosphere 
modification. Conversely, if a film of insufficient permeability is used, an atmosphere with an 
O2 content of <2% (v/v) will develop (Priepke et al., 1976; Myers, 1989), causing quality losses 
due to both anaerobic respiration and specific physiological disorders (Kasmire et al., 1974; 
Brecht, 1980; Knee and Hadfield, 1981; Rizvi, 1981; Zagory and Kader, 1988). The exact O2 
concentration at which anaerobic respiration begins also depends on the type of produce, the 
storage temperature, and the CO2 concentration (Zagory et al., 1989). The effects of low O2 and 
high CO2 concentrations on fruit and vegetables have been shown to depend on the duration 
of storage under these conditions. The damage caused by anoxic conditions has been found to 
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be irreversible when caused by CO2 concentrations >20% (Kader, 1986). The efficacy of MAP 
requires that the recommended steady atmosphere must be reached quickly without anoxia 
conditions or generating excessive CO2 levels. For respiration product levels of approx. 5% CO2 
and O2 are usually used with the remainder being N2 in order to minimize the respiration rate 
(Day, 1993).

MAP of fresh or minimally processed fruits and vegetables can be achieved in either a passive 
or an active way. In the first case, modification of the atmosphere is attained through respira-
tion of the commodity within the package and depends on the characteristics of the commodity 
and the packaging film (Smith et al., 1987). The main disadvantage of the passive atmosphere 
modification method is that the desired atmosphere is achieved very slowly. This can sometimes 
result in uncontrolled levels of oxygen, carbon dioxide, or ethylene, with a detrimental effect on 
the quality of the product; for these reasons, atmospheres within MAP may be actively estab-
lished. In order to speed this process, the pack can be flushed with N2 to reduce the O2 rapidly, 
or the atmosphere can be flushed with an appropriate mixture of CO2, O2, and N2. In other cases, 
the pack can be connected to a vacuum pump to create a slight vacuum, replacing the package 
atmosphere with the desired gas mixture. Compared with the passive method, active atmosphere 
modification is practically instantaneous and takes place at the beginning of storage. The main 
goal of active MAP is to shorten or avoid the transient period that could be detrimental when 
products are sensitive to enzymatic browning, such as fresh-cuts (Charles et al., 2003; Guillaume 
et al., 2011). Active packaging extends the shelf life of foods while maintaining their nutritional 
quality, inhibiting the growth of pathogenic and spoilage microorganisms (Labuza and Breene, 
1989; Hotchkiss, 1995).

The gas concentration in the packs can be further adjusted and maintained through the use of 
absorbing or adsorbing substances in the package to scavenge O2, CO2, H2O, and C2H4. This pro-
cedure is most suitable for highly perishable commodities. Typical examples of active packaging 
methods are as follows (Hurme et al., 2000; Brody, 2005):

• Oxygen-permeable films to obviate respiratory anaerobiosis
• Oxygen (O2) scavengers or absorbers
• Carbon dioxide (CO2) absorbers or generators
• Ethanol emitters
• Ethylene absorbers
• Moisture absorbers
• Odor controllers
• Flavor enhancement
• Antioxidants and/or other preservative emitters

Absorbing (scavenging) systems remove undesired compounds such as oxygen, carbon dioxide, 
ethylene, excessive water, and other specific compounds. Releasing systems actively add or emit 
compounds to the packaged food or into the headspace of the package such as carbon dioxide, 
antioxidant systems, and preservatives (Ahvenainen, 2003). Absorbing or adsorbing substances 
can potentially address several problems in MAP, for example, CO2 absorbers can prevent the 
buildup of CO2 to injurious levels, which can occur for some commodities during passive modi-
fication of the package atmosphere. O2 absorbers can help maintain a low O2 atmosphere when 
the film has been selected to produce a low O2 atmosphere (Kader and Watkins, 2000; Mangaraj 
et al., 2009).

Moisture and oxygen absorbers were among the first series of active packaging to be devel-
oped and successfully applied for improving food quality and shelf-life extension. Next to these, 
numerous other concepts such as ethanol emitters (e.g., for bakery products), ethylene absorbers 
(e.g., for climacteric fruits), and carbon dioxide emitters/absorbers have been developed (Dainelli 
et al., 2008).
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18.3 oxygen aBsorBers

High levels of oxygen present in food packages may facilitate the growth of aerobic microbes, 
off-flavors and off-odors development, color change, and nutritional losses, thereby causing 
significant reductions in the shelf life of foods (Ozdemir and Floros, 2004). However, its pres-
ence in small quantities is necessary for fruits and vegetables to avoid fermentation. Oxygen 
absorbers maintain food product quality by decreasing food metabolism, suppressing ethyl-
ene production, reducing oxidative rancidity, inhibiting undesirable oxidation of labile pig-
ments and vitamins, controlling enzymic discoloration, and inhibiting the growth of aerobic 
 microorganisms (Day, 1989, 2001; Rooney, 1995). O2 absorbers use iron powder as the main, 
active ingredient.

18.4 CarBon dioxide aBsorBers and emitters

High levels of CO2 within the package retard microbial growth but may cause excessive browning, 
off-flavors, and increase ageing rate of the product (Pascall, 2011). Elevated CO2 suppresses respira-
tory metabolism and inhibits ethylene action. Some of the absorbents used to remove excess CO2 
from CA storage rooms such as lime, activated charcoal, and magnesium oxide could be adapted 
for their utilization in MAP (Kader et al., 1989). For instance, where the package has a high perme-
ability to carbon dioxide, a carbon dioxide-emitting system may be necessary to reduce the rate of 
respiration and suppress microbial growth (Ozdemir and Floros, 2004).

18.5 ethylene aBsorBers

Ethylene accelerates the respiration rate and subsequent senescence of horticultural products such 
as fruit, vegetables, and flowers and decreases their shelf life. Ethylene also accelerates the rate of 
chlorophyll degradation in leafy vegetables and fruits (Knee, 1990). The removal of ethylene gas 
from the package headspace slows senescence and prolongs shelf life. The commonly used ethylene 
controllers are silica gel, porous alumina, or vermiculite impregnated with potassium permanganate 
(KMnO4) (Ozdemir and Floros, 2004); other compounds such as hydrocarbons (squalane, Apiezon) 
and silicones (Kader et al., 1989) activated carbon-based scavengers.

18.6 moisture sCaVengers

Excess water development inside a food package usually occurs due to the respiration of fresh pro-
duce, temperature fluctuations, and low permeability of the film. The control of excess moisture in 
food packages is important to suppress microbial growth. Silica gel is the most widely used desic-
cant because it is nontoxic and noncorrosive (Ozdemir and Floros, 2004).

Another technique of packaging is “intelligent packaging,” which monitors the condition of 
packaged food or the environment surrounding the food (Dainelli et al., 2008). Intelligent packag-
ing contains an external or internal indicator for the active product history and quality determina-
tion. Typical examples of smart packaging methods are

• Time–temperature indicators intended to be fixed onto a package surface (Taoukis et al., 
1991)

• O2 indicators (Ahvenainen et al., 1995)
• CO2 indicators (Plaut, 1995)
• Spoilage or quality indicators, which react with volatile substances from chemical, enzy-

matic, and/or microbial spoilage reactions released from food (Mattila and Auvinen, 
1990a,b; Smolander et al., 1998)
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18.7  BiologiCal Basis oF o2 and Co2 eFFeCts on 
postharVest liFe oF Fruits and VegetaBles

The beneficial effect of MAP on fresh produces is the reduction of the rate of respiration and the 
rate of ethylene production, the reduction or the inhibition of senescence and physiological disorders 
induced by ethylene (Kader, 1985; Herner, 1987; Lougheed, 1987), and the suppression of ripening, 
senescence, and growth of microorganisms. Low levels of O2 and high levels of CO2 in the atmo-
sphere reduce the overall metabolic activity and preserve produce quality. Heat production gener-
ated by respiratory activities would also be reduced by lowering respiration rates.

Respiration is the most important metabolic process that takes place in any living tissue and is an 
indicator of the metabolic rate. During the respiration process, there is a loss of stored food reserves 
in the commodity, which leads to hastening of senescence because the reserves that provide energy 
are exhausted. The rate of deterioration of harvested commodities is generally proportional to the 
respiration rate. As O2 concentration is reduced below that in air (20.9%), especially below 8%–10%, 
a significant reduction in respiration rate is observed (Toledo et al., 1969), implying the reduction 
in the rate of utilization of plant reserves (carbohydrate, acids, and moisture), thereby extending the 
storage life (Burton, 1974; Herner, 1987). The aerobic process is desirable as it is associated with 
the natural quality and flavor of fresh produce. When O2 concentration drops below its critical value 
(extinction point) by about 2%, aerobic respiration is terminated, and anaerobic respiration becomes 
important (Boersig et al., 1988; Beaudry, 2000). At this level of O2, pyruvic acid is not oxidized 
but is decarboxylated to form acetaldehyde, CO2, and finally ethanol. Anaerobic process is harmful 
to tissue and will result in metabolic disorder in addition to production of substances ( ethanol and 
acetaldehyde) that create off-odors and off-flavors (Kader et al., 1989). The oxygen level at which 
anaerobic respiration occurs differs from variety to variety and depends on commodity, tempera-
ture, and duration (Boersig et al., 1988; Schulz, 1989; Beaudry, 2000).

Respiration rate will decrease as CO2 concentration is increased in the atmosphere. If the gas 
concentration is too high (>20%), then anaerobic respiration is induced with consequent quality 
problems. When the level of CO2 rises above a critical value, the product develops physiological 
disorders (Lougheed, 1987; Beaudry, 1999). CO2 sensitivity is both species- and cultivar-dependent. 
A more or less strong dose has varied actions: it reduces oxidation; slows down some synthesis 
(proteins, pigments, flavors); and slows down the loss of turgidity, firmness, acidity, and chlorophyll 
(Côme and Corbineau, 1999).

The stress caused by elevated CO2 is additive and sometimes synergistic with stress caused by 
low O2 levels. A 10% CO2 added to the air influences respiratory metabolism by about the same 
extent as 2% O2; a combination of 2% O2 + 10% CO2 has approximately twice the effect of either 
component (Burg and Burg, 1967).

The combination of low oxygen (O2) levels and medium carbon dioxide (CO2) content is used to 
reduce respiration of raw or fresh-cut products and delay spoilage. Nevertheless, there is no unique 
recommended atmosphere because optimal environmental conditions vary according to species, 
variety, and processing (Wang, 2006).

Exposure to O2 concentration >21% may stimulate, have no effect, or reduce rates of respiration 
and ethylene production. Factors affecting these changes are commodity, maturity and ripeness 
stage, O2, CO2, and C2H4 concentration, storage time, and temperature (Fridovich, 1986; Lu and 
Toivonen, 2000). Sensitivity to O2 toxicity varies among species and developmental stages. High 
O2 concentrations enhance some of the effects of ethylene on fresh fruits and vegetables, including 
ripening, senescence, and ethylene-induced physiological disorders (such as bitterness of carrots 
and russet spotting on lettuce) (Kader and Ben-Yehoshua, 2000).

The best way to reduce respiratory metabolism and thus conserve the plant stores of carbo-
hydrate, acids, and moisture is to reduce the temperature. Biological reactions generally increase 
two- to threefold for every 10°C rise in temperature. The creation and maintenance of an optimal 
atmosphere inside an MAP depends on the respiration rate of the product and the permeability of 
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the films to O2 and CO2 (Beaudry et al., 1992), factors which are affected by temperature (Kader 
et al., 1989). Therefore, when the temperature increases, respiration tends to increase more than the 
permeation of the package, thus creating fermentative conditions. Rigorous temperature control is 
vital for an MAP system. Fluctuating temperatures during postharvest handling can have particu-
larly negative impacts on the quality of products in MAP (Chambroy et al., 1993; Sanz et al., 1999; 
Tano et al., 1999) due to the danger of reaching injurious levels of O2 or CO2.

Ethylene is a simple organic molecule produced by higher plants, which affects many phases of 
plant growth and development. The sensitivity of fruits to ethylene varies with the stage of develop-
ment and maturity, cultivar, and postharvest storage conditions such as temperature and atmospheric 
gas compositions. In MAP storage, ethylene is accumulated within the package or the storage envi-
ronment and influences the product quality. Temperature is an important factor in ethylene produc-
tion (Knee, 1990). The production and action of ethylene are influenced by O2 and CO2. When O2 
concentration is lowered below 8% (Abeles, 1973; Yang, 1985), the production of ethylene by fruits 
and vegetables is reduced by suppressing 1-amino-cyclopropane-1-carboxylic acid (ACC) synthase 
activity, and this effect is much more significant at lower O2 levels, between 1% and 3% (Kader, 
1980; Wang, 2006). High CO2 has an antagonistic effect on ethylene action in addition to inhibiting 
the activities of ACC synthase and ACC oxidase (Wang, 2006) and suppresses plant tissue sensitiv-
ity to the effects of ethylene (Mullan and McDowell, 2003). These effects are additive to those of 
reduced O2 atmospheres (Pretel et al., 2000). The effects of raised CO2 on ethylene synthesis vary 
with produce. Inhibition effects have been observed with tomato (Buescher, 1979) and apple (Sisler 
and Goren, 1988), whereas stimulation effects have been observed with leaf plants (Rebeille et al., 
1980; McRae et al., 1983). During MAP storage, a compound precursor to ethylene is accumulated 
in the products. Therefore, when the products are transferred to air, ethylene is rapidly produced, 
and the products ripen faster (Wang, 1990).

18.8  relatiVe toleranCe to reduCed o2 and eleVated 
Co2 leVels oF Fruits and VegetaBles

Factors influencing the tolerance of fruits and vegetables to reduced O2 or elevated CO2 are spe-
cies, cultivar, temperature and duration, concentration of O2/CO2, physiological age at harvest, and 
initial quality.

• The limit of tolerance to low O2 would be higher as storage temperature and/or duration 
increases, as O2 requirements for aerobic respiration of the tissue increase with higher 
temperatures (Kader, 2002).

• Production of CO2 increases with temperature, but its solubility decreases. The physiologi-
cal effect of CO2 could be temperature dependent (Kader, 2002).

• Tolerance limits to elevated CO2 decrease with a reduction in the O2 level, and similarly 
the tolerance limits to low O2 concentrations increase with an increase in the CO2 level 
(Artés et al., 2006).

• Ripe fruits often tolerate higher levels of CO2 than mature green fruits.
• Minimally processed (cut, sliced, or otherwise prepared) fruits and vegetables have fewer 

barriers to gas diffusion, and consequently they tolerate higher concentrations of CO2 and 
lower O2 levels than intact commodities (Watkins, 2000).

The tolerance of a specific crop to a low O2 level and/or a high CO2 level may be evaluated by the 
onset of fermentation. Simple indicators of fermentation are increases in the RQ (the ratio between 
CO2 production and O2 consumption rates) and the production of ethanol (Beaudry, 1993; Joles 
et al., 1994). RQ remains relatively constant in aerobic respiration and increases in anaerobic respi-
ration (fermentation).
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The tolerance of fruits and vegetables in low O2 and elevated CO2 concentration is summarized 
in Table 18.1.

These limits are the levels beyond which physiological damage would be expected. The subjec-
tion of a fruit or vegetable to O2 levels below or CO2 levels above its tolerance limits at a specific 
temperature will result in stress to the organ with various symptoms such as irregular ripening, 
initiation and/or aggravation of certain physiological disorders, development of off-flavors, and 
increased susceptibility to decay (Lipton, 1975; Isenberg, 1979; Smock, 1979).

18.9 BeneFiCial and detrimental eFFeCts oF map

When used properly, MAP helps refrigeration to achieve one or more beneficial effects in the stor-
age life of fruits and vegetables. MAP suppresses metabolic activities, retards the conversion of 
carbohydrates and cell wall constituents, delays ripening and senescence, and extends storage life. 
An incorrect gas composition may change the biochemical activity of tissues, leading to the devel-
opment of off-odors, off-flavors, a reduction in characteristic flavors, or anaerobic respiration.

Plastic films influence the rates of cooling and warming of the commodity and must be consid-
ered in selecting the appropriate temperature-management procedures for a packaged commodity.

The effectiveness of MAP on extending shelf live is dependent on different factors such as spe-
cies, variety, growing conditions, harvesting system, stage of ripening, initial quality of the raw 
material, gas mixture, storage temperature and time, hygiene during handling and packaging, 
gas/product volume ratio, and the barrier properties of the packaging material (Artés et al., 2006). 
All these factors will explain the wide variability of results and recommendations for a certain 
 produce that can be found in the literature.

taBle 18.1
tolerance to low o2 and elevated Co2 of Fruits and Vegetables

minimum o2 
Concentration 
tolerated (%) Commodities 

maximum Co2 
Concentration 
tolerated (%) Commodities 

0.5 Dried fruits and vegetables

1 Apples, pears (some cultivars), broccoli, 
mushrooms, onion, minimally processed 
fruits, vegetables

2 Apple (G. delicious), pear, apricot, 
grape, olive, tomato, pepper, lettuce, 
celery, artichoke, Chinese cabbage

2 Apples and pears (most cultivars), 
kiwifruit, apricot, cherry, peach, 
strawberry, sweet corn, green bean, 
lettuce, cabbage, cauliflower

5 Apple (most cultivars), peach, 
nectarine, orange, banana, kiwifruit, 
pepper, cauliflower, cabbage, carrot

3 Avocado, tomato, pepper, cucumber, 
artichoke, carrot

10 Lemon, lime, pineapple, cucumber, 
okra, asparagus, broccoli, leek, 
onion, potato

5 Citrus fruits, potato, asparagus, green pea 15 Strawberry, raspberry, cherry, fig, 
cantaloupe

7 Sweet potato 20 Spinach, sweet corn, mushrooms

Sources: Kader, A.A., Modified atmospheres during transport and storage, in: Postharvest Technology of Horticultural 
Crops, University of California, Agriculture and Natural Resources, Davis, CA, Publication No. 3311, pp. 135–144, 
2002; Baccaunaud, M., Conservation et conditionnement des legumes sous gaz, in: Tirilly, Y. and Bourgeois, C.M. 
(eds.), Technologie des Legumes, Tec & Doc, Londres, NY, pp. 297–316, 1999; Côme, D. and Corbineau, F., Bases 
de la physiologie des légumes après récolte, in: Tirilly, Y. and Bourgeois, C.M. (eds.), Technologie des Légumes, 
Tec & Doc, Londres, NY, pp. 209–224, 1999.
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The benefits of MAP are based on the fact that lowering the O2 level and increasing the CO2 con-
centration in the atmosphere reduces the overall metabolic activity and preserves produce quality. 
The decrease in O2 and the increase in CO2 suppress the rate of respiration, ripening, senescence, 
growth of microorganisms, and the production and action of ethylene (Wang, 2006).

MAP offers many advantages to consumers and food producers such as

• Reduction of the respiration rate
• Retardation of senescence (ripening) (Stenvers and Bruinsma, 1975; Brecht, 1980; Kader 

et al., 1989)
• Reduction or inhibition of ethylene biosynthesis (Kader, 1980; Kader et  al., 1989; 

Fernández-Trujillo and Artés, 1997; Pretel et al., 2000)
• Reduction of the commodity’s sensitivity to ethylene action at O2 levels approximately 

below 8% and/or CO2 levels above 1% (Lee et al., 1995)
• Limitation of the softening and preservation of firmness (Kader et al., 1989; González-

Aguilar et al., 2003)
• Color preservation (Brackett, 1990; Zhuang et al., 1994; Gómez and Artés, 2004)
• Reduction of certain physiological disorders, such as chilling injury of various commodi-

ties and russet spotting in lettuce (Serrano et al., 1997; Porat et al., 2004)
• Inhibition of the growth of many pathogenic species (Yahia and Carrillo-López, 1993; 

Mitcham et al., 1997)
• Increase in shelf life
• Reduction and sometimes elimination of the need for chemical preservatives
• Reduction of the refrigeration load due to lower respiration rates
• Higher acceptable storage temperatures

MAP also has several disadvantages such as

• Loss of ascorbic acid with high CO2 treatment (Agar et al., 1997, 1999).
• Exposure of fresh fruits and vegetables to O2 levels below their tolerance limits or to CO2 

levels above their tolerance limits may increase anaerobic respiration and the consequent 
accumulation of ethanol and acetaldehyde causing off-flavors (Kader et al., 1989).

• O2 and CO2 levels beyond those tolerated by the commodity can induce physiological dis-
orders, such as brown stain on lettuce, internal browning and surface pitting of pomes 
fruits, and black heart of potato (Kader et al., 1989).

• Unfavorable conditions can induce physiological breakdown and render the product more 
susceptible to pathogen.

• Irregular ripening of fruits (melons, tomato) can result from O2 <2% or CO2 >5% develop-
ment of off-flavors and odors at <0.5% O2 and/or >20% CO2 as a result of fermentative 
metabolism.

• Plastic films can reduce the rate of cooling (Kader et al., 1989).
• Potential increase of water condensation within packages due to temperature fluctuations 

(Watada and Qi, 1999).
• Each MAP product needs a different gas formulation (Floros and Matsos, 2005).
• MAP causes larger package volumes, which leads to increased transportation and retail 

display space needs (Floros and Matsos, 2005).

18.10 eFFeCt oF map on the Quality oF Fresh Fruits and VegetaBles

The main objectives of fruits and vegetables packaging are shelf-life extension and maintenance of 
natural color, texture, flavor, and nutrients. Modified atmosphere storage is one of the food preserva-
tion methods that maintain the quality of food products and extend the storage life.
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Consumer satisfaction is related to fresh product quality. This quality is generally associated 
with visual appearance, with color being one of the most important aspects in the consumer’s pur-
chase decision. The color of fruits and vegetables is a direct consequence of their natural pigment 
composition. Color changes during produce ripening and senescence are highly impacted by stor-
age atmosphere conditions, particularly the change from green to yellow. MAP affects biochemical 
reactions related to pigment synthesis and degradation (Artés, 1993, 2000), although responses to 
MAP depend on the type of fruit or vegetable. Storage in high CO2 and/or low O2 results in reduced 
loss of chlorophyll as well as reduced accumulation of other pigments including anthocyanin, lyco-
pene, xanthophylls, and carotenoids (Wang et al., 1971; Salunkhe and Wu, 1973; Barth et al., 1993; 
Zhuang et al., 1994; Barth and Hong, 1996). The inhibition of chlorophyll degradation in green 
vegetables by low O2 is due to the reduction of ethylene synthesis (Makhlouf et al., 1989a,b). Knee 
(1980) suggested that the chlorophyll breakdown is reduced at an oxygen content of 2.5%–4%. Low 
O2 inhibits browning reactions of the cut surfaces on lightly processed products (lettuce and salad 
mixes) catalyzed by polyphenol oxidase (PPO; Makhlouf et al., 1989a). Cutting results in the mix-
ing of cellular contents so that the various phenolic substrates such as mono-, di-, and triphenols 
(Mayer and Harel, 1979) come into contact with PPO, leading to the formation of brown pigments. 
Another method of inhibiting enzymatic browning is an atmosphere containing 20% CO2 and 80% 
N2 combined with citric and ascorbic acids as browning inhibitors. This gas mixture and pretreat-
ment gave the best sensory quality of sliced potatoes after 7 days of storage (Laurila et al., 1998; 
Sivertsvik et al., 2000).

High CO2 concentrations often provoke cell membrane damage in outer tissues. Once membrane 
integrity is lost, phenolic compounds normally present in cellular compartments are exposed to O2 
and oxidized by the catalyzing activity of PPO liberated by the degrading membrane. The resulting 
compounds then polymerize to form brown pigments (Tano et al., 2007). If the CO2 concentration 
within the package is too high, excessive browning and an increased ageing rate of the product 
could occur (Pascall, 2011). In some cases, at high CO2 levels, fruit became dark red and accumu-
lated anthocyanin due to decay caused by high level of CO2 (Holcroft and Kader, 1999).

MAP conditions that delay ripening result in delayed synthesis of anthocyanins in some fruits, 
such as nectarines, peaches, and plums, but the synthesis of these pigments resumes upon transfer 
of the fruits to air at ripening temperatures (15°C–25°C) (Kader, 2009). Anthocyanins are very 
unstable pigments. Phenylalanine ammonia lyase and glucosyltransferase, two key enzymes in the 
synthetic pathway of anthocyanins in strawberry, were adversely affected by high CO2 levels during 
cold storage (Siriphanich and Kader, 1985).

Methods that reduce product respiration immediately after harvest are often necessary to main-
tain firmness of harvested fruits and vegetables. Optimal concentration of O2 and CO2 reduce the 
rate of maturation and accompanying lignification. High CO2 and/or low O2 within the tolerance 
range reduce undesirable changes in texture (softening, toughness after processing) (Lougheed 
and Dewey, 1966; Weichmann, 1986). Outside the tolerance range, processes of softening may be 
accelerated (Patterson, 1982; Nanos and Mitchell, 1991). The degree of toughening of asparagus 
is reduced by 3%–5% O2 and 16%–18% CO2 at 1°C (Herregods, 1995). Knee (1974) reported that, 
reduction of the oxygen concentration to 2% delays the softening of apples. In the case of tomatoes, 
an O2 concentration of 3% or less reduced textural changes (Kim and Hall, 1976). The effect of low 
O2 concentration on firmness depends on variety and picking time (Herregods, 1995). Reduction in 
the levels of ethylene is important in retarding ripening and softening.

Flavor can be altered by storage in MAP. When CO2 and O2 are maintained in the toler-
ance range, flavor deterioration is slowed by the combination of reduced loss of sugar, acid, 
and changes in other compounds that contribute to flavor. An incorrect gas composition may 
change the biochemical activity of tissues, leading to development of off-odors, off-flavors, a 
reduction in characteristic flavors, or anaerobic respiration. In anaerobic conditions, off-flavors 
result from the accumulation of ethanol and acetaldehyde. Responses to low O2 and/or high CO2 
concentrations that impact fruit aroma vary with commodity, cultivars, and storage conditions. 
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The production of volatile esters, which contribute to characteristic aromas of a number of fruits 
including apple, banana, pear, peach, strawberry, and others are affected by atmosphere modifi-
cation (Shamaila et al., 1992; Song et al., 1998; Mattheis and Fellman, 2000). Low O2 concentra-
tion suppresses the production of aroma compounds that confer characteristic odors through the 
ethylene mechanism. In general, most products recover from moderate to low O2 suppression of 
aroma volatile production and eventually develop characteristic flavor. In the case of broccoli, 
low O2 levels (0.25% and 0.1%) induced off-odors and flavors, the combination of 1% O2 and 10% 
CO2 also induced off-flavors and odors, but they are different from those induced by low O2. 
Storage in 10% CO2 resulted in some off-flavors, but these tended to dissipate after cooking 
(Lipton and Harris, 1974).

Fruits and vegetables play a very essential role in human nutrition and health, especially as 
sources of vitamins, minerals, dietary fiber, and phytonutrients (phytochemicals) (Johnson et al., 
1994). The nutrient content of fruits and vegetables can be influenced by various factors such as 
genetic and agronomic factors, maturity and harvesting methods, and postharvest handling proce-
dures. The effect of MAP on the nutritional quality of foods during storage is not well understood.

MAP can reduce the use of carbohydrates and titratable acids resulting in slower acid and sugar 
loss during storage (Salunke and Wu, 1973). Modified atmosphere with low O2/high CO2 preserve 
total sugars. Some enzymes involved in sugar degradation require O2 and thus their efficacy is 
reduced in low O2 atmospheres (Manes and Perkins-Veazie, 2003). The accumulation of reducing 
sugars in potato tubers at 5°C is prevented by 5% or more CO2, however sucrose accumulation 
increases (Denny and Thornton, 1941).

Vitamin C is one of the most important vitamins in fruits and vegetables for human nutri-
tion. More than 90% of the vitamin C in human diets is supplied by the intake of fresh fruits 
and vegetables. Ascorbic oxidase is the major enzyme responsible for enzymatic degradation of 
l-ascorbic acid. The rate of postharvest oxidation of ascorbic acid in plant tissues depend upon 
several factors such as temperature, water content, storage atmosphere, and storage time (Lee 
and Kader, 2000). The loss of vitamin C after harvest can be reduced by storing fruits and veg-
etables in an atmosphere of reduced O2 and/or up to 10% CO2 (Lee and Kader, 2000). The lower 
the O2 content, the smaller were the losses of ascorbic acid in green bean, spinach, broccoli, and 
Brussels sprouts (Platenious and Jones, 1944). Enhanced losses of vitamin C in response to CO2 
higher than 10% may be due to the stimulating effects on oxidation of ascorbic acid and/or inhi-
bition of DHA reduction to ascorbic acid (Agar et al., 1999). High CO2 at injurious concentrations 
for the commodity may reduce ascorbic acid by increasing ethylene production and therefore the 
activity of ascorbate peroxidase (Devlieghere and Debevere, 2003). In conclusion, the effects 
of carbon dioxide on ascorbic acid may be positive or negative depending on the commodity, 
the CO2 concentration and duration of exposure, and temperature (Weichmann, 1986; Lee and 
Kader, 2000).

Carotenoids form one of the more important classes of plant pigments and play a crucial role in 
defining the quality parameters of fruits and vegetables. Modified atmospheres with low O2 concen-
trations or elevated CO2 are able to reduce the loss of provitamin A, but also inhibit the biosynthesis 
of carotenoids (Kader et al., 1989). In carrots, very low O2 concentration enhances the retention of 
carotene (Weichmann, 1986).

Phenolic compounds act as antioxidants by virtue of the free radical scavenging properties of 
their constituent hydroxyl groups (Vinson and Hontz, 1995). Atmospheres with high concentrations 
of CO2 (>20%), which are usually employed to extend the postharvest life of strawberries, induce a 
remarkable decrease in anthocyanin content of internal tissues compared with the external ones (Gil 
et al., 1997). This decrease in color is related to a decrease in important enzyme activity involved in 
the biosynthesis of anthocyanins, phenylalanine ammonialyase, and glucosyltransferase (Holcroft 
and Kader, 1999). Modified atmospheres can also have a positive effect on phenolic-related qual-
ity, as in the case of the prevention of browning of minimally processed lettuce (Saltveit, 1997; Gil 
et al., 1998).
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Low temperatures usually prolong the storage life of most commodities. Some crops cannot tol-
erate temperatures below ~10°C without developing severe physiological disorders that are grouped 
together under the term “chilling injury.” MAP can reduce or eliminate the symptoms of chilling 
injury in some products such as citrus (Porat et al., 2004), okra (Finger et al., 2008), and melon 
(Flores et al., 2004). Zainon et al. (2004) concluded that suppression of the enzyme activities in 
fruits in MAP appeared to contribute to increased tolerance to chilling injury. Very low oxygen or 
too high CO2 and the presence of excessive ethylene concentrations may exacerbate the severity of 
physiological disorders related to storage conditions. MAP maintains high humidity surrounding 
the products; according to Wang (1993), storage in high relative humidity can reduce symptoms of 
chilling injury as many symptoms appear to entail increased water loss. Elevated CO2 and H2O and 
reduced O2 are beneficial in alleviating chilling injury symptoms in chilling-sensitive crops (Forney 
and Lipton, 1990). However, elevated CO2 concentrations were found to increase the symptoms of 
chilling injury in cucumbers at 5°C (Eaks, 1956).

Scald and core flush are two disorders reduced by CA storage. The content of alfa-farnesene in 
scald-sensitive apple varieties is strongly inhibited under modified atmosphere (Herregods, 1995).

18.11 polymer properties

The use of MAP has increased steadily, contributing significantly to extending the postharvest life 
and maintaining the quality of fruits and vegetables. The commercial expansion of MAP has become 
possible because of the recent development and proliferation of plastic polymers. Nevertheless, just 
a few polymers are commonly used in the manufacture of flexible films for packaging fresh fruits 
and vegetables.

The desirable characteristics of a polymeric film for MAP depend on the respiration rate 
of the produce at the transit and storage temperature to be used and on the known optimum 
O2 and CO2 concentrations for the produce. The uses of polymeric films for products with 
low to medium respiration rates have been successfully developed. Products such as broccoli, 
 mushrooms, leeks, minimally processed fruits and vegetables, etc., exhibit very high rates of 
respiration such that conventional films can potentially overmodify the pack atmosphere and 
result in fermentation.

The major factors to be taken into account while selecting the packaging materials are (Kader 
et al., 1989; Smith, 1993; Artés et al., 2006)

• The type of package (i.e., flexible pouch or rigid or semirigid, lidded tray)
• The barrier properties needed (i.e., permeabilities to various gases and the water vapor 

transmission rate)
• The required selectivity (CO2 permeability/O2 permeability)
• The machine capability (resistant to tearing, possibility to be heat-formed)
• Integrity of closure (heat sealing)
• Antifog properties: good product visibility, prevention of the formation of water-condensed 

drops
• Sealing reliability (ability to seal itself and to the container)
• Resistance to chemical degradation
• Resistance to heat and to ozone
• Nontoxic and chemically inert
• Able to guarantee food safety
• Printability
• Commercial suitability with economic feasibility

The films used for creating MAP are continuous films that control movement of O2 and CO2 into or 
out of the package and perforated films with small holes or microperforations as the primary route 
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of gas exchange. The movement of gases (O2, CO2) in continuous films is usually directly propor-
tional to the gas gradient difference across the film. The steady-state condition is achieved in the 
package when the O2 consumption and CO2 production are equal to the permeating rate through the 
film, a state that is achieved when the respiratory rate is constant. The rate of gas movement through 
microperforated films is the sum of gas diffusion through microperforations and the gas permeation 
through the solid phase of the polymeric film. Generally, total gas flow through the perforations is 
much greater than gas movement through the film.

For most produce, a suitable film must be much more permeable to CO2 than to O2 (Exama 
et al., 1993; Lange, 2000; Lee et al., 2008). In continuous films, the permeability to CO2 is usually 
2–8 times that of O2, whereas in microperforated films this proportion is 0.77. In the latter case, 
the sum of O2 and CO2 partial pressures is usually in the range of 18%–20% (Mir and Beaudry, 
2002). Different films have different O2 and CO2 permeability, which is a function of thickness, 
density, presence of additives, and gradient concentration modification. The permeability depends 
on the chemical composition of the film, the number of layers (single or multilayers), the production 
technology of the film (nonstretched, uniaxial orientation, biaxial orientation, etc.), the degree of 
crystallinity, and the surface treatment of the film (Zanderighi, 2002).

Temperature is extremely important in package design, due to the influence of the permeability 
of films and the respiration rate of fruits and vegetables. The O2 and CO2 permeability of continuous 
films increases with temperature, whereas the diffusion of gases through perforations is insensi-
tive to temperature. O2 permeation through low-density polyethylene (LDPE) can increase 200% 
from 0°C to 15°C but only 11% through perforations (Mir and Beaudry, 2002). The respiration 
rate for most fruits and vegetables increases by 4–6 times from 0°C to 15°C (Beaudry et al., 1992; 
Manolopoulou and Papadopoulou, 1998; Lakakul et al., 1999). The product respiration becomes 
two or three times bigger than the rate of LDPE permeability and 30 times the rate of permeation 
with increasing temperature. These problems are developed (anaerobic conditions) when the tem-
perature of the produce surpasses the temperature range for which the polymeric film has been 
designed.

Plant tissues lose moisture when the RH is below 99%–99.5%. In most commodities, the symp-
toms of wilting or wrinkling are visible when the loss of water is in the order of 4%–6%. Most films 
are relatively impermeable to water, and the RH of packages is near saturation. Controlling the 
internal humidity, particularly preventing the formation of moisture condensed droplets on the pro-
duce and the inner packaging film surface, retards surface mold development which in turn prolongs 
the shelf life of the fresh produce (Ben-Yehoshua et al., 1995).

The application of polymeric films for MAP are most often found in flexible package structures; 
they may also be used as a component in rigid or semirigid package structures, for example, as 
a liner inside a carton or as a lid on a cup or tray. The plastic film used in MAP is LDPE, linear 
low- density polyethylene (LLDPE), high-density polyethylene (HDPE), polypropylene (PP), poly-
vinyl chloride (PVC), polyester, that is, polyethylene terephthalate (PET), polyvinylidene chloride 
(PVDC), polyamide (Nylon), and other suitable films (Lange, 2000; Abdel-Bary, 2003; Ahvenainen, 
2003; Massey, 2003; Del Nobile et al., 2007; Marsh Bugusu, 2007).

LDPE is very flexible and translucent. It is not a particularly high barrier to gas but is a good 
barrier to moisture and water vapor. It is generally used in film form.

LLDPE has a density range similar to that of LDPE. It is superior to LDPE in most properties 
such as tensile and impact strength and also is puncture-resistant.

HDPE is flexible but more rigid than LDPE, semitranslucent depending on density, a good vapor 
barrier but a poor gas barrier. It is commonly used for rigid and semirigid structures.

PP is rigid, solid, and durable in container or cap forms, opaque, grayish yellow in natural form, 
an excellent moisture barrier but a poor gas barrier.

PVC is transparent to yellowish color in natural state, flexible to rigid, good for coating, and a 
fair water and a good oxygen barrier. It is used with MAP for thermoformed trays to pack salads, 
 sandwiches, etc.
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PET is semirigid to rigid depending on the wall thickness, clear and transparent by nature, and a 
good gas and fair moisture barrier (Anon, 2001; Mark et al., 2003).

18.12 map reCommendations For speCiFiC Fruits and VegetaBles

Several recommendations exist on the optimal conditions for the storage or transport of fruits and 
vegetables. Different types of fruits, and even different cultivars of the same species, require dif-
ferent atmospheres for successful storage, and each therefore needs to be independently assessed.

Not all products benefit from exposure to low O2 and high CO2 levels. In Table 18.2 are listed the 
fruits and vegetables (intact and minimally processed) with high or moderate potential benefits for 
application of MAP.

The foremost problem with trying to establish an optimal MA atmosphere for every commod-
ity is the problem inherent with all biological material, the variability. Due to the large variations 
among species, cultivars, and individual examples of the same cultivar the optimal O2 and CO2 

taBle 18.2
Fruits and Vegetables (intact and minimally processed) with high or moderate 
potential for application of map

Fruits Vegetables 

intact Fresh-Cut intact Fresh-Cut 

Apple Apple (sliced) Artichokes Beets (grated, cubed, peeled)

Apricot Cantaloupe (cubed) Asparagus Broccoli (florets)

Avocado Grapefruit (sliced) Beans (processed) Cabbage (shredded)

Banana Honeydew (cubed) Pepper Carrots (shredded, sticks, sliced)

Blackberry Kiwifruit (sliced) Broccoli Leek (sliced)

Blueberry Mango (cubed) Cabbage Lettuce (chopped, shredded)

Cherimoya Orange (sliced) Cantaloupes Onion (sliced, diced)

Cherry Pomegranate (arils) Lettuce Peppers (sliced)

Durian Strawberry (sliced) Mushrooms Potatoes (sliced, whole-peeled)

Fig Watermelon (cubed) Ripe tomatoes Pumpkin (cubed)

Grape Rutabaga (sliced)

Grapefruit Spinach (cleaned)

Guava Tomato (sliced)

Kiwifruit Zucchini (sliced)

Lemon

Lime

Plum

Mango

Olive

Peach

Pear

Persimmon

Pineapple

Pomegranate

Raspberry

Strawberry

Sources: Adapted from Kader, A.A., Acta Horticulturae, 600, 737, 2003; Saltveit, M.E., Acta Horticulturae, 
600, 723, 2003.
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levels vary. The optimal O2 concentration occurs at the boundary between the beneficial and injuri-
ous O2 concentrations. An optimal storage environment could be defined as those storage conditions 
that produce the best quality product.

Before designing the optimum storage environment, we must define the quality criteria we use 
to evaluate the effectiveness of the storage environment. The criteria could be the retention of qual-
ity or the lowering of respiration, or the lowering of ethylene production or action, or to have better 
color, or better flavor and aroma, or better texture. It is inconceivable that one storage environment 
would produce an optimum for all criteria (Kader and Saltveit, 2003). Current recommended stor-
age conditions of fruits and vegetables are presented in Tables 18.3 and 18.4.

A brief summary of MAP recommendations for fresh-cut fruits and vegetables is presented in 
Table 18.5.

taBle 18.3
recommended storage Conditions of selected Fruits

Commodity °C %o2 %Co2 notes 

Apple 0–5 1–2 0–3 60% of production is stored in CA

Apricot 0–5 2–3 2–3 Rapid cooling

Avocado 5–12 2–3 3–10 Marine transport, polybags + C2H4 scrubbing, individual wrapping

Banana 12–16 2–7 2–7 Marine transport, PSL improved if C2H4 scrubbing in polybags

Cherry, sweet −1 to 0 3–10 10–15 Rapid cooling, pallet covers, or marine containers during transport, CO2 
improvement (≤20%)

Fig (fresh) 0–5 5–10 15–20 Limited use during transport

Grape 0–5 2–5 1–3 Incompatible with SO2

Kiwifruit 0–5 1–2 3–5 Transport and storage, C2H4 below 20 ppb

Mango 7–14 3–5 5–10 Marine transport

Melon cantaloupe 2–5 3–5 10–20 Application moderate

Nectarine −1 to 0 1–2 3–5 Limited use during marine transport

Olive 5–10 2–3 0–1 Limited use

Papaya 10–15 2–5 5–8

Peach clingstone −0.5 1–2 3–5 Limited use to extend canning season

Peach freestone −1 to 0 1–2 3–5 Marine transport

Pear Asian 0–5 2–4 0–3 Limited use on some cultivars

Pear European 0–5 1–3 0–3 25% of production is stored in CA

Persimmon 0–5 3–5 5–8 Limited use of MAP

Pineapple 8–13 2–5 5–10

Plum −1 to 0 1–2 0–5 Limited use for some cultivars

Raspberry 0–5 5–10 15–20 Pallet covers during transport

Strawberry 0–5 5–10 15–20 Pallet covers during transport

Citrus fruits

Grapefruit 10–15 3–10 5–10 Film individual packaging

Lemon 10–15 5–10 0–10

Lime 10–15 5–10 0–10 Removal of C2H4

Mandarin 4–5 10 0

Orange 5–10 5–10 0–5 Film individual packaging

Sources: International Institute of Refrigeration, Recommendations for Chilled Storage of Perishable Produce, IIF/IIR,  
Paris, France, 2000; Kader, A.A., Modified atmospheres during transport and storage, in: Postharvest Technology 
of Horticultural Crops, University of California, Agriculture and Natural Resources, Davis, CA, Publication No. 
3311, pp. 135–144, 2002; Manolopoulou, E. et al., Acta Horticulturae, 2, 619, 1997.
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taBle 18.5
ma recommendations for selected Fresh-Cut Fruits and Vegetables

Fresh-cut product °C % o2 %Co2 notes 

Apple, sliced 0–5 <1 4–12 Efficacy moderate
Cantaloupe, cubed 0–5 3–5 6–15 Efficacy good
Grapefruit, slices 0–5 14–21 7–10 Efficacy moderate
Kiwifruit, sliced 0–5 2–4 5–10 Efficacy good
Mango, cubed 0–5 2–4 10 Efficacy good
Pear, sliced 0–5 0.5 <10 Efficacy poor
Strawberry, sliced 0–5 1–2 5–10 Efficacy good
Watermelon, cubed 0–5 3–5 10 Efficacy good

Vegetables
Broccoli, florets 0–5 2–3 5–7 Efficacy good
Cabbage, shredded 0–5 5–7 15 Efficacy good
Carrots, shredded 0–5 2–5 15–20 Efficacy good
Lettuce, chopped (butterhead) 0–5 1–3 5–10 Efficacy moderate
Lettuce, chopped (green leaf) 0–5 0.5–3 5–10 Efficacy good
Lettuce, chopped (iceberg) 0–5 0.5–3 10–15 Efficacy good
Peppers, sliced 0–5 3 5–10 Efficacy moderate
Spinach, cleaned 0–5 0.8–3 8–10 Efficacy moderate

Sources: Gorny, R.J., A summary of CA and MA requirements and recommendations for fresh-cut fruits and vegetables, in: 
Optimal Controlled Atmospheres for Horticultural Perishables, Postharvest Horticullture Series No. 22A, University 
of California, Davis, CA, pp. 95–152, 2001; Manolopoulou, E. et al., J. Food Quality, 33, 317, 2010a; Manolopoulou, E. 
and Varzakas, T., Food Nutr. Sci., 2, 956, 2011; Manolopoulou, E. et al., J. Food Res. 1(3), 148, 2012.

taBle 18.4
recommended storage Conditions of selected Vegetables

Commodity °C %o2 %Co2 notes 

Artichoke 0–5 2–4 4–6 Application moderate, perforated polybags
Asparagus 0–2 Air 10–14 Application high
Beans, snap 7–8 2–3 3–5 Limited use
Broccoli 0–5 1–2 5–10 High application
Brussels sprouts −1 to 0 2–3 4–5 Perforated polybags
Cabbage 0–5 2–3 3–6 High application
Carrot 0–1 5 3–4 Perforated polybags
Cauliflower 0–5 2–3 3–4 Slight application
Celery 0–5 1–4 3–5 Slight application
Cucumber 10–13 1–4 0 Slight application
Lettuce (crisphead) 0–1 1–3 0 Moderate application, perforated wrapping
Lettuce (leaf) 0–1 1–3 0
Mushrooms 0–5 3–21 5–15 Microperforated films
Okra 7–10 Air 4–10 Slight application
Pepper (sweet) 5–12 2–5 2–5 Slight application
Spinach 0–5 7–10 5–10 Slight application
Tomatoes (green) 14–16 3–5 2–3 Slight application
Tomatoes (ripe) 8–10 3–5 3–5 Moderate application

Sources: International Institute of Refrigeration, Recommendations for Chilled Storage of Perishable Produce, IIF/IIR, Paris, 
France, 2000; Kader, A.A., Modified atmospheres during transport and storage, in: Postharvest Technology of Horticultural 
Crops, University of California, Agriculture and Natural Resources, Davis, CA, Publication No. 3311, pp. 135–144, 
2002; Manolopoulou, E. et al., J. Food Quality, 30, 646, 2007; Manolopoulou, E. et al., Biosyst. Eng., 106, 535, 2010b.
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19 Biosensors in Food 
Technology, Safety, and 
Quality Control

Theodoros Varzakas, Georgia-Paraskevi Nikoleli, 
and Dimitrios P. Nikolelis

19.1 introduCtion

A chemical sensor is a device that transforms chemical information, ranging from the concentra-
tion of a specific sample component to total composition analysis, into an analytically useful signal. 
Chemical sensors usually contain two basic components connected in series: a chemical recognition 
element (“receptor”) and a physicochemical transducer. The biological recognition system trans-
lates the chemical information (i.e., concentration of the analyte) into a chemical or physical output 
signal. The transducer (i.e., a physical detection system) serves to transfer the signal from the output 
domain of the recognition element to the electrical, optical, piezoelectric, etc., domain. A biosen-
sor is a self-contained integrated device that is capable of providing specific quantitative analytical 
information using a biological recognition element (e.g.., enzymes, antibodies, natural receptors, 
cells, etc.), which is retained in direct spatial contact with a transduction element.

Biosensors clearly offer advantages in comparison to standard analytical methods, such as mini-
mal sample preparation and handling, real-time detection, rapid detection of the analytes of con-
cern, use of nonskilled personnel, etc. Because of the importance of the ability of biosensors to be 
repeatedly calibrated, the term multiple-use biosensor is limited to devices suitable for monitoring 
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both the increase and decrease in the analyte concentrations. Thus, single-use devices that cannot 
be regenerated rapidly and reproducibly be regenerated should be named single, etc.

A large class of chemical and biological sensors was based on the physical characterization of inter-
faces. More specifically, electronic (bio)chemical sensing is often related to the characterization of 
interfaces between ion-based and electron-based conductive materials by means of electrical variables 
such as voltage, current, and charge. Also, recent trends of integrated electronics that have started a 
revolution in this field, allowing the shrink of very complex electronic systems into millimeter square 
sizes, were a follow-up in the literature. This would allow implementing complex and sophisticated 
instrumentation in cheap and portable devices for fast detection of harmful and toxic agents.

The aim of this chapter is to bring into focus this important research area and the advances of bio-
sensors, more specifically to those related to the rapid detection of food toxicants and  environmental 
pollutants. The scope is to provide a comprehensive review of the research topics most pertinent to 
the advances of devices that can be used for the rapid real-time detections of food toxicants such as 
microbes, pathogens, toxins, nervous gases such as botulinum toxin, Escherichia coli, Klebsiella 
pneumoniae, sarin, VX, Listeria monocytogenes, Salmonella, marine biotoxins (such as palitoxins, 
spirolides, etc.), Staphylococcal enterotoxin B, saxitoxin, gonyautoxin (GTX5), francisella spore 
virus, Bacillus subtilis, ochratoxin, and even simple chemical compounds. Biosensors have found a 
large number of applications in the area of food analysis. Recent advances include portable devices 
for the rapid detection of insecticides, pesticides, food hormones, toxins, and carcinogenic com-
pounds in the environment, such as polycyclic biphenols, etc.

These types of sensors are based on measuring responses to light emission or to illumination. 
Optical biosensors are based on well-founded methods including fluorescence, phosphorescence, 
light absorbance, photothermal techniques, chemiluminescence, surface plasmon resonance (SPR), 
total internal reflectance, light rotation, and polarization and could employ a number of techniques 
to detect the presence of a target analyte. As an example, these technical usages have been demon-
strated to detect the presence of allergens, particularly peanuts, during food production [1,2].

19.1.1 ClassifiCation of biosensors

Biosensors can be classified according to the type of recognition element (enzymatic, whole cell, or 
affinity-based biosensor) used. Enzymes were the first recognition elements included in biosensors. 
Enzymatic biosensors measure the selective inhibition or the catalysis of enzymes by a specific tar-
get. Enzymatic biosensors for the detection of contaminants in food samples have been extensively 
described in several reviews (Dzyadevych et al., 2003; Cock et al., 2009; Li et al., 2009; Manco 
et al., 2009). Another frequently used recognition element, especially for the monitoring of environ-
mental pollutants, are whole cells such as bacteria, fungi, yeast, animal, or plant cells. These whole-
cell biosensors detect responses of cells after exposure to a sample, which are related to its toxicity. 
These (toxic) responses can be nonspecific, such as DNA damage, heat shock, and oxidative stress 
or specific to a class of environmental pollutants, such as metals, organic compounds, and com-
pounds with biological importance (such as nitrate, ammonia, and antibiotics). More information 
about whole-cell biosensors for different food applications can be found in several reviews (Harms 
et al., 2006; Ron, 2007; Yagi, 2007; Ding et al., 2008; Tecon and van der Meer, 2008; Close et al., 
2009; Liu et al., 2010). A third group of recognition elements are the affinity-based recognition ele-
ments; they specifically bind to individual targets or groups of structurally related targets. Affinity-
based sensors are very sensitive, selective, and versatile as affinity-based recognition elements can 
be generated for a wide range of targets.

Antibodies have long been the most popular affinity-based recognition elements. A wide vari-
ety of antibody biosensors reported for different food applications exist and are summarized and 
discussed in several reviews (Suri et al., 2002; Franek and Hruska, 2005; Gonzalez-Martinez et al., 
2007; Skottrup et al., 2008; Tokarskyy and Marshall, 2008; Byrne et al., 2009; Conroy et al., 2009; 
Prieto-Simon and Campas, 2009; Ramirez et al., 2009). The main advantage of the use of antibodies 
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as recognition elements is their sensitivity and selectivity; however, antibodies also have some limi-
tations for the detection of contaminants in food. Polyclonal antibodies (PAbs) are relatively cheap, 
but animals have to be immunized to obtain them. Moreover, specific antibodies require isolation 
and purification. Besides the ethical problems of the use of animals, it is also difficult to gener-
ate antibodies for toxic compounds or small compounds that cannot elicit an immune response. 
Another important disadvantage of PAbs is nonspecific binding. These disadvantages can partially 
be minimized by using monoclonal antibodies, but hybridoma techniques are very expensive and 
time-consuming. Moreover, both poly- and monoclonal antibodies lose their binding properties 
under unfavorable environmental conditions and, therefore, cannot sustain the conditions in which 
environmental or food analysis are performed. Recent evolutions in biotechnology, nanotechnol-
ogy, and surface chemistry have created the possibility to develop novel affinity-based recognition 
elements that can overcome the limitations of antibodies. Additionally, there is a growing concern 
about risk and safety of contaminants in food and environment from environmental, food, and 
safety authorities. These needs and opportunities create the perfect synergy for the recent devel-
opment of advanced sensors based on alternative affinity molecules. Phages, nucleic acids, and 
molecular imprinted polymers are novel, innovative, affinity-based recognition elements that are 
becoming increasingly important for food sensors because of their exceptional characteristics, such 
as their high affinity and specificity for targets, their fast, cheap, and animal-friendly production 
avoiding batch-to-batch variations, their stability, and their ease to be modified.

19.1.1.1 optical Biosensors
The development of optical-fiber sensors during recent years is related to two of the most important 
scientific advances: the laser and modern low-cost optical fibers. Recently, optical fibers have become 
an important part of sensor technology. Their use as a probe or as a sensing element is increasing in 
clinical, pharmaceutical, industrial, and military applications. Excellent light delivery, long interaction 
length, low cost, and ability not only to excite the target molecules but also to capture the emitted light 
from the targets are the main points in favor of the use of optical fibers in biosensors. Optical fibers 
transmit light on the basis of the principle of total internal reflection (TIR). Fiber-optic biosensors are 
analytical devices in which a fiber-optic device serves as a transduction element. The usual aim is to 
produce a signal that is proportional to the concentration of a chemical or biochemical to which the 
biological element reacts. Fiber-optic biosensors are based on the transmission of light along silica 
glass fiber, or plastic optical fiber (POF) to the site of analysis. Optical fiber biosensors can be used in 
combination with different types of spectroscopic technique, for example, absorption, fluorescence, 
phosphorescence, SPR, etc. Optical biosensors based on the use of fiber optics can be classified into two 
different categories: intrinsic sensors, where interaction with the analyte occurs within an element of the 
optical fiber, and extrinsic sensors, in which the optical fiber is used to couple light (Bosch et al., 2007).

Organophosphate (OP) neurotoxins comprise a unique class of contaminants and chemical war-
fare agents which have a high acute toxicity. These neurotoxins are powerful inhibitors of esterase 
enzymes, such as acetyl- and butyryl-cholinesterases or neurotoxic esterase. Simple methods for OP 
neurotoxin detection using fluorescence assays based on specific recognition of OP by organophos-
phate hydrolase (OPH) enzyme have been developed.

A biosensor for direct detection of OP neurotoxins such as paraoxon has been reported by 
Simoniana et al. (2005).

The biosensing method was based on the change in fluorescence of a competitive inhibitor of 
the OPH enzyme when the inhibitor is displaced by the OP substrate. The change in fluorescence 
intensity correlated with concentration of paraoxon presented in the solution. The sensitivity to 
paraoxon was obtained when enzyme inhibitor and OPH–gold nanoparticle conjugates were present 
at near-equimolar levels.

An optical glutamate biosensor test strip based on stacked membranes of nafion/sol–gel (bottom 
layer) and chitosan (uppermost layer) was fabricated on a piece of paper as a support to form a test 
strip by Muslim et al. (2012). The use of a stacked membrane system allows multiple immobilizations 
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of sensing components directly without any covalent attachment via straightforward procedures. 
The uppermost membrane consisted of immobilized enzymes l-glutamate oxidase (GLOD) and 
horseradish peroxidase (HRP), which sensed the presence of l-glutamate, and the bottom mem-
brane contained the indicator dye 3,3′,5,5′-tetramethylbenzidine (TMB). A test strip can be used 
to measure l-glutamate quantitatively by observing a color change from light green to dark green 
by increasing l-glutamate concentrations. Quantitative analysis could be performed by measuring 
the reflectance intensity of the color change at 550 nm. The glutamate biosensor test strip gave 
a linear response range of 0.01–0.30 mM to l-glutamate with a limit of detection of 5 μM. The 
strips were successfully applied for the estimation of l-glutamate in common food items such as 
sauces, soups, processed food, and flavor enhancers. Results of analysis of l-glutamate in various 
food samples using the glutamate test strip were comparable to a standard procedure employing 
high- performance liquid chromatography method.

The uniqueness of this optical biosensor design is a simultaneous immobilization of several 
sensing agents (one indicator dye, TMB, and two enzymes, i.e., GLOD and HRP) via a stacked 
membrane system without any covalent attachment of the sensing components. Avoiding covalent 
attachment of sensing materials on the test strip support enables a simple and straightforward fabri-
cation procedure for the device apart from preventing deactivation of the enzymes during chemical 
attachment (Wong et al., 2006). In addition to that, the application of reflectance spectrophotometry 
in the detection of color change of the test strip in the presence of l-glutamate has the advantage of 
not only allowing opaque support material to be used for the test strips construction but also enable 
nontransparent sample matrices, especially food samples to be analyzed directly without the need 
of any sample pretreatments.

POF biosensors consist a viable alternative for rapid and inexpensive scheme for detection. In 
order to study the sensitivity of tapers for microbiological detection, geometric parameters are stud-
ied, such as the taper waist diameter as the formation of taper regions are the key sensing elements 
in this particular type of sensors. Beres et al. (2011) prepared a series of POF taper sensors using 
a specially developed tapering machine, and the dispersion of geometric dimensions is evaluated, 
aiming to achieve the best tapering characteristics that will provide a better sensitivity on the sen-
sor response. The fiber tapers that presented the finest results were those constructed in U-shaped 
(bended) configurations, with taper waist diameters ranging from 0.40 to 0.50 mm. These fiber 
tapers were used as the main section of the monitoring device and when chemically treated as 
immunosensors for the detection of bacteria, yeast, and erythrocytes (Beres et al., 2011). A variety 
of studies approach the application of straight silica optical fibers in the manufacture of tapered sen-
sors; nevertheless, the employment of U-shaped tapers in POF can afford several advantages, such 
as increased sensitivity, smaller taper length, economic use of reagents, an improved handling and 
fabrication, and a greater mechanical resistance (Frazao et al., 2008; de Nazare et al., 2011).

Fiber-optic sensors can be combined with antibodies that are able to recognize and bind to a 
defined antigen that induces immediate environmental changes, such as the refraction index, around 
the probe containing the antibody. Also, the large diameter of POFs facilitates installation and 
alignment, unlike their glass counterparts in which a few microns of misalignment results in heavy 
losses. Other well-known advantages are the efficient light coupling owing to the large numerical 
aperture, high ductility, low cost of production, and easy handling.

19.1.1.2 spr Biosensors
SPR is a modern analysis technique based on the changes in the refractive index of material on the 
metal surface. In 1982, Liedberg first realized the biosensing potential of a prism SPR sensor with 
an immunoglobulin G (IgG) antibody adsorbed overlayer on the gold-sensing film, which allowed 
selective binding detection of IgG (Liedberg et al., 1983). Originally, the SPR technique was applied 
in the analysis of gases, liquids, and solids. In recent years, the SPR technique has an increasing 
application in biochemistry (Homola et al., 1999; Green et al., 2000), clinical diagnosis (Kanoh et al., 
2006), food analysis (Spadavecchia et al., 2005), environmental monitoring (Inamori et al., 2005), 
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and so on. The popularization of SPR is due to its properties of label-free, real-time detection, and 
high sensitivity. SPR can not only be used in analyte detection but also provide rich information on 
the specificity, affinity, and kinetics of biomolecular interactions. In the last 10 years, much atten-
tion has been focused on the detection of low-molecular-weight analyses in food and environmental 
fields using SPR biosensors. In this chapter, we address the basic principle of SPR, the existing 
detection methods, and the progress on mycotoxin detection using the SPR biosensor.

SPR is a physical optics phenomenon based on the change in the refractive index on the metal 
surface. Several reviews have described the basic principle and operation of SPR (Shankaran et al., 
2007; Hodnik and Anderluh, 2009) the plane polarized light shines directly through the prism to 
the metal/solution dielectric interface over a wide range of incident angles; the evanescent wave will 
be generated under TIR condition. At a selected incident light wavelength or angle, the evanescent 
waves can resonate with surface plasmons (SP) produced by free electrons on the metal film of the 
sensor surface. Then, the energy of incident light is absorbed by SP, resulting in a narrow dip in 
the spectrum of reflected light. The angle at which the drop is maximum (minimum of reflectivity) 
is denoted as the “SPR angle.” This “SPR angle” is extremely sensitive to the refractive index of 
the sample contacting with the metal surface, so that it is also highly influenced by the species and 
the amount of biomolecules immobilized on the gold layer. Furthermore, the kinetics information 
of the interaction between molecules can also be obtained (Huang et al., 2008).

As one of the relatively new analytical techniques, SPR has been proved particularly advan-
tageous for rapid, label-free, sensitive analyte detection. Using SPR, qualitative and quantitative 
analyses can be performed in real time. Mycotoxins are a group of small, toxic products formed as 
secondary metabolites by a few fungal species. They can contaminate foodstuffs on a large scale 
and consequently threaten human health through the food chain. Thus, rapid, sensitive, and selec-
tive determination of mycotoxin is of great significance for food safety. This contribution addresses 
the basic principle of SPR, the existing detection methods, and the progress on mycotoxin detection 
using the SPR biosensor (Li et al., 2012).

SPR biosensing has matured into a valuable analytical technique for measurements related to 
biomolecules, environmental contaminants, and the food industry. Contemporary SPR instruments 
are mainly suitable for laboratory-based measurements. However, several point-of-measurement 
applications would benefit from simple, small, portable, and inexpensive sensors to assess the 
health  condition of a patient, potential environmental contamination, or food safety issues. The 
trend article by Breault-Turcot and Masson (2012) explores nanostructured substrates for improving 
the sensitivity of classical SPR instruments and nanoparticle (NP)-based colorimetric substrates 
that may provide a solution to the development of point-of-measurement SPR techniques. Novel 
nanomaterials and methodology capable of enhancing the sensitivity of classical SPR sensors are 
destined to improve the limits of detection of miniature SPR instruments to the level required for 
most applications. In a different approach, paper or substrate-based SPR assays based on NPs are a 
highly promising topic of research that may facilitate the widespread use of a novel class of minia-
ture and portable SPR instruments (Breault-Turcot and Masson, 2012).

Nanotechnology involves the characterization, fabrication, and/or manipulation of structures, 
devices, or materials that are between 1 and 100 nm in size. One of the major advantages of using 
nanomaterials for biosensing is their large surface area, allowing a greater number of biomolecules 
to be immobilized and this consequently increases the number of reaction sites available for inter-
action with a target species. This property, coupled with excellent electronic and optical properties, 
facilitates the use of nanomaterials in “label-free” detection and in the development of biosensors 
with enhanced sensitivities and improved response times (Xu et al., 2009).

Advances in the manipulation of nanomaterials has permitted the development of nanobiotech-
nology with enhanced sensitivities and improved response times. Low levels of infection of the 
major pathogens require the need for sensitive detection platforms, and the properties of nano-
materials make them suitable for the development of assays with enhanced sensitivity, improved 
response time, and increased portability.
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Nanobiotechnologies focusing on the key requirements of signal amplification and preconcentra-
tion for the development of sensitive assays for food-borne pathogen detection in food matrices have 
been described and evaluated by Gilmartin and O’Kennedy (2012). The potential that exists for the 
use of nanomaterials as antimicrobial agents has also been examined by the same authors.

Cantilevers function by detecting differences in the stress, forces, or vibration frequency occur-
ring when molecules bind to the surface. For example, bacteria can be detected due to the additional 
mass resulting from the binding of specific antibodies immobilized on the cantilever surface and the 
bacterial cell. There are several reports of sensitive detection of bacteria using cantilever technology 
such as a single L. innocua cell (Li et al., 2011), E. coli O157:H7 in spinach, spring lettuce mix, and 
ground beef (LOD 100 CFU/mL) (Gupta et al., 2004), and an antibody-functionalized piezoelectric-
excited millimeter-sized cantilever sensor capable of identification of 1 E. coli O157:H7 cell/mL 
(Maraldo and Mutharasan, 2007). However, differences in pathogen adherence to food matrices, 
which affects target binding to the sensor surface, can affect sensitivity (Campbell and Mutharasan, 
2007). The scaling down of this technology to the nanoscale has increased the capacity of nano-
cantilevers for ultrasensitive, faster detection due to higher frequencies and better mass resolution.

SPR technology has been used for the detection of food-borne pathogens using gold surfaces. 
Gold nanorods are elongated nanoparticles with distinct optical properties that depend on their 
shape. Compared with the single plasmon adsorption band of nanoparticles, excitation of surface 
plasmons by light in nanorods can be seen as two plasmon absorption bands, one corresponding to 
light absorption and scattering along the width of the particle, and the other along the length of the 
particle. Changes in the aspect ratio (ratio of the width of the object to its length) of a nanorod give 
rise to plasmon adsorption bands at different positions, hence, different-sized nanorods can be used 
as labels in a multiplex assay. The position and intensity of these bands can be affected by changes, 
for example, binding events, in the dielectric constant around the vicinity of these nanorods known 
as localized SPR (LSPR) or nanoSPR (Perez-Juste et al., 2005).

The sensing capacity of the detection systems is being improved lastly by using nanomateri-
als such as magnetic nanoparticles, carbon nanotubes, nanorods, quantum dots (QDs), nanowires, 
nanochannels, etc. These nanomaterials, used in electrical biosensors, have a very high capacity 
for charge transfer, which makes them suitable to reach lower detection limits and higher sensi-
tivity values. Nanomaterials can contribute as label or transducer modifiers so as to improve the 
performance of the biosensor. Some of the reported nanomaterials are QDs. QDs are crystalline 
clusters with a nanosize (Murphy, 2002) that can be synthesized from semiconductor materials 
[e.g.,   cadmium sulfide (Merkoci et  al., 2006), cadmium selenide (Steigerwald and Brus, 1990), 
 cadmium telluride (Eychmuller and Rogach, 2000), indium phosphide (Guzelian et al., 1996), or 
gallium arsenide (Olshavsky et al., 1990)].

“Nanosized” and nanomaterial-based biosensors, also called nanobiosensors, are a modern and 
efficient class of detection systems (Delmulle et al., 2005; Lin et al., 2008; Sanvicens et al., 2009). 
The application of nanobiosensors in food industry could lead to immense improvements in quality 
control, food safety, and traceability.

Nanobiosensors can achieve very low detection limits (LODs; even single molecule or cell). 
In addition, they offer multidetection possibilities and may ensure a high stability (i.e., nanopar-
ticles such as QDs are more stable than enzymes or fluorescence dyes). The main advantage 
besides the reduction of reagent volumes, detection time, and keeping the same sensitivity, is the 
user-friendly applicability; there is no need for professional users. The idea is to develop one-push 
button-like devices that can give a fast “yes–no” response or ensure a similar simple communica-
tion with the end-user.

Although some interesting nanobiosensors based on the use of nanoparticles and techniques such 
as optical microscopy (i.e., based in light absorption, scattering, fluorescence of nanoparticles, etc.) 
and electrochemistry (i.e., stripping analysis, potentiometry, etc.) have been developed and reported 
in several publications (Antiochia et  al., 2004; Yang and Li, 2005; Merkoci et  al., 2006; De la 
Escosura-Muniz et al., 2008; Dungchaia et al., 2008; Lin et al., 2008; Ambrosi et al., 2009; Ozdemir 
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et al., 2010), Perez-Lopez and Mercoci (2011) gave a general overview of some of the most impor-
tant nanomaterial-based biosensing systems based on various detection technologies and applied in 
the food field. In addition, they revised and gave opinions on the current status of detection systems, 
the obstacles, and some suggestions for the future development of this technology.

19.1.2 antiboDy-baseD biosensors

An immunological method is one of the promising tools for the development of easy-handling bio-
sensors. Besides, immunoassay methods are sensitive, cost-effective, easy to perform, and require 
a small sample volume. However, such techniques often require long reaction times and involve 
multiple steps. Antibodies are a common tool in analytical methods, and a number of PAbs raised 
to PA have been used in enzyme-linked immunosorbent assays (ELISA) protocols (Morris et al., 
1987; Bertelsen et al., 1988; Finglas et al., 1988; Song et al., 1990; Gonthier et al., 1998a,b) and a 
radio immunoassay (RIA) method (Wyse et al., 1979) to determine PA levels in foods. In addition, 
a PAb to PA is the basis of a commercially available SPR biosensor assay (Qflex Kit Pantothenic 
Acid PI), which has previously been compared favorably to MBA and LC–MS analysis (Haughey 
et al., 2005, 2012). This kit has achieved AOAC PTM accreditation and has also been indepen-
dently validated by Gao et al. (2008). The molecular structure of the PA molecule indicates that 
it has two distinct terminal moieties, carboxylic acid and hydroxyl groups. The presence of these 
two functional groups results in a choice of chemistries both for hapten production and for the 
immobilization of the antigen onto a solid support. These synthetic chemistry approaches, used in 
the development of ELISA and RIA systems, signify successful chemical pathways used during 
antibody production (Wyse et al., 1979; Morris et al., 1987; Bertelsen et al., 1988; Finglas et al., 
1988; Gonthier et al., 1998a,b).

19.1.2.1  development of Biosensors for assaying the Contents 
of starch, glucose, ethanol, and Bod

Biosensors for starch, glucose, and ethanol assays were developed using amylase, glucose oxi-
dase, and alcohol oxidase enzyme preparations. Wastewaters and process waters of fermentation 
units contain mainly carbohydrates, alcohols, and amino acids, which is a guiding point in choos-
ing microbial cultures for fabricating the bioreceptor element of the BOD biosensor. To form it, 
we used the methylotrophic yeast strain, Pichia angusta VKM Y-2518 (the aerobic microorgan-
isms P. angusta VKM Y-2518 belong to the All-Russian Collection of Microorganisms, FSBIS 
G.K. Skryabin Institute of Biochemistry and Physiology of Microorganisms, Russian Academy 
of Sciences). In the work, these cells were also used to obtain the alcohol oxidase enzyme. 
Biosensors based on Pichia yeasts had been used for rapid assays of alcohols, so it was justified 
to apply them for the development of specialized receptor elements for assaying alcohol produc-
tion wastewaters.

Starch, glucose, and ethanol contents were determined and BOD assessed using Clark electrode-
based amperometric biosensors. This system enables recording the dependences of biochemical 
reaction rates on concentrations of substrates related to the consumption of oxygen during their 
oxidation. An IPC 2L galvanopotentiostat (Kronas, Russia) integrated with a personal computer 
and operated by specialized software for recording and processing electrode signals served as bio-
sensors’ electronic unit. Sodium–potassium phosphate buffer, pH 7.5, the concentration of the salts 
60 mM, which provided for an optimum of bioreceptors’ operation, was used for measurements. 
The measured parameter (biosensor response) was the maximal rate of change of the output signal, 
which emerged at an addition of substrates (nA/min) (Reshetilov et al., 2014).

19.1.2.2 Bioelectronic tongues
Electronic tongue systems are novel analytical systems that develop applications in liquid samples 
from the use of an array of sensors plus an advanced data treatment stage. One recent progress 
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in the design of electronic tongue systems has been the incorporation of biosensors, in order 
to engage in new application fields or to move existing ones. Bioelectronic tongues, as already 
known, are then differentiated from conventional ones in the incorporation of one or several bio-
sensors into the sensor array, normally sharing the same transduction principle, which facilitates 
compatibility. After reviewing existing examples from the literature, this chapter will go more 
deeply into two case studies: one with potentiometric sensors and the other with devices of the 
voltammetric type. The first study case is related to the monitoring of the hemodialysis process, 
where the biosensor array will incorporate urea and creatinine biosensors constructed on the basis 
of the proper enzymes and ammonium ion-selective electrodes. The second case is motivated by 
the simultaneous determination of phenolic antioxidant compounds in beer and uses an array of 
voltammetric biosensors incorporating different phenol-oxidizing enzymes to generate the cross-
sensitive responses. In both cases, the data processing stage used was artificial neural networks, 
able to provide a precise numeric response model to estimate concentrations of involved species 
(del Valle et al., 2014).

19.1.2.3  electrochemical dna Biosensors in Food safety—determination of 
phenolic Compounds and antioxidant Capacity in Foods and Beverages

The development and characteristics of the DNA sensors for the detection of phenolic antioxidants 
and antioxidant activity assessment for foodstuffs, beverages, and food additives are considered. 
Because most of the DNA sensors estimate protecting effect of antioxidants toward the DNA dam-
age caused by reactive oxygen species, the mechanism of their generation in Fenton reaction and 
related processes as well as main approaches to the electrochemical detection of the DNA damage 
are also briefly discussed (Evtugyn and Porfireva, 2014).

There are many strategies for electrochemical detection of the DNA damage. Not all of them are 
applied for the quantification of the protecting effect of antioxidants. Thus, the analysis of the DNA 
unwinding and the influence of the DNA damage on the hybridization efficiency are too compli-
cated by various experimental factors, for example, nucleic bases distribution, length of the main 
chain, etc. The terminal labels introduced in the DNA probe molecules are not so sensitive toward 
the ROS influence so that the sensitivity of such an assay is insufficient for the aims of the DNA 
sensors declared. Of other approaches, the following should be considered:

• Monitoring changes in direct or mediated DNA oxidation signals;
• Application of electrochemically active intercalators;
• Detecting changes in the permeability or charge-transfer properties of the surface DNA layer.

19.1.2.4 nanotechnology and nanofabrication applications in Chemical sensing
Recently, with the revolutionary advent of nanotechnology, a number of new nanomaterials have 
been synthesized, and their properties have been investigated. Moreover, these novel nanomaterials 
are being used strongly in biosensor technology. The use of nanomaterials in biosensing describes 
the consolidation of different sciences such as material science, molecular engineering, chemistry, 
and biotechnology. The nanomaterials have a great impact on the working performance of biosen-
sors by improving the sensitivity and recognition of biomolecules at small volumes. The biosensors 
based on nanomaterials have a great practical usability in biomolecular recognition, pathogenic 
diagnosis, and environmental applications (Cui, 2007; Pan et al., 2008; Zhang et al., 2008). The 
most advantageous properties of nanomaterials for biosensing applications include larger surface-
to-volume ratio, different physical and chemical properties from microsurface, and easy-to-detect 
target analytes in the small volumes. Moreover, the nanomaterials have a great diagnosing ability 
inside the biological cell. Use of nanomaterials inside the biological cell is making a clear difference 
of nanodevices from the bulk device that has been used for the biosensing purpose (Willander and 
Ibupoto, 2014; Otles and Yalcin, 2012).
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19.1.2.5 Biosensors for pesticides and Foodborne pathogens
State of the art literature in the biosensor development for the detection of pesticide residues and 
foodborne pathogens is reviewed by Evtugyn (2014), with particular attention to real samples 
analysis. All the biosensors are classified in accordance with the nature of the biorecognition 
element and of the target analyte. The backgrounds of inhibition detection and the relationships 
between the assembling of the surface layer and the performance of enzyme sensors are consid-
ered. Signal transduction modes and the implementation of antibodies and DNA probes/aptamers 
are described for particular targets. The advantages and limitations of different approaches to the 
detection of pesticides and pathogenic bacteria are discussed together with the potential direction 
of their future progress.

Cholinesterase sensors are most intensively investigated for pesticide detection. Indeed, their 
progress was first affected by military purposes requiring compact robust devices for chemical 
weapons detection. Besides direct applications for the detection of individual organophosphate and 
carbamate pesticides, cholinesterase sensors have been successfully applied as models for con-
sideration of the factors affecting the inhibition in heterogeneous conditions (e.g., the influence of 
enzyme immobilization on the sensitivity of inhibition, the effect of organic solvents, the optimiza-
tion of the signal detection, the signal shifts during the storage, etc.).

The immunosensors involve as biorecognition elements antibodies (Ab) or antibody fragments 
able to form with analytes, also called antigen (Ag)-specific complexes. Contrary to enzyme sen-
sors, especially those based on cholinesterase inhibition, the immunosensors show very high spec-
ificity of the response. For example, they can distinguish thiophosphates and their phosphoryl 
analogs. This is an important advantage, and meanwhile a weak point of immunosensors, because 
each analyte requires a specific set of immunoreagents for its quantification. Recently, the immu-
nosensors specific to a group of chemically relative compounds containing a certain functional 
fragment (Ag determinant) have been developed (Kaufman and Clower, 1995) and are preferred 
compared to pharmaceuticals.

Considering the detection of pesticide residues, most of the developed immunosensors are 
based on a competitive assay (Ricci et al., 2007). Two approaches can be followed for the devel-
opment of competitive immunosensors. In the first one, antibodies react with a mixture of free 
and labeled antigens, and the signal recorded is related to their ratio in solution. In the second 
approach, free antigen first reacts with an excessive amount of antibodies to form Ag–Ab com-
plex in solution.

19.1.2.6 Biosensors in Quality of meat products
Different types of biosensors are mentioned by Varzakas et al. (2014) involved in meat quality such 
as amperometric xanthine biosensors, use of novel biological components such as mammalian cells 
and bacteriophages for the detection of bacterial pathogens, Biacore assay kit, potentiometric sen-
sors based on measuring the potential of an electrochemical cell while drawing negligible or no cur-
rent with common examples the glass pH electrode and ion selective electrodes for ions such as K+, 
Ca2+, Na+, and Cl−, optical fiber, and a capillary-based biosensor for calpastatin detection in heated 
meat samples as well as immunological capacitive biosensors for calpastatin.

Amperometric biosensors are also mentioned. The mechanism of amperometric hypoxanthine 
(Hx) biosensor is based on the direct oxidation of H2O2 formed from the enzyme reaction or on O2 
consumption.

Finally, nanobiosensors are mentioned such as a novel class of nanobiosensor developed by 
integrating a 27-nucleotide AluI fragment of swine cytochrome b (cytb) gene to a 3-nm diameter 
citrate–tannate-coated gold nanoparticle (GNP).

Nanoscaffolding and nanoquenching properties of thiol-capped gold nanocrystals (GNCs), cova-
lently linked to fluorophore-labeled oligonucleotide through metal–sulfur bond, were extensively 
studied for decades to detect specific sequences and single-nucleotide mismatches.
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Moreover, the use of biosensors in boar taint detection along with bioluminescent bacterial sen-
sors (development of an assay for the detection of tetracyclines in poultry based on a bioluminescent 
bacterial sensor reported as an alternative for “classical” microbial screening methods) is addressed.

An SPR biosensor inhibition immunoassay for the determination of ractopamine (Rac) residue 
in pork constructed by immobilizing Rac derivative on the SPR-2004 biosensor chip is described.

Ractopamine (Rac) belongs to the phenolic group of beta-agonists. Rac was originally used as 
tocolytics, bronchodilators, and heart tonics in human and veterinary medicine. Subsequently, this 
compound may be used illegally as growth promoters to acquire an economic interest similar to 
clenbuterol.

Finally, dioxin detection in meats using biosensors is reported with examples of that of a prelimi-
nary disposable electrochemical immunosensor for detection of nondioxin-like PCBs in ruminant 
milk, adipose tissue, and meat extracts.

19.2 miCroBial Biosensors For enVironmental appliCations

Microbial biosensors have been developed for assaying BOD, a value related to the total content of 
organic materials in wastewater. BOD sensors take advantage of the high reaction rates of micro-
organisms interfaced to electrodes to measure the oxygen depletion rates. Standard BOD assay 
requires 5 days compared to 15 min for a biosensor-based analysis (Marty et al., 1997).

The biosensor should also be stable to environmental adversaries such as heavy metal toxicity, 
salinity, etc.

Other advances include the development of a disposable BOD sensor (Yang et  al., 1996). 
Significant efforts have been made toward the development of a portable BOD biosensor system 
incorporating disposable electrodes.

Miniature Clark-type oxygen electrode arrays were fabricated using thin-film technology for 
mass production with assured quality (Yang et al., 1997).

Optical fiber (Preininger et al., 1994) and calorimetry (Weppen et al., 1991) based transducers 
have been used in BOD biosensors.

Microbial biosensors have been investigated for a variety of other environmental applications 
(D’Souza, 2001). Halogenated hydrocarbons used as pesticides, foaming agents, flame retardants, 
pharmaceuticals, and intermediates in the polymer production are one of the largest groups of envi-
ronmental pollutants.

A microbial biosensor consists of a transducer in conjunction with immobilized viable or nonvi-
able microbial cells. Nonviable cells obtained after permeabilization or whole cells containing peri-
plasmic enzymes have mostly been used as an economical substitute for enzymes. Viable cells make 
use of the respiratory and metabolic functions of the cell; the analyte to be monitored being either a 
substrate or an inhibitor of these processes. Bioluminescence-based microbial biosensors have also 
been developed using genetically engineered microorganisms constructed by fusing the lux gene 
with an inducible gene promoter for toxicity and bioavailability testing. In this review, some of the 
recent trends in microbial biosensors with reference to the advantages and limitations are discussed. 
Some of the recent applications of microbial biosensors in environmental monitoring and for use 
in food, fermentation, and allied fields have been reviewed. Prospective future microbial biosensor 
designs have also been identified (D’Souza, 2001).

Biosensors for environmental analysis and monitoring are extensively reviewed by Rodriguez-
Mozaz et  al. (2004). Examples of biosensors for the most important families of environmental 
pollutants, including some commercial devices, are presented. Finally, future trends in biosensor 
development are discussed. In this context, bioelectronics, nanotechnology, miniaturization, and 
especially biotechnology seem to be growing areas that will have a marked influence on the devel-
opment of new biosensing strategies in the next future.

Whole organisms are used to measure the potential biological impact (toxicity) of a water or 
soil sample. That is the case of the toxicity assays Microtox® (Azure, Bucks, UK), or ToxAlert® 
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(Merck, Darmstadt, Germany). These systems are based on the use of luminescent bacteria, Vibrio 
fischeri, to measure toxicity from environmental samples. Bacterial bioluminescence has proved to 
be a convenient measure of cellular metabolism and, consequently, a reliable sensor for measuring 
the presence of toxic chemicals in aquatic samples. Some bioassay methods are integrated now in 
biosensors such as the Cellsense®, which is an amperometric sensor that incorporates Escherichia 
coli bacterial cells for rapid ecotoxicity analysis. It uses ferricyanine, a soluble electron mediator, to 
divert electrons from the respiratory system of the immobilized bacteria of a suitable carbon elec-
trode (Rodriguez-Mozaz et al. 2004).

Cell sense has been proposed as one of the newer rapid toxicity assessment methods within the 
direct toxicity assessment (DTA) demonstration program of the UK Environmental Agency (1999).

Nowadays, there is an increasing concern regarding many environmental contaminants that pro-
duce adverse effects by interfering with endogenous hormone systems, the so-called endocrine dis-
rupting compounds (EDCs). EDCs constitute a class of substances not defined by chemical nature 
but by biological effect and thus, taking advantage of this feature, “endocrine effect biosensors” 
have been developed. Steroid hormones induce different effects in mammalian cells after binding to 
specific intercellular receptors, which are ligand-dependent transcription factors. Many endocrine 
disruptors are also believed to bind to the estrogen receptor (ER) as agonists or antagonists. Thus, 
the binding ability of the chemicals toward the ER would be a crucial factor for screening or testing 
their potential environmental toxicity. Based on estrogen receptors, several biosensors have been 
developed, which provide significant and useful information about estrogenic potency of the sample. 
The advantage of receptor assays is that they are quite simple to perform and allow the identification 
of all endocrine disruptors that act through the corresponding receptor (Oosterkamp et al., 1997).

Chloramphenicol (Cam), although an effective antibiotic, has lost favor due to some fatal side 
effects. Thus, there is an urgent need for rapid and sensitive methods to detect residues in food, feed, 
and environment. Mehta et al. (2011) engineered DNA aptamers that recognize Cam as their target 
by conducting in vitro selections.

Aptamers are nucleic acid recognition elements (DNA or RNA) that are highly specific and sen-
sitive toward their targets and can be synthetically produced in an animal-friendly manner, making 
them ethical innovative alternatives to antibodies ranging from small molecules (Mann et al., 2005) 
to whole cells (Cerchia and de Franciscis, 2010). The name aptamer is derived from the Latin word 
aptus meaning to fit, and the Greek word meros meaning part or portion, referring to the folding 
properties of single-stranded nucleic acids, responsible for their specific three-dimensional struc-
tures. None of the isolated aptamers in this study shared sequence homology or structural similari-
ties with each other, indicating that specific Cam recognition could be achieved by various DNA 
sequences under the selection conditions used. Analyzing the binding affinities of the sequences 
demonstrated that dissociation constants (Kd) in the extremely low micromolar range, which were 
lower than those previously reported for Cam-specific RNA aptamers, were achieved. The two best 
aptamers had G-rich (>35%) nucleotide regions, an attribute distinguishing them from the rest and 
apparently responsible for their high selectivity and affinity (Kd approx. 0.8 and 1 μM, respectively). 
These aptamers open up possibilities to allow easy detection of Cam via aptamer-based biosensors.

A new “signal-on” aptasensor for ultrasensitive detection of Ochratoxin A (OTA) in wheat starch 
was developed by Tong et al. (2011) based on exonuclease-catalyzed target recycling. To construct 
the aptasensor, a ferrocene (Fc) labeled probe DNA (S1) was immobilized on a gold electrode (GE) 
via Au–S bonding for the following hybridization with the complementary OTA aptamer, with the 
labeled Fc on S1 far from the GE surface.

In the presence of analyte OTA, the formation of aptamer–OTA complex would result in not only 
the dissociation of aptamer from the double-strand DNA but also the transformation of the probe 
DNA into a hairpin structure. Subsequently, the OTA could be liberated from the aptamer–OTA 
complex for analyte recycling due to the employment of exonuclease, which is a single-stranded 
DNA-specific exonuclease to selectively digest the appointed DNA (aptamer). Owing to the labeled 
Fc in close proximity to the electrode surface caused by the formation of the hairpin DNA and to the 
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analyte recycling, differential pulse voltammetry signal could be produced with enhanced signal 
amplification. Based on this strategy, an ultrasensitive aptasensor for the detection of OTA could be 
exhibited with a wide linear range of 0.005–10.0 ng mL−1 with an LOD of 1.0 pg mL−1 OTA (at 3σ). 
The fabricated biosensor was then applied for the measurement of OTA in real wheat starch sample 
and validated by the ELISA method.

Not only enzymes but also nucleic acids can be immobilized on electrochemical transducers. 
DNA layers can act as biomolecular recognition elements for diagnostics of genetic or infection 
diseases as well as the detection of pathogens in food and environmental samples taking advan-
tage of one of the most specific reactions known: hybridization. Likewise, the so-called aptamers 
(synthetic single-stranded oligonucleotides) can act as high-affinity receptors similar to antibod-
ies for a great variety of ligands (Miranda-Castro et al., 2009). However, the usefulness of DNA 
layers is not restricted to these important applications. They can be the target for the antioxidant 
assessment by mimicking the damage caused in vivo by ROS (Prieto-Simon et al., 2006; Mello 
and Kubota, 2007).
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20 Ozone Applications in 
Food Processing

Daniela Bermúdez-Aguirre and Gustavo V. Barbosa-Cánovas

20.1 introduCtion

Ozone has been used in the food and beverage industry for a long time; in some European countries, 
it has been used for several decades, mainly to treat drinkable water. In the United States, the use 
of ozone to treat water and other food items has been recognized as a generally recognized as safe 
(GRAS) additive for about a decade.

The main idea of using ozone to treat food products and water is to inactivate microorganisms 
because of the potential oxidizing effect of this molecule, which is produced when air or oxygen 
passes through an electrical discharge (mainly), and then ozone is produced along with some free 
radicals. This oxidant creates antimicrobial activity not only in bacteria but also in other organ-
isms such as molds, parasites, and even small infectious agents such as viruses. It is important to 
highlight that ozone can also degrade some toxic products such as mycotoxins in most of the cases 
without leaving any chemical residue in the treated product.

Vegetable and animal products have also been tested under ozone treatment, as an aqueous solution 
or gaseous treatment, again with the idea of disinfection. In most cases, the products retain their original 
properties after treatment, although in certain more specific products, undesirable chemical reactions 
are promoted between ozone and components such as anthocyanins or vitamins. Thus, it is important to 
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consider the concentration of ozone and processing times before treating a product, having in mind not 
only the effect on microbial inactivation but also considering sensory quality and nutritional compounds.

Finally, even drinkable water has long been treated with ozone, especially in European and 
Asian countries. Some beverages, such as fruit juices, currently represent a challenge to food scien-
tists to treat the product with minimal or no changes in their properties.

This chapter presents a general overview of the use of ozone in the food industry along with a 
discussion of the chemical properties of this chemical to better understand the chemical reactions 
that can take place in a specific food. The production of ozone, such as aqueous solution or gas 
treatment, is briefly explained. Also, the mechanism of inactivation in some microorganisms, as 
well as examples of target organisms in specific foods, is presented. Changes in quality and nutri-
tion in ozone-treated foods and possible chemical explanations to these changes are also presented. 
Finally, the use of ozone to treat water and fruit juices is briefly discussed to provide the reader with 
a general overview of the use of this disinfectant agent for beverages.

20.2 ozone

20.2.1 physiCoChemiCal properties

Ozone is a molecule composed of three atoms of oxygen (O3). It is an unstable and very reactive gas 
with a pungent and characteristic odor. It is a colorless gas at low concentrations but is bluish at high 
concentrations. Ozone does not leave any residue on the product because of the quick decomposition in 
other species. The half-life of ozone is about 20–30 min in distilled water at 20°C (Cullen et al., 2009).

This gas is a powerful oxidant; in food processing, ozone can be used as a gas or dissolved in 
water. However, solubility of ozone in water follows Henry’s law, meaning that its solubility at 
specific temperature is directly proportional to the pressure it exerts above the liquid. The reported 
solubility of ozone in water varies from 1130 to 307 mg/L in the range of temperature from 0°C to 
60°C, respectively. This solubility can be modified for food processing by decreasing the tempera-
ture of water, increasing water purity and ozone concentration, increasing the pressure of gas and 
processing times, or improving the gas–water mixture, among others (Yousef et al., 2011). Ozone is 
more soluble in water than oxygen (by about 13 times), and it has an oxidation potential of 2.07 mV 
(Güzel-Seydim et al., 2004). Solubility of ozone is also affected by the pH and purity of the water; 
deionized and distilled water were much more efficient in dissolving ozone than tap water because 
tap water might contain organic matter that could cause a reaction when ozone is introduced. When 
the pH of water was about 5.6–5.9 (deionized and distilled water), ozone showed higher solubility 
than when the pH was about 8.23–8.39 (tap water); the presence of minerals in water also decreases 
the solubility of ozone (Khadre et al., 2001).

Toxicity of ozone in human beings is observed mainly in the respiratory tract. Some symptoms 
of ozone intoxication are headache, dizziness, cough, and burning sensation in the eyes and throat 
(Güzel-Seydim et al., 2004). It is very important to monitor workers in ozone facilities to ensure that 
they are not exposed to high doses of ozone.

20.2.2 ozone generation

Ozone is produced when oxygen (O2) comes into contact with chemicals, electrical discharges, or 
ultraviolet radiation. Other methods include photochemical, thermal, chemonuclear, electrolytic, 
and electrochemical techniques. Because of these factors, atoms of oxygen are rearranged, and the 
formation of a triatomic molecule (O3) is produced (Yousef et al., 2011).

The most common method for producing ozone at the industrial level is by the use of an electri-
cal discharge system (corona discharge) in which oxygen or dried air is fed into the reactor, following 
which high voltage is applied between the two electrodes, generating an ozone flow (Güzel-Seydim 
et al., 2004; Yousef et al., 2011). The representation of the process for ozone production using corona 
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discharge is shown in Figure 20.1. A common ozone generator and the system connected to the treat-
ment chamber installed in a laboratory are shown in Figure 20.2. This chamber has been used to treat 
vegetable products such as tomatoes, carrots, and lettuce. The ozone generator uses a corona discharge 
to produce ozone starting with a known flow of oxygen. In the ozone generator, the pressure of the gas 
and the concentration of ozone are set. Several valves control the inlet and outlet of the ozone that is sup-
plied in the treatment chamber. This system has been used under ambient temperature (21°C). Further 
details about the use of this system have been described in detail, as well as the results of microbial 
disinfection of the previously mentioned vegetables (Bermúdez-Aguirre and Barbosa-Cánovas, 2013).

20.2.3 regulations of ozone for fooD proCessing

Early use of ozone to treat food and beverages dates back to 1906 when it was used to produce 
drinkable water in France and 1910 when it was used in a meat-packaging facility in Germany 
(Sopher et al., 2002).

High-voltage electrode

Grounded electrode

Inlet Outlet

O2
O3

Figure 20.1 Representation of ozone generation using corona discharge.

(b)

O3 inlet

O3 outlet

Treatment area

(a)

Figure 20.2 Example of ozone generator (a) using corona discharge and (b) processing chamber to treat 
fresh produce.
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In the United States, ozone was used as a GRAS component in bottled water in 1982; it was reaf-
firmed as GRAS in 1995 for the same purpose. However, it was in August 15, 2000, when a food 
additive petition was filed requesting that the FDA recognize ozone as a food additive. The final 
ruling, approved by the FDA, was published in June 2001, and the USDA FSIS recognition was 
published in December 21, 2001. By 2002, approximately 400 water districts in the United States 
were using ozone to produce drinkable public water (Sopher et al., 2002).

20.3 eFFeCts on Quality and nutrition

Ozone was first investigated as a possible microbial inactivation technology in food processing 
with positive results. It was first used in water, and later in other foods and beverages. However, as 
previously mentioned, ozone is a potent oxidant that can react not only with components of the cell 
wall to inactivate microorganisms but also with chemical components of the food and at some point 
promotes undesirable chemical changes. Several studies have been conducted by specific research 
groups to evaluate the possible chemical reactions when a food product is treated with ozone; some 
of them are described in the following paragraphs.

20.3.1 Vegetable proDuCts

In a recent study, three fruits, pineapple, banana, and guava, were treated with ozone; total phenol, 
flavonoid, and vitamin C contents were evaluated. The flow rate of ozone was 8 mL/s, and the maxi-
mum processing time was 30 min; results showed an increase in total phenol and flavonoid contents 
for pineapple and banana, but the opposite behavior was found in guava. Significant decrease was 
observed for vitamin C content in the three fruits. These changes can be attributed to the activation 
of phenylalanine ammonia lyase (PAL), which is a target in the synthesis of phenolic compounds, 
damage to the cell wall of the fruit tissue and the production of free radicals during ozone decompo-
sition and possible scavenging of these radicals (Alothman et al., 2010). In another study conducted 
with fresh-cut asparagus treated with an aqueous ozone solution, some of the main quality enzymes 
such as PAL, superoxide dismutase, ascorbate peroxidase, and glutathione reductase were inacti-
vated. Also, changes in cell wall components, such as the production of lignin, were reduced after 
treatment with ozone and further modified atmosphere packaging (An et al., 2007).

In a different study using spinach leaves, the main objective was to inactivate Escherichia 
coli O157:H7 inside the packaging container with ozone in a gaseous state (5 min) using differ-
ent concentrations and storage temperatures to inactivate between 3 and 5 log of cells after 24 h 
of storage. However, after 24 h of storage, samples showed discoloration for the treatment with 
ozone, showing a spinach color quality between 3.83 and 1 (highest value is 5). The discoloration 
was observed on the leaf surface as yellowish-brown regions that could include some chemical 
reactions between ozone, packaging material, and spinach components (Klockow and Keener, 
2009). A similar case was observed when lettuce was treated with ozone to inactivate E. coli 
cells. Samples were treated with gaseous ozone (5 ppm) for 15 min. After storage at 4°C (5 days), 
lettuce leaves lost the green color showing a translucent appearance. This result can be explained 
as the potent oxidant activity of ozone acting on the PAL of the lettuce. Lettuce has a very com-
plex system of enzymes and pigments such as peroxidase, polyphenol oxidase, ascorbic acid, 
carotenoids, and chlorophyll, all of which affect the color of the product and might react with 
the ozone or by-products (Bermúdez-Aguirre and Barbosa-Cánovas, 2013). The same problem 
was reported in fresh-cut lettuce when treated with 4.5 ppm of ozonized water and processing 
times longer than 2.5 min, losing not only color but also its firm texture after 5 days of storage. 
However, vitamin C and β-carotene levels were not affected by the ozone treatment and remained 
almost constant during storage. The sensory quality also remained good during storage up to 
7 days. In addition, ozone prevented browning of the cut edge, possibly because of the ozone 
action against polyphenol oxidase and peroxidase (Ölmez and Akbas, 2009).
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Cilantro is popular in many dishes in American cuisine, even though it has its origins in Mexico. 
As an aromatic herb, it is most often added raw to dishes. Recently, cilantro has been involved in some 
foodborne outbreaks because of the presence of pathogenic microorganisms such as Salmonella 
spp. or E. coli O157:H7. The disinfection of this product is complex because the treatment should 
be strong enough to inactivate the microorganisms, without damaging the sensory properties of 
cilantro, such as color, smell, and texture. Ozone was tested with fresh-cut cilantro using an aqueous 
ozone solution for 5 min; in addition to studying the possible reduction of mesophiles and coliforms, 
sensory properties were evaluated. Results showed that ozone was able to extend the shelf life of the 
vegetable and also to preserve the aroma, color, and texture (Wang et al., 2004).

Carrots were also studied under ozonation and controlled atmosphere after treatment. Ozone 
aqueous solution (10 mg/L) was used to treat fresh-cut carrots for 10 min and results were posi-
tive in terms of reduction of lignification and decrease in respiration and ethylene production rates 
during storage. There was also a reduction in ascorbic acid, carotenoids, polyphenol oxidase, and 
peroxidase because of the oxidant effect of ozone (Chauhan et al., 2011).

Wheat flour is used to process noodles that are characteristic in Asian countries; however, when 
the noodles are processed to be sold “fresh,” shelf life is very short because of mesophilic growth. 
The use of ozone to treat wheat flour and noodles and find whether there is any effect on the qual-
ity of the final product has been studied. When flour was previously treated with ozone and after 
the noodles were processed, shelf life was extended up to 10 days because of the delay of micro-
bial growth and decrease in pH due to the interaction with ozone. However, sensory quality of the 
noodles was compromised, probably because of the strong oxidation of the fat in flour. Whiteness, 
dough stability, and peak viscosity of noodles were increased after treatment with ozone; however, 
loss of free cysteine content and aggregation of proteins were observed in the treated noodles. 
Ozone-treated noodles show higher texture values in firmness, springiness, and chewiness but lower 
values in adhesiveness (Li et al., 2012).

20.3.2 animal proDuCts

Ozone has also been used in animal products, mainly for microbial decontamination. However, 
some of these products have not shown positive results in quality characteristics after treatment. As 
ozone is a strong oxidant, some chemical reactions take place between the product and the gas. For 
example, in a study conducted with beef muscle, the tissue was treated with ozone gases at 0°C for 
24 h to inactivate mesophiles and inoculated E. coli; however, at the end of the process, the meat 
exhibited undesirable color, and lipid oxidation made the meat unacceptable for consumption. Color 
changes are due to the oxidation of myoglobin and oxymyoglobin to metmyoglobin. If treatment 
time was reduced to 3 h, no changes in color or rancidity were detected, but microbial inactivation 
was seriously compromised and reduced to almost half (Coll-Cárdenas et al., 2011). In a contrasting 
study, ozone was used not only to treat salmon fillets in order to reduce microbial loads but also to 
ensure minimal chemical changes in the product. In this case, ozone was applied as spray aqueous 
solution (1 and 1.5 mg/L) using 1–3 passes through the nozzles. Listeria innocua was inoculated as 
a surrogate of the pathogenic strain (Listeria monocytogenes). Results showed that the highest con-
centration (1.5 mg/L) was effective against the inactivation of mesophiles and L. innocua without 
significantly affecting the lipid oxidation of the product during storage at 4°C (Crowe et al., 2011). 
In this specific case, ozone might be a good option to treat fish muscle since by quick application 
using the spray nozzles, the contact time is reduced, and then the possibility to develop rancidity and 
other chemical reactions with the food is reduced. This result is opposite to the previous example, in 
which beef tissue was in constant contact for 24 h with ozone producing undesirable effects.

Shucked mussels were treated with ozone not only to reduce microbial loads with the processing 
conditions as shown in Table 20.1 but also to study quality indicators during shelf life. Trimethylamine 
values remained low during storage for all treated and control samples; total volatile basic nitrogen 
values were lower for the ozone-treated samples; meanwhile, thiobarbituric acid values decreased 
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taBle 20.1
examples of microbial inactivation in selected Foods and surfaces using ozone

product treatment Conditions target micro-organism results reference 

Fruits and vegetables

Dried figs 0.1–9 ppm, O3 gas, 20°C E. coli, B. cereus, 
B. cereus spores

3.5 log for E. coli, 
B. cereus; 2 log for 
B. cereus spores

Akbas and Ozdemir 
(2008)

Red bell 
peppers

0.3 ppm aqueous solution, 
15°C

L. innocua 1.5 log Alexandre et al. 
(2011b)

Fresh-cut 
lettuce

0.5 mg/L continuous 
ozonation, 30 min, 15°C

Mesophiles, coliforms, 
molds, and yeasts

3 log, 2.5 log, 2.1 log 
reduction, respectively

Alexopoulos et al. 
(2013)

Date fruits 5 ppm, 60 min, ozone gas S. aureus, mesophiles, 
molds and yeasts, 
coliforms

3.5 log, 4 log, 3.93 log, 
and 3.54 log 
reduction, respectively

Habibi Najafi and 
Haddad 
Khodaparast (2009)

Pre-cut green 
peppers

Ozonated water (highest 
concentration 3.95 
mg/L), 9°C–17.5°C, 
20 s–30 min

Mesophiles 0.72 log reduction Ketteringgham et al. 
(2006)

Tomatoes 5 ppm, 3 min, ozone gas E. coli ATCC 11775 2.2 log reduction Bermúdez-Aguirre 
and Barbosa-
Cánovas (2013)

Fresh-cut 
lettuce

4.5 ppm, 3.5 min, ozonated 
water (10°C–26°C)

L. monocytogenes 2.5 log reduction Ölmez and Akbas 
(2009)

Papaya O3 gas, 4 ppm, 144 h Colletotrichum 
gloeosporioides

Inhibition of mycelia 
growth and spore 
growth

Ong et al. (2012)

Cantaloupe O3 gas, 10,000 ppm, 
30 min + hot water 
(75°C, 1 min)

Mesophiles, 
psychrotrophic, 
coliforms, molds

3.8 log, 5.1 log, 2.2 log, 
2.3 log reduction

Selma et al. (2008)

Shredded 
lettuce

Ozonated water, 2 ppm, 
5 min

Shigella sonnei 1.7 log Selma et al. (2007)

Meat products

Chicken 
breasts

>2000 ppm, O3 gas, 20°C S. infantis, P. aeruginosa 97% and 95% 
reduction, respectively

Al-Haddad et al. 
(2005)

Chicken 0–9 min, O3 gas, 
33 mg/min

L. monocytogenes 6 log reduction Muthukumar and 
Muthuchamy (2013)

Miscellaneous

Wheat flour Air flow rate 5 L/min, 
30 min, O3 gas

Mesophiles 50% reduction Li et al. (2012)

Shucked 
mussels

Aqueous solution 
(1 mg/L), 90 min

Mesophiles, Pseudomonas 
spp., H2S-producing 
bacteria, Brochothrix 
thermosphacta, lactic 
acid bacteria and 
Enterobacteriaceae

2.1 log, 1.1 log, 2.5 log, 
1.4 log, 0.8 log, and 
1.5 log reduction, 
respectively

Manousaridis et al. 
(2005)

Salmon trout O3 gas, 0.1 × 10–3 g/L, 
20 min (cold smoke, 5°C)

L. innocua 1 log reduction Vaz-Velho et al. 
(2006)

Surfaces

Polypropylene 1 μg/g ozonized water, 
2 min, 25°C

S. aureus 99% reduction Cabo et al. (2009)
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during storage. Sensory characteristics of the ozone-treated mussels also showed good values, and 
in general terms, the shelf life of treated mussels was extended by 3 days compared with the control 
sample (Manousaridis et al., 2005).

Whey proteins and egg white proteins were also studied under ozone treatments, along with 
gaseous and aqueous solutions. The treatments were carried out for 15 min at 4.5 ppm and 8°C. 
Results were positive regarding foam stability and foam formation, as in both cases foam stabil-
ity was enhanced after ozone treatment. However, solubility of proteins was reduced, specifically 
for egg white proteins, and also emulsion stability and formation was affected negatively for whey 
proteins (Uzun et al., 2012). This example also shows how animal proteins can be affected by treat-
ment with ozone, similar to the case of wheat flour and noodles, in which proteins were also affected 
by oxidation. Although for some products these changes are not considered to be positive, some of 
these new properties after ozone treatment could be considered for the development of new products 
or ingredients.

20.3.3 proteins

Ozone has been tested in a number of vegetable and animal products and quality in terms of physi-
cochemical properties, and nutritional components have been evaluated after treatment to ensure 
the quality of the product. Most studies have focused on microbial inactivation, and just a few stud-
ies have focused on the evaluation of specific nutrients treated with ozone. For example, ozone is 
able to oxidize the polypeptide support of proteins, to break peptide bonds and to modify amino 
acids. Some amino acids are more sensitive to oxidation because of the action of ozone, like aro-
matic amino acids such as tyrosine, tryptophan, and phenylalanine; amino acids containing sulfur, 
such as cysteine and methionine; and aliphatic amino acids such as arginine, lysine, proline, and 
histidine (Uzun et al., 2012).

20.4 antimiCroBial aCtiVity

Ozone has been shown to be effective against a number of microorganisms, including Gram-positive 
and Gram-negative bacteria, viruses, spores, and fungi. Its efficacy depends on the type and popula-
tion of the microorganism, temperature, pH, and purity of the medium (Alexandre et al., 2011a). 
Güzel-Seydim et al. (2004) mentioned a list of products that have been tested with ozone for micro-
bial disinfection such as poultry carcasses, poultry chill water, apples and oranges, raspberries and 
grapes, onions, lettuce, black peppercorn, ground black pepper, and cheddar cheese. Other tested 
and inactivated microorganisms using ozone are shown in Table 20.1. The number of products is 
also shown; as can be observed, these products represent a high variety of food items from very 
different sources.

20.4.1 meChanism of inaCtiVation in baCteria, Viruses, anD spores

One microbial inactivation theory regarding ozone relates to the powerful action of this oxidant gas 
against the glycoproteins and glycolipids of the cell surface membrane, changing the cell perme-
ability with a further cell lysis and leakage of cellular material. Ozone oxidases polyunsaturated 
fatty acids to acid peroxides. Also, ozone can cause action in the sulfhydryl and amino acids groups 
of certain vital enzymes, peptides, and proteins, thus modifying all the cellular activities (Khadre 
et al., 2001; Güzel-Seydim et al., 2004; Al-Haddad et al., 2005). Reports about the action of ozone 
on bacterial nucleic acids have also been discussed; some authors believe that ozone can act on 
some components such as thymine, being the most sensitive, and others such as cytosine and uracil, 
being less sensitive. Decrease in transcription activity of DNA and also some mutations have been 
observed in bacteria after treatment with ozone; thus, some authors consider these effects as pos-
sible mechanisms of inactivation (Khadre et al., 2001).
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In the case of viruses, ozone acts on the RNA and modifies the polypeptide chains in protein 
coats (Güzel-Seydim et al., 2004). Once the coat is attacked by ozone, there is liberation and inac-
tivation of nucleic acids. RNA is inactivated and released from the virus; similar behavior has been 
observed for DNA. In a bacteriophage, ozone was able to destroy the head, collar, contractile case, 
end plate, and tail fibers, with further release of DNA from the head. In general terms, it is believed 
that the main damage of ozone to viruses is related to the alteration of proteins in coats or envelopes 
(Khadre et al., 2001).

Spores are known for their resistance to physical and chemical agents and the hard coat that 
protects them from these agents. Finding specific lethal agents that can inactivate these spores is a 
challenge. Bacterial and fungal spores have been shown to be more resistant to ozone than bacteria 
vegetative cells (Khadre et al., 2001). Ozone has been shown to have some sporicidal activity in 
certain species of Bacillus spp. Based on the results of those studies, it is possible to see that ozone, 
as a powerful oxidant agent, degrades some of the outer components and allows the spore core to be 
in contact with this sanitizer. The spore coat represents 50% of its volume and is composed of about 
80% of proteins that act as a barrier to some enzymes, which could affect spore viability. In a study 
conducted by Khadre and Yousef (2001), ozone damaged the outer spore coat, although the inner 
coat was not highly damaged. Most of those spores lost their viability.

20.4.2 miCrobial inaCtiVation

As previously mentioned, ozone can inactivate microorganisms in foods. The number of tested 
products in the literature is extensive, ranging from fruits and vegetables to animal products and 
other food-related items such as packaging materials and food-processing equipment. Here, some 
examples will be presented based on additional characteristics that have shown interesting results. 
Also, more examples are shown in Table 20.1 along with the respective references for further details 
about equipment and specific conditions.

Ozone in combination with slurry ice was used to preserve a flatfish with high demand for European 
Turbot (Psetta maxima). The ice/water system was composed in a ratio of 40:60 and 3.3% salinity; 
working temperature was −1.5°C. The mix with ozone was able to delay the growth of mesophiles 
and psychrotrophic bacteria in skin and muscle. Not only were the microbiological aspects improved, 
but the chemical reactions of lipid hydrolysis and lipid oxidation were also retarded. Sensory analysis 
of fish storage with ozone in the slurry-ice was also superior during 14 days, duplicating the expected 
shelf life of fish that was not stored with ozone (Campos et al., 2006).

In another example, ozone (in a gaseous state, 4.3 mg/L, 5 min) was used to inactivate Salmonella 
enterica and E. coli O157:H7 in tomato, lettuce, and cantaloupe seeds. Initial counts for both micro-
organisms were about 6 log, and after the treatment the inactivation was about 4 log for all  products 
regardless of the microorganisms (Trinetta et al., 2011). Even though ozone could be considered 
effective in the reduction of pathogenic bacteria, it is clear that under these conditions, there are 
some limitations to achieving total inactivation of the microorganisms. Also, in the same study, the 
germination rate of the seeds was examined after the ozone treatment and the results showed that 
there were significant differences between the control seeds and the ozonized ones.

Ozone is also able to inactivate certain viruses that are more resistant than vegetative bacte-
ria. Some of the tested viruses against ozone treatment are bacteriophage f2, MS2, hepatitis A, 
polio myelitis, poliovirus type 1, rotavirus human, and vesicular stomatitis virus, among others. 
Bacteriophages are the most resistant during ozone inactivation (Khadre et al., 2001).

20.4.3 myCotoxins

Mycotoxins produce molds, mainly on grains, and they are important in the food industry because 
of the large economic losses that are generated due to their presence in several products, in addition 
to the fatal health effects that might occur if contaminated products are consumed. Techniques such 
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as the use of pesticides have been used to control the growth of molds and to reduce the concentra-
tion of mycotoxins in some food items. However, consumers around the world are vocally opposed 
to the use of pesticides in crops and other food items; thus, there is a need to find alternatives to 
 control the growth of molds and their products in foods, whereas at the same time providing con-
sumers with safe products. Ozone has become an interesting technology that is being explored 
for this purpose. Some of the common mycotoxins that have been reported due to the presence of 
species of Aspergillus, Penicillium, and Fusarium are aflatoxins, cyclopiazonic acid, zearalenone, 
fumonisin B1, patulin, ochratoxin, and secalonic acid D (McKenzie et al., 1997).

The specific case of aflatoxins is well known because of their high toxicity and mutagenic and 
carcinogenic properties, in addition to the high stability of these metabolites and their main sources 
Aspergillus parasiticus and Aspergillus flavus during food processing and storage. Ozone has been 
successfully used to degrade aflatoxin B1 in a number of products, and in a recent study, ozone treat-
ment was applied to identify the toxicity of those components generated after degradation of the 
toxin. Aqueous ozone was used to degrade aflatoxin B1 and to considerably reduce the toxicity of 
by-products of the toxin after treatment (Luo et al., 2013). However, in a similar study, ozone was 
tested as an aqueous solution (1.71 mg/L) and as a gas treatment (13.8 mg/L) to inactivate aflatoxin 
B1 in dried figs; results showed that the gaseous treatment was more effective in degradation of the 
toxin, and also the effectiveness was increased as processing time was increased. The total time was 
up to 180 min, where 95% of reduction of the concentration of aflatoxin B1 was observed (Zorlugenç 
et al., 2008).

High concentration of ozone delivered quickly on grains has also been shown to be effective in 
degradation of aflatoxins without nutrient destruction. Aflatoxins B1 and G were degraded quickly 
with 2% of ozone; meanwhile, aflatoxins B2 and G2 required up to 20% to be oxidized by ozone. 
Patulin, cyclopiazonic acid, ochratoxin A, secalonic acid D, and zearalenone required only 15 s to 
be degraded with ozone and without formation of by-products. Also, toxicity of these compounds 
after 3 s of treatment was reduced considerably. Fumonisin B1 was degraded after 15 s of treatment, 
but there was still formation of some toxic by-products (McKenzie et al., 1997).

In a study related to the growth control of Eurotium species in naan bread, a typical Indian prod-
uct, ozone was used for fumigation of the product after it was processed with or without sucrose. 
Two different treatments were used: ozone low concentration for long term (0.4 μmol/mol during 
21 days), and ozone high concentration for short term (300 μmol/mol for 5–120 min). The long-term 
treatment was able to reduce the number of spores in those media without sucrose only; the short-
term period was able to reduce all the spores detected by conventional methods only after 120 min 
of treatment. The possible mechanism of action is related to oxidative stress generated in the cells 
because of ozone, changing the intracellular redox potential with a subsequent modification of the 
basic cellular processes (Antony-Babu and Singleton, 2011).

20.5 speCiFiC Cases

20.5.1 fooD inDustry equipment, surfaCes, anD paCKaging materials

In the food industry, there is a current need to find good alternatives for disinfection of surfaces and 
equipment that are in contact with food. After processing several items, the constant problem of bio-
film and growth of microorganisms is common. Currently, some alternatives include the use of hot 
water and steam or chlorinated solutions. However, the first option represents an expensive method 
because of the amount of water that is required; the use of chlorinated solutions is avoided by some 
food processors because of the chemical residues that can be deposited on surfaces or the resistance 
of pathogenic microorganisms to chlorinated compounds. A good alternative that has been suggested 
recently has been the use of ozone, which is most often used as an aqueous solution. Some examples 
of the use of ozone are in the dairy industry, where it has been able to destroy the characteristic bio-
film on stainless steel surface sand to inactivate dairy industry microorganisms. In another example, 
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the comparison between three disinfection methods, that is, heat, ozone, and chlorinated water, were 
tested against a number of common food industry microorganisms. After 10 min, ozone (0.6 ppm) was 
able to reduce about 7.3 log of all of the bacterial species, showing the effectiveness of the technol-
ogy when followed by the heat treatment (Güzel-Seydim et al., 2004). It has also been shown that the 
effectiveness of ozone disinfection for food-processing equipment can be reduced when organic com-
pounds are present and, based on that finding, the cleaning process should be designed based on time 
and concentration. In that study, conducted by Güzel-Seydim et al. (2004), the power of ozone as a dis-
infectant was evaluated using typical compounds of food together with microorganisms, showing that 
starch does not offer any protection for microorganisms, followed by gums. However, in the presence 
of fat or proteins, microorganisms can be protected in these compounds because ozone cannot easily 
penetrate them. So, based on that, the correct dose of ozone should be applied to ensure that all of 
the microorganisms are reached and inactivated regardless of the presence of these food components.

The presence of spores in packaging materials and food-processing surfaces represents a chal-
lenge for the food industry because of the high resistance of these microorganisms to conventional 
cleaning and disinfection methods such as heat, hydrogen peroxide, and chlorine. Several species 
of the spores of Bacillus spp. were treated with concentrations of 11 μg/mL of ozonated water and 
reductions resulted in 1.3–6.1 log reduction, depending on the species, with Bacillus stearother-
mophilus being the most resistant micro-organism, and Bacillus cereus less resistant. Using hydro-
gen peroxide (10%, w/w), spore reductions were from 0.32 to 1.6 log (Khadre and Yousef, 2001), 
showing the effectiveness of ozone treatment for spore inactivation.

20.5.2 water anD liquiD fooD proDuCts

20.5.2.1 Water
Ozone has been used for several decades to pasteurize bottled water in many European countries; it 
is also permitted in some Asian countries. The use of ozone to treat water was limited in the United 
States up until a few decades ago, but in 1982, the USDA approved the use of ozone as a GRAS 
substance for bottled water (Kim et al., 2003). Ozone is safe to use for drinkable water because after 
a few seconds, ozone is decomposed to nontoxic products without leaving any chemical residues, in 
contrast to chlorination treatment (Selma et al., 2007). However, the process of treating drinkable 
water with ozone also depends on water quality, such as dissolved organic carbon concentration, 
alkalinity, temperature, pH, and bromide concentration. This last parameter must be controlled 
in the original water source because bromide oxidases to bromate when it reacts with ozone, with 
bromate being a potential human carcinogen. So far, bromate is the only by-product controlled 
in drinkable water treated with ozone. According to the European Union and the United States 
Environmental Protection Agency (USEPA), the standard for bromide is 10 mg/L (Meunier et al., 
2006). In general terms, it is preferred that water without inorganic or organic matter be treated 
with ozone, since contact with this potent oxidant will promote chemical reactions and generation of 
by-products (Camel and Bermond, 1998), while also reducing microbial inactivation effectiveness.

However, drinkable water can be contaminated from the source with some pathogenic bacteria 
such as Salmonella spp. or E. coli, as well as hosting viruses and protozoa that are resistant to 
conventional treatments of drinkable water. For example, one of the target microorganisms found 
in drinkable water is the parasite Cryptosporidium parvum that has been related to several crypto-
sporidiosis outbreaks worldwide (Biswas et al., 2003). Other protozoa linked with waterborne are 
Giardia lamblia and Cyclospora, which have been found in several outbreaks around the world. 
However, ozone is able to inactivate these microorganisms, even though some parasites are highly 
resistant to chlorine treatment. During ozone treatment, there is also a high resistance to being inac-
tivated in C. parvum compared with Giardia cysts (Yousef et al., 2011).

In other studies, water inoculated with Shigella sonnei was treated with ozone (1.6 and 2.2 ppm) for 
1 min, and it was possible to inactivate 3.7 and 5.6 log reduction of the bacteria (Selma et al., 2007).

© 2016 by Taylor & Francis Group, LLC

  



701Ozone Applications in Food Processing

20.5.2.2 Fruit Juices
It is well known in the beverage industry that fruit juices have been related to foodborne out-
breaks involving the presence of pathogenic bacteria. Several reasons for these outbreaks have been 
suggested such as the increase in thermal resistance of microorganisms to conventional thermal 
pasteurization or under-processing conditions. Also, there have been recent trends in finding alter-
natives to pasteurizing fruit juices with minor changes in their sensory and nutritional quality. One 
of these new trends is the use of ozone treatments to inactivate pathogenic and spoilage micro-
organisms but at the same time to retain the fresh-like characteristics of the juice to yield a product 
similar to fresh-squeezed juice.

Several attempts have been made with successful results. For example, in a study of orange juice 
processed with gaseous ozone (75–78 μg/mL) for 0–18 min, several varieties of juice were used, 
such as a model system, fresh unfiltered juice, juice without pulp, and juice filtered through two 
different sieves. The objective of the research was to inactivate E. coli cells. Results showed that 
gaseous ozone was able to inactivate the FDA-required 5-log reduction of the pathogenic micro-
organism; however, processing times were dependent on the juice. As expected, when the juice was 
free of organic matter (such as pulp), inactivation was faster, such as in the model system (60 s) or in 
the low pulp product (6 min). Meanwhile, in the unfiltered juice, inactivation required longer time 
(15–18 min) to achieve microbial death because of the interaction of ozone with the pulp (Patil et al., 
2009). However, color degradation has been observed in orange juice after being treated with ozone. 
Because of the high oxidant power of this triatomic molecule, ozone can react and degrade some 
organic compounds. Ozone is able to attack conjugated double bonds in chromophores of some 
organic dyes and carotenoids; these last ones having aromatic rings in their chemical structure. 
Ozone and free radicals such as OH− from the aqueous solution can open the rings and promote the 
oxidation of some organic acids, ketones, and aldehydes (Tiwari et al., 2008).

Similar behavior was observed for strawberry juice processed with ozone (1.6%–7.8% w/w, 
0–10 min). The interaction of this molecule with anthocyanins of strawberry juice generated a sig-
nificant reduction up to 98.2% and also the reduction of ascorbic acid (85.8%) after the longest pro-
cessing time and highest ozone concentration. The color of the strawberry juice was also degraded 
because of the decrease in anthocyanin content, which provides the strawberry with its typical red 
color. The reaction between ozone and anthocyanins can occur directly as an oxidation process, or 
the reaction can be promoted because of the production of free radicals, again with the breakage and 
formation of new bonds between compounds (Tiwari et al., 2009c). Similar results in anthocyanin 
content and color degradation were found for blackberry juice after treatment with ozone in similar 
conditions (Tiwari et al., 2009a) and grape juice (Tiwari et al., 2009b).

Finally, in the last example of fruit juices, apple juice was also treated with ozone under concen-
tration between 1% and 4.8% (w/w) and processing times from 0 to 10 min. Again, the ozone-treated 
product showed color degradation and considerable reduction in chlorogenic acid, caffeic acid, cin-
namic acid, and total phenol content. Also, some rheological parameters, such as consistency index 
and flow behavior index, changed drastically after processing (Torres et al., 2011). It is evident from 
these few examples of fruit juices processed with ozone that this technology might represent a good 
alternative for microbial inactivation. However, much more research should be conducted to mini-
mize undesirable changes in physicochemical properties and nutrient content.

20.6 ConClusions

Ozone represents a viable option for microbial decontamination in the food industry. As can be 
observed, the uses of ozone are variable, and in most cases the physicochemical properties of the 
product remain without significant changes. Ozone is easy to produce, and the treatment is not very 
expensive compared with other more sophisticated technologies. Also, ozone represents the option 
of treating foods without leaving chemical residues or by-products, such as in the case of chlorine 
solutions. Some minor issues have been observed in specific products that could be addressed by 
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finding an effective combination between ozone dose and processing times. Major concerns have 
been observed in fruit juices treated with ozone, showing that, indeed, more research should be 
conducted to achieve the FDA 5-log reduction standard for pasteurization and the possibility for 
using ozone as an alternative in this thermal process.
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Acesulfame-K, 328
Acetic acid, 335
Acetoglycerides, 547–548
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Acidified vegetables, 3
Acid/medium-acid foods, 62
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acetic acid, 335
ascorbic acid, 334
benzoic acid, 335–336
citric acid, 334
coloring agents, 336–337

aromatic substances, 345–347
dyes not requiring certification (see Dyes, not 

requiring certification)
dyes requiring certification, 337–339
germicides, 352–353
medicinal residues, 351–352
packaging materials (see Packaging)
preservatives (see Preservatives)
quantity, 336
toxic substances (see Toxic substances)

fumaric acid, 332–333
health problems

aroma and taste enhancers, 372–373
banned from school meals, 374–375
Crohn’s disease, 371

lactic acid, 332
malic acid, 333
propionic acid, 335
risk assessment, 375–376
sorbic acid, 335
succinic acid, 332
tartaric acid, 333–334

Adsorption freeze drying, 210
Agreement on Transport of Perishables, 283
Air-cooled condensers, 230
Air freezing

batch air blast freezers, 261–262
fluidized bed freezer, 262–264
tunnel freezers, 262–263

Alginates, 362, 544
Alitame, 330
Aluminum cans, 69–70
Ammonia (R-717), 233
Amperometric biosensors, 683
Annatto extracts, 339–340
Anthocyanins, 124, 340
Antibiotics in animal feed, 361–362
Antibody-based biosensors

bioelectronic tongues, 681–682
development, 681
electrochemical DNA, 682

nanotechnology and nanofabrication applications, 682
pesticides and foodborne pathogens, 683
quality of meat products, 683–684

Antifreeze glycoproteins (AFGPs), 270
Antifreeze proteins (AFPs), 270
Antilumping agents, 369
Antimicrobial activity

hydrogen peroxide, 358
ozone applications, 691

mechanism of inactivation, 697–698
microbial inactivation, 698
mycotoxins, 698–699

Antimicrobial edible coatings, 362–363
Antimicrobial substances, 354–356
Antioxidants

antimicrobial substances, 359
capacity of foods, 12–13
definition, 360
extrusion, 123–124
fatty acid oxidation, 359–360
foods and beverages, 682
lipid peroxidation, 360
tert-butylhydroquinone, 361

Aromatic substances
citral, 345–346
flavoring substances, 346–347
polycyclic aromatic hydrocarbons, 346

Artificial sweeteners, 326
Ascorbic acid, 122, 334
Aseptic packaging

advantages, 634
aseptic zone, 637
bottle systems, 638
bulk packaging systems, 642
can systems, 638
carton systems

form-fill-seal cartons, 640–641
gable-top type, 640
layers, thicknesses and functions, 639
prefabricated carton, 641–642
stand-up aseptic pouches, 640

cup systems, 639
inspection and testing

bubble test, 643
burst test, 644
destructive tests, 643
dye penetration test, 643–644
electrolytic test, 644
leak detection, 643
microbial challenge tests, 644
nondestructive tests, 645
package defects, 642–643
pressure difference techniques, 645
seal tensile strength test is, 644
squeeze test, 645
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storage and distribution tests, 644
vacuum chamber test, 645
visual examination, 645

nonsterile foods, 633
operations, 633
pouch systems, 638–639
sterilization

count reduction of bacterial spores, 634–635
D-value, 634
methods, 635–636
verification, 636–637

Aspartame, 323, 329
Atmospheric freeze-drying (AFD), 207, 210
Azeotropic mixtures, 234

B

Baby foods, 127
Bacillus stearothermophilus, 58
Ball’s formula method

cooling water temperature, 40
example calculation, 46–48
extrapolated pseudo-initial product temperature, 41
first-type problem, 45
heating and cooling cycles, 40
microbial destruction calculation, 45
regression coefficients, 45–46
retort temperature, 40
second-type problems, 45
temperature differences, 44
typical cooling curve, 40–41, 43
typical heating curve, 40–42

Batch air blast freezers, 261–262
Batch and continuous dryers, 175–176
Batch freeze dryer, 208
Beeswax, 546
Benzoic acid, 335–336, 357
Betalains, 340
Bin, silo, and tower dryers, 179–180
Bioelectronic tongues, 681–682
Biosensors

advantages, 675–676
antibody-based

bioelectronic tongues, 681–682
development, 681
electrochemical DNA, 682
nanotechnology and nanofabrication 

applications, 682
pesticides and foodborne pathogens, 683
quality of meat products, 683–684

classification, 676–677
optical, 677–678
SPR (see Surface plasmon resonance (SPR) 

biosensors)
microbial

antioxidant assessment, 686
aptamers, 685
bacterial bioluminescence, 685
bioluminescence-based, 684
chloramphenicol, 685
direct toxicity assessment, 685
miniature Clark-type oxygen electrode 

arrays, 684
Ochratoxin A, 685

Bisphenol A (BPA), 363–364
Blanching, 272–273

acidified vegetables, 3
antioxidant capacity of foods, 12–13
carrots, 1–3
folate reduction, 10–11
frozen vegetables, 11
HHAIB, 12
high-pressure processing, 8–9
infrared, 7–8
leafy vegetables, 8
LTB, 13–14
microwave, 6–7
purple and roman cauliflower

chemicals, 16
experimental design, 16–17
glucosinolates, 15
kinetic and physicochemical properties, 18
mechanism of glucoraphanin hydrolysis, 

15–16
myrosinase, 17
Pareto charts, 18–19
statistical analysis, 17
sulforaphane content, 17–18
vegetable material, 16

rehydration, 14
sorption isotherms, 14
steam, 9–10
sugars, 3–4
thermal processing, 28
vacuum pulse osmotic dehydration, 5–6
water, 5

Botulinum cook, 62–63
Bulk sweeteners, 324–325

C

Caloric alternatives, 325
Candelilla wax, 546–547
Canning, fishery products

bacterial action, 58–59
can making, 68
can sizes

retortable pouches, 71–72
rigid plastic containers, 71

commercial sterility, 65
drawn and redrawn can, 69
drawn and wall ironed can, 68–69
easy open ends

aluminum cans, 69–70
tin-free steel containers, 70

enzymatic decomposition, 58
evaluation, 65
fish spoilage minimization

drying/dehydration, 59–60
lowering the temperature, 59
raising the temperature, 59

glass containers, 66
heat penetration tests, 77
metal containers, 66
necked in can, 69
nutrition of food, 83–84
oxidation, 59
principles
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botulism, 62
heat processing, 61
long-term microbiological stability, 60
pH/acidity, 62
process value, 63
seal integrity, 61
sterilization, 61
thermal process lethality time, 62
time–temperature regime, 62

product cold point, 77–79
requirements, 64–65
scheduled process time and temperature

container-related factors, 83
heat penetration characteristics and F0 value, 

79, 81–82
“heat penetration” data, 79
process-related factors, 80
product-related factors, 80, 83
sardine, 79
seafood mix, 79–80
smoked and canned rainbow trout, 

79–80
tuna, 79, 81

temperature distribution test, 76–77
thermal resistance, 63–64
tin plate cans

coating weights of tin, 67
lacquering, 67–68
specifications, 66–67
tin coating, 67

unit operations
cooling, 75
exhausting, 73–74
filling, 73
post process handling, 75
precooking, 73
pretreatment, 73
raw material handling, 73
retorting, 74–75
sealing, 74
water immersion retorts, 74–75

Carbohydrates
cellulose derivatives, 542–543
chitosan, 543
pectin, 543
seaweed extracts, 544
starches and derivatives, 543

Carbon dioxide, 358
absorbers and emitters, 655
bacteriostatic effect, 653
concentration, 535–536
permeability, 555
refrigerant, 233
scavenging systems, 654
selectivity coefficient, 555

Carnauba wax, 547
Carotenoids, 343, 661
Carrageenan, 544
Carton systems

form-fill-seal cartons, 640–641
gable-top type, 640
layers, thicknesses and functions, 639
prefabricated carton, 641–642
stand-up aseptic pouches, 640

Cavitation, 521
Chilling

cooling
chill storage, 235–237
cold room and people, 242
computational fluid dynamics model, 244
door openings, 242–243
heat and mass transfer, 238
heat transferred by food, 240–242
methods, 228–229
ordinary differential equations model, 244–245
product heat load modeling, 239–240
refrigerants, 232–234
refrigeration cycle, 229–232
retail display, 237–238
through ceiling, floor, and walls, 242–243

precooling, 224–225
forced-air cooling, 226–227
hydrocooling, 226–227
ice cooling, 227
method selection criteria, 228
room cooling, 225
vacuum cooling, 228

quality deterioration and shelf-life, 253–255
time prediction

cooling curves, 252–253
finite surface and internal resistance, 

247–248
negligible internal resistance, 246
negligible surface resistance, 246–247
temperature history, 248–249
transient heat transfer, 250–252
unsteady-state cooling, 245

Chitosan, 543
Chitosan-based edible coatings

Nutri-Save, 559
pure chitosan, 559–560

Chlorophyll, 341–342
Cholinesterase sensors, 683
Cholinium/choline, 334
Chrysoidine, 344
Cilantro, 695
Citral, 345–346
Citric acid, 334
Citrus Red No. 2, 337
Cochineal extracts, 341
Cocktail vegetable juice, 398–401
Cocurrent spray dryers, 190
Coextrusion, 114
Cold chain, monitoring and control of

cold store, 281–282
frozen food distribution chain, 279–280
home storage, 285–287
marginally accepted temperature, 281
retail display, 283–285
temperature fluctuations, 280
transfer points, 287–289
transport, 282–283

Cold storage, 538
Cold store, 281–282
Commercial cellulose-based edible coatings

Nature-Seal, 558–559
Semperfresh, 557–558
TAL Pro-long, 556–557
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Commercial sterilization, 28
Commercial wax coatings, 560–561
Composites/bilayers, 548
Computational fluid dynamics (CFD) models, 244
Conduction heated foods

parameter concentration, 50
Stumbo’s method, 50–53
volume average quality retention values, 49

Contact freezing, 264
Continuous tray freeze dryer, 208–209
Controlled-atmosphere (CA) storage, 538–540
Conveyor belt dryers, 181
Cooking, see Extrusion cooking
Cooling

chill storage
airflow distribution, 237
atmospheric composition, 236–237
constructional parameters, 235
lighting, 237
moisture control, 236
personnel, 237
temperature control, 236
transportation, 235

cold room and people, 242
computational fluid dynamics model, 244
door openings, 242–243
heat and mass transfer, 238
heat transferred by food, 240–242
methods, 228–229
ordinary differential equations model, 244–245
product heat load modeling, 239–240
refrigerants, 232–234
refrigeration cycle

automatic expansion valves, 232
compressors, 230
condensers, 230
evaporators, 231
high-side float expansion valves, 232
low-side float expansion valves, 232
schematic diagram, 229
thermostatic expansion valves, 231–232

retail display, 237–238
through ceiling, floor, and walls, 242–243

Corn zein, 544–545
Coumarone-indene resin, 548
Cryogenic freezing, 265–266
Curcumin, 344–345
Cyclamate, 329

d

Dehydrated sugar beets, see Betalains
Dehydration

constant rate drying period, 167–169
drying curves

constant rate period, 166
external–internal conditions, 167–168
first falling rate period, 167
loss of moisture, 164, 166
moisture content, 164
types, 167

drying equipment
batch and continuous dryers, 175–176
bin, silo, and tower dryers, 179–180

classification system, 175
conveyor belt dryers, 181
decision tree, 175–177
drum dryers, 183
fluid bed dryers, 182
freeze dryers, 185
heat pump dryers, 184
infrared dryers, 184–185
osmotic dryers, 183–184
pneumatic/flash dryers, 183
rotary dryers, 181–182
solar dryers, 178–179
spray dryers, 184
sun dryers, 177
tray/cabinet dryers, 180
tunnel dryers, 180
vacuum dryers, 179

falling rate period, 170–171
freeze drying

heat and mass transfer, 205–207
principles, 201–202
stages, 202–204
systems, 208–210
technical improvements, 210

nutritional and color changes
degradation kinetics of food constituents, 173
first-order degradation reactions, 171
kinetics of nutrient degradation, 171–172
multilayer perceptron model, 174
nonenzymatic browning reactions, 172
polyvinylpyrrolidone systems, 173

physical changes, 174–175
process-controlling factors, 158
psychrometry, 164–165
spray drying

atomization, 187–189
atomizer speed/compressed airflow rate, 198–199
droplet–air contact, 189–190
drying airflow rate, 198
evaporation of moisture, 190–196
feed solids concentration, 199
inlet temperature, 196–198
principles, 185–187
separation of dried product, 196
stickiness, 199–201

state of water in foods
free moisture content, 159
glass transition phenomenon, 162
isosteric heat of sorption, 161
isotherm models, 161–162
solids, 159
thermodynamic properties, 161
types of isotherms curves, 160–161
typical isotherm curve, 160
vaporization enthalpy, 160
water adsorption, 160

types of water movement, 162–163
Dehydrofreezing, 271
Dewatering–impregnation soaking, see Osmotic 

dehydration
Dietary fibre, 119
Direct and external packaging, 577
Drawn and redrawn (DRD) can, 69
Drawn and wall ironed (DWI) can, 68–69
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Drum dryers, 183
Dry expansion evaporators, 231
Drying equipment

batch and continuous dryers, 175–176
bin, silo, and tower dryers, 179–180
classification system, 175
conveyor belt dryers, 181
decision tree, 175–177
drum dryers, 183
fluid bed dryers, 182
freeze dryers, 185
heat pump dryers, 184
infrared dryers, 184–185
osmotic dryers, 183–184
pneumatic/flash dryers, 183
rotary dryers, 181–182
solar dryers, 178–179
spray dryers, 184
sun dryers, 177
tray/cabinet dryers, 180
tunnel dryers, 180
vacuum dryers, 179

Dyes
not requiring certification

annatto extracts, 339–340
anthocyanins, 340
betalains, 340
carotenoids, 343
chlorophyll, 341–342
chrysoidine, 344
cochineal extracts, 341
curcumin, 344–345
iron oxides and hydroxides, 344
saffron, 340–342
Sudan dyes, 345
titanium dioxide, 344

requiring certification
Citrus Red No. 2, 337
FD&C Red No. 2, 337
FD&C Red No. 4, 337–339
FD&C Red No. 40, 338
FD&C Yellow No. 3, 338–339
FD&C Yellow No. 4, 338–339

e

ECCS, see Electrolytic Chrome-Coated Steel (ECCS)
Edible coatings and films

antimicrobials, 562–563
casting, 552
dip application, 551–552
film formation, 549, 551
film permeability

definition, 552
dissolution and evaporation, 553
Fick’s first law, 553
gas, 554–555
Henry’s law, 553
water vapor, 554

fresh and lightly processed fruits and vegetables
chitosan-based edible coatings, 559–560
commercial cellulose-based edible coatings (see 

Commercial cellulose-based edible coatings)
commercial wax coatings, 560–561

composites/bilayers, 548
description, 541
hydrocolloids (see Hydrocolloids)
lipids, 546–548
protein-based edible coatings, 560
vegetable oils, 561

fresh-cut fruits, 532
fruit/vegetable physiology

description, 533–534
postharvest decay, 538
postharvest disorders, 537–538
respiration, 534–536
transpiration, 536–537

hydrocolloid-based coatings, 555–556
postharvest industry, 532
probiotic, 563
rationale, 533
safety and health issues, 549–551
spray application, 552
storage techniques

cold storage, 538
controlled-atmosphere storage, 538–540
modified-atmosphere storage, 538–540
osmotic membrane coatings, 541
packaging, 540
subatmospheric storage, 538–540

technological approaches, 561–562
wax and oil coatings, 556

Egg white proteins, 697
Electrochemical DNA biosensors, 682
Electrolytic Chrome-Coated Steel (ECCS), 581–584
Electrostatic field-assisted freezing, 271
Emulsifiers, 366–368
Endogenous and exogenous enzymes, HPP

citrus-based foods, 454
enzyme denaturation, 453
first-order inactivation kinetics, 454
multiparameter model, 455
pectin methylesterase, 454
persimmon juice, 455
pressure stability, 455
Valencia orange juice, 456

Enzymatic biosensors, 676
Epithiospecifier protein (ESP), 15, 16
Epoxides, 358
Erythritol, 330
Esters of parahydroxybenzoic acid, 357–358
Ethylene absorbers, 655
Evaporative condensers, 230
Exhausting, 73–74
Extrusion cooking

extruders
classification, 111–112
components of, 88, 109–111
high-shear extruders, 113–114
industrial scale TSE-Poly-twin BCTG-62/20D, 

112–113
interrupted-flight extruders, 114
lab scale SSE, 112–113
medium-shear extruders, 113
shear-stress extruder, 113
wet extruder, 111

heat transfer, 127–129
high-temperature short-time process, 87
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nutrition
amino acids, 117
anthocyanins, 124
antinutritional factors, 122–123
antioxidants, 123
ascorbic acid, 122
baby foods, 127
breakfast cereal production system, 125–126
cereal flaking system, 125–126
cornmeal, 124
cornstarch and corn fiber, 119
dietary fibre, 119
lysine loss, 115, 117
Maillard reaction, 118
oat bran, 121
okara, 121
orange pulp, 120
protein digestibility, 117
proteins and phenolic compounds, 120
resistant starch, 121
single-screw extrusion, 118
snacks, 127
tannin, 123
thiamin, 121–122
tocopheral, 122
twin screw extrusion, 118
vitamins and minerals, 121
whole wheat flour and wheat bran, 119

process control
black-box modeling, 129
continuous-time/discrete-time transfer function, 130
dynamic/adaptive inferential model, 131
effect of extrusion parameters, 131–143
fuzzy logic, 131
lab/offline product quality measurements, 131
transfer function modeling, 130
virtual white reference, 144
visual quality, 144
wavelengths, 144
white-box modeling, 129

product expansion/quality
amylopectin starch, 115
cereals, 114
die geometry and diameter, 117
dietary fiber, 116
effect of feed moisture, 116
extruder vs. ingredient variables, 114–115
screw speed, 117
soy protein and whey protein, 115
temperature, 116–117
texturization, 115

raw materials
composition, 88–90
merits vs. demerits, starch sources, 88, 109
selection and justification, 88, 91–108

single-screw extruder, 88
types, 114

F

FD&C Red No. 2, 337
FD&C Red No. 4, 337–339
FD&C Red No. 40, 338
FD&C Yellow No. 3, 338–339

FD&C Yellow No. 4, 338–339
Film permeability

definition, 552
dissolution and evaporation, 553
Fick’s first law, 553
gas, 554–555
Henry’s law, 553
water vapor, 554

Flavoring substances, 346–347
Flavor profile analysis (FPA), 331
Flexible packaging, 577
Flooded evaporators, 231
Fluid bed dryers, 182
Fluidized bed freezer, 262–264
Foam spray drying, 185
Folate reduction, blanching, 10–11
Food disinfection

definition, 517
methods, 517–518
ultrasound

advantages and disadvantages, 519
chemical effects, 521–522
food quality, 524
microbial inactivation, 524–528
parameters, 522–524
physical effects, 520–521
power ultrasound, 519

ultraviolet
advantages and disadvantages, 519
mechanism, 518–520

Food packaging
aseptic packaging

advantages, 634
aseptic zone, 637
bottle systems, 638
bulk packaging systems, 642
can systems, 638
carton systems (see Carton systems)
cup systems, 639
inspection and testing (see Aseptic packaging, 

inspection and testing)
nonsterile foods, 633
operations, 633
pouch systems, 638–639
sterilization (see Aseptic packaging, sterilization)

categories, 576
“direct” and “external” packaging, 577
levels, 577
rigid, semirigid, and flexible packaging, 577

definitions, 573–574
functions

communication with consumer, 576
containment, 574
convenience to consumer, 576
protection, 574–576

glass
advantages and disadvantages, 578
composition and structure, 577–578
containers (see Glass containers)

metal
aluminum, 582
aluminum foil, 586
corrosion (see Metal packaging, corrosion)
ECCS, 581–582
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protective lacquers, 582
three-piece cans, 583–585
tinplate, 581
two-piece cans, 585–586

paper and paperboard, 604
advantages, 605
composite cans and fiber drums, 608
corrugated board and solid fiberboard boxes, 607–608
folding cartons and setup boxes, 607
molded pulp containers, 608
paper bags and wrappings, 607
papermaking, 605–606
pulping technology, 605
types, 606–607

permeability, thermoplastic polymers (see 
Permeability, thermoplastic polymers)

plastics
blow molding (see Plastics packaging, blow 

molding)
classification, 591
compression molding, 597–598
ethylene-vinyl acetate copolymer, 594
ethylene-vinyl alcohol copolymer, 595
flexible film packaging, 601–603
injection molding, 597
ionomers, 595
multilayer combinations, 603–604
polyacrylonitrile, 597
polyamides/nylons, 596–597
polycarbonates, 596
polyesters, 595–596
polyethylene, 592–593
polymer morphology and phase transitions, 591–592
polypropylene, 593
polystyrene, 593–594
poly(vinyl chloride), 594
poly(vinylidene chloride), 594
properties, 590
regenerated cellulose/cellophane, 597

Forced-air cooling, 226–227
Freeze dryers, 185
Freeze drying

batch freeze dryer, 208
continuous tray freeze dryer, 208–209
heat and mass transfer, 205–207
principles, 201–202
stages

first drying, 204
freezing, 202–204
second drying, 204

technical improvements, 210
trayless continuous freeze dryer, 209

Freezing
air

batch air blast freezers, 261–262
fluidized bed freezer, 262–264
tunnel freezers, 262–263

antifreeze proteins and ice nucleation proteins, 270
cryogenic, 265–266
dehydrofreezing, 271
electrostatic field-assisted, 271
frozen food packaging, 275, 277–279
high-pressure, 266–268
hydrofluidization and ice slurries, 269

liquid immersion, 265
monitoring and control of cold chain

cold store, 281–282
frozen food distribution chain, 279–280
home storage, 285–287
marginally accepted temperature, 281
retail display, 283–285
temperature fluctuations, 280
transfer points, 287–289
transport, 282–283

MRF, 268–269
plate, 264–265
refrigerants, 260
thawing, 279
treatments

blanching, 272–273
osmotic dehydration (see Osmotic dehydration)
partial air drying, 273
washing, 271–272

ultrasound accelerated, 268
Frozen food packaging, 275, 277–279
Frozen vegetables, 11
Fructose, 325
Fruit juices, 701
Fruit/vegetable physiology

description, 533–534
postharvest decay, 538
postharvest disorders, 537–538
respiration

climacteric and nonclimacteric plant organs, 
534–535

ethylene, 536
hexose sugar, 535
mechanical damage, 536
oxygen and carbon dioxide concentration, 535–536
synthetic reactions, 534
temperature, 536

transpiration, 536–537
Fumaric acid, 332–333

g

Gas permeability, 554–555
Genesis Juices, 498
Germicides, 352–353
Glass containers, 66

closures, 580–581
manufacture, 578–579
mechanical properties, 579–580
quality control, 580

Glass packaging
advantages and disadvantages, 578
composition and structure, 577–578
containers

closures, 580–581
manufacture, 578–579
mechanical properties, 579–580
quality control, 580

h

Halogen refrigerants, 233–234
Heat pump dryers, 184
Heat transfer
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cooling process and storage, 238
extrusion cooking, 127–129
food material, 240–242
freeze drying, 205–207
HPP

computational fluid dynamics, 419
dimensionless enzyme activity, 422
experimental and predicted temperature 

profiles, 419
inactivation kinetics, 419
lipoxygenase activity retention, 419–420
liquid-type food, 420
temperature and velocity field, 420–421
temperature gradients, 418, 422–423
3D horizontal model, 420, 422
3D vertical model, 420–421

Ohmic heating, 397–398
High-acid foods, 62
High-humidity hot air impingement blanching 

(HHAIB), 12
High-intensity sweeteners, 325
High-pressure equipment, 446–448
High-pressure freezing, 266–268
High pressure–high temperature (HPHT) process, 433
High-pressure homogenization (HPH), 444
High-pressure induced freezing (HPIF), 267
High pressure processing (HPP), 8–9

adiabatic heating, 446
advantages and disadvantages, 461–462
Arrhenius and Eyring expressions, 445
artificial neural networks, 423–424
bacterial spore inactivation, 443
endogenous and exogenous enzymes

citrus-based foods, 454
enzyme denaturation, 453
first-order inactivation kinetics, 454
multiparameter model, 455
pectin methylesterase, 454
persimmon juice, 455
pressure stability, 455
Valencia orange juice, 456

environmental and economic aspects, 461
extrinsic parameters, 446
first-order reaction, 444
fresh-like food products, 417
heat transfer phenomena models

computational fluid dynamics, 419
dimensionless enzyme activity, 422
experimental and predicted temperature 

profiles, 419
inactivation kinetics, 419
lipoxygenase activity retention, 419–420
liquid-type food, 420
temperature and velocity field, 420–421
temperature gradient, 418, 422–423
3D horizontal model, 420, 422
3D vertical model, 420–421

high-pressure equipment, 446–448
HPH, 444
internal compression heating, 444
kinetics

adiabatic heating, 424
F-value determination, 427–429
isobaric curves, 424–425

nonisothermal conditions, 425–427
temperature magnitude, 424

microorganisms of foods
baroprotective effect, 449
bovine and sheep milk, 449–450
inactivation of Pediococcus spp., 451–452
Lactobacillus brevis inactivation, 

451–452
Leuconostoc mesenteroides inactivation, 452
microbial cell membrane, 449
nonlinear regression, 451
Saccharomyces cerevisiae inactivation, 452
Valencia orange LAB inactivation, 452–453
yeasts, 451

nanoemulsions, 444
nutritional characteristics

activation energy, 457
antioxidant activity, 456
ascorbic acid loss, 457
storage temperature effect, 457–458

pressure–temperature–time indicators
B. subtilis α-amylase inactivation, 432
definition and requirements, 429
Diels–Alder reactions, 431
enzyme activity, 433
HPHT process, 433
isokinetic diagram, 435–436
isothermal–isobaric conditions, 434
orange juice, 436–437
ovomucoid, 433–434
powdered copper tablet, 430
pressure-induced gelatinization, 431
residual trypsin inhibitor activity, 433
tablet density, 430
thermodynamic behavior, 432
xylanase, 434–435, 437

process evaluation, 418
sensory and nutritional characteristics, 443
sensory methodology, 445
shelf life

high-quality NFC orange juice, 459–460
processed meats, 458–459

sterilization, 443
SWOT analysis, 461, 463
technology readiness level, 462–463

High-pressure shift freezing (HPSF), 267
High-quality NFC orange juice, 459–460
High-shear extruders, 113–114
Home storage, 285–287
HPP, see High pressure processing (HPP)
Hydrocarbons (HCs), 233
Hydrocolloids, 364–365

carbohydrates
cellulose derivatives, 542–543
chitosan, 543
pectin, 543
seaweed extracts, 544
starches and derivatives, 543

coatings, 555–556
proteins

corn zein, 544–545
milk protein, 545–546
soy protein, 545
wheat gluten, 545
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Hydrocooling, 226–227
Hydrofluidization method (HFM), 269
Hydrofluorocarbons (HFCs), 234
Hydrogen peroxide, 358–359

i

Ice cooling, 227
Ice nucleation proteins, 270
Ice slurries, 269
Immunosensors, 683
Inactivation of microorganisms

magnetic fields technology
field intensity, 512
magnetic field pulses, 512
magnetosomes, 511
mechanisms, 513–514
nonthermal technology, 513
stress proteins, 513
use of magnetic fields, 511–512

PEF
cytomembrane and RNA, 473
electroporation theory, 472
electropure process, 472
localized joule heating, 474
milk samples, 472
permeabilization effects, 473
simulated milk ultrafiltrate, 473

ultrasound disinfection, 524–528
Individual quick freezing (IQF), 264
Infrared blanching, 7–8
Infrared dryers, 184–185
Insoluble dietary fiber (IDF), 119
Intense sweeteners, 324
Interrupted-flight extruders, 114
Iron oxides and hydroxides, 344
Iron phosphates, 368
Isomalt, 330

K

Kiwifruit puree, 303–304
enzyme inactivation, 306–308
microbial decontamination

bacterium reduction, 306
Listeria monocytogenes, 304–305
pH, 304
processing parameters, 305
process safety, 305
thermal treatment, 305

nutrients and functional compounds, 311–312
sensory properties

atypical taste intensity, 309
disposable standard size plastic 

containers, 308
microwave power, 311
principal component analysis, 310–311
processing variables, 308
sensory attributes, 309
visual consistency, 309

shelf life
bioactive compounds, 313
heat-pasteurized orange and carrot juice, 313
microbial stability, 315

microwaved and conventionally pasteurized 
purees, 313–314

post-processing quality loss, 312
thermocouple, 313
vitamin C content, 313–314

l

Lacquering, 67–68
Lactic acid, 332
Lactitol, 328
Leafy vegetables, 8
Leavening agents, 369–370
Lipids

acetoglycerides, 547–548
coumarone-indene resin, 548
shellac resin, 548
sucrose polyester, 548
waxes and oils

beeswax, 546
Candelilla wax, 546–547
Carnauba wax, 547
mineral and vegetable oils, 547
paraffin wax, 547
polyethylene wax, 547

wood rosin, 548
Liquid immersion freezing, 265
Low-acid foods, 36, 62
Low-calorie sweeteners, 324, 327
Low-fat meat sausages, 364
Low-temperature blanching (LTB), 13–14
Low-temperature spray drying, 185

m

Magnetic fields technology
electrostimulation of yeast growth, 514
equipment, 510–511
fermentation process, 509
force fields, 510
inactivation of microorganisms

field intensity, 512
magnetic field pulses, 512
magnetosomes, 511
mechanisms, 513–514
nonthermal technology, 513
stress proteins, 513
use of magnetic fields, 511–512

nisin, 514
spirulina, 514

Magnetic resonance freezing (MRF), 268–269
Malic acid, 333
Manitol, 328
MAP, see Modified atmosphere packaging (MAP)
Medicinal residues, 351–352
Medium-shear extruders, 113
Metal containers, 66
Metal packaging

aluminum, 582
aluminum foil, 586
corrosion

aluminum, 590
aqueous electrolytic solution, 587
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internal surface of tinplate cans, 587–590
quality of food, 587

ECCS, 581–582
protective lacquers, 582
three-piece cans

body, 583–584
double seam, 584–585
ends, 583

tinplate, 581
two-piece cans, 585–586

Micellar systems, 368–369
Microbial biosensors

antioxidant assessment, 686
aptamers, 685
bacterial bioluminescence, 685
bioluminescence-based, 684
chloramphenicol, 685
direct toxicity assessment, 685
miniature Clark-type oxygen electrode arrays, 684
Ochratoxin A, 685

Microbial destruction kinetics
decimal reduction time, 31
first-order kinetics, 29
heat labile substance, 29
heat resistance of microorganism, 32
log-linear thermal destruction kinetics, 30
microbial thermal inactivation, 33
phantom thermal death time curve, 31
reaction rate constant, 33
target microorganism selection, 32
thermal death rate curve, 30–31

Microwave blanching, 6–7
Microwave heating technology

industrial applications, 300
kiwifruit puree, 303–304

enzyme inactivation, 306–308
microbial decontamination, 304–306
nutrients and functional compounds, 311–312
sensory properties, 308–311
shelf life, 312–315

principles, 298
systems and equipment, 298–300
thermal preservation process

first-order kinetics models, 301
isothermal holding time, 302
kinetic data analysis, 303
microbial inactivation, 301
nonlinear regression, 303
target microorganism, 300
temperature profiles, 302

Milk protein, 368, 545–546
Mineral and vegetable oils, 547
Mixed-flow dryers, 190
Modified atmosphere packaging (MAP)

absorbing systems, 654
active packaging, 654
beneficial effect, 652, 658–659
carbon dioxide, 653
carbon dioxide absorbers and emitters, 655
definition, 652
detrimental effects, 658–659
equilibrium modified atmosphere, 652
ethylene absorbers, 655
metabolic process, 651

moisture retention, 653
moisture scavengers, 655
nitrogen, 653
O2 and CO2 effects

biological basis, 656–657
relative tolerance, 657–658

oxygen, 653
oxygen absorbers, 655
polymer properties, 662–664
quality

anthocyanins, 660
ascorbic oxidase, 661
carotenoids, 661
consumer satisfaction, 660
enzymatic browning, 660
flavor deterioration, 660
human nutrition and health, 661
humidity, 662
phenolic compounds, 661
scald and core flush, 662
storage life, 659
volatile esters, 661

recommendations, 664–666
Modified-atmosphere (MA) storage, 538–540
Moisture scavengers, 655
Multi-shelf portable solar dryer, 179
Mycotoxins, 698–699

n

Nature-Seal, 558–559
Near-azeotropic mixtures, 234
Neotame, 329
Nisin, 514
Non-azeotropic mixtures, 234
Nonnutritive, high-intensity sweeteners, 324
Nutrition

amino acids, 117
anthocyanins, 124
antinutritional factors, 122–123
antioxidants, 123
ascorbic acid, 122
baby foods, 127
breakfast cereal production system, 125–126
cereal flaking system, 125–126
cornmeal, 124
cornstarch and corn fiber, 119
dietary fibre, 119
lysine loss, 115, 117
Maillard reaction, 118
oat bran, 121
okara, 121
orange pulp, 120
protein digestibility, 117
proteins and phenolic compounds, 120
resistant starch, 121
single-screw extrusion, 118
snacks, 127
tannin, 123
thiamin, 121–122
tocopheral, 122
twin screw extrusion, 118
vitamins and minerals, 121
whole wheat flour and wheat bran, 119
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o

Ohmic heating
advantages, 410
continuous system design, 398–401
disadvantages, 410–411
electrical conductivity, 390
factors

power supply specifications, 395
processing variables, 394
product properties, 396
protein, 395
regression models, 395
residence time, 394
temperature-dependent thermo-physical 

property, 396
flow control system, 396
food safety, 391
heterogeneous foods, 391
industrial applications

commercial units, 402–403
continuous/batch systems, 402
heating tubes, 402, 404
soup processing, 402, 404
sterilization of food, 402

internal energy transformation, 390
liquid foods, 389
mass and heat transfer, 397–398
mathematical modeling

chicken alginate particles, 407
computational fluid dynamics, 406
computer simulation packages, 404
continuous flow sterilization, 402
convection and diffusion equation, 407
finite element FEMLAB software, 406
Laplace’s equation, 405
liquid and solid electrical conductivities, 405
process sensitivity analysis, 407
static fluid model, 405
temperature measurement, 402

microbial destruction, 391
electroporation, 409
food microorganisms, 408
pasteurized liquid egg product, 410
pore-forming mechanisms, 408
raw milk, 409
thermal effect, 408

particle heating rate, 390
power supply and heating units, 397
principles

electrical conductivity values, 394
electric field strength, 393
food phases, 393
liquid-particle food system, 393
schematic, 392
temperature-dependent parameter, 392

whole fruits, 390
Optical biosensors, 677–678
Ordinary differential equations (ODE) models, 244–245
Osmotic dehydration

advantages, 274
application, 275–277
frozen food stability, 275
glass transition theory, 275

hypertonic solutions, 273
osmo-dehydrofrozen, 274
representative flow chart, 274

Osmotic dryers, 183–184
Osmotic membrane (OSMEMB) coatings, 541
Ovomucoid, 433
Oxygen absorbers, 655
Ozone applications

antimicrobial activity, 691
mechanism of inactivation, 697–698
microbial inactivation, 698
mycotoxins, 698–699

food industry equipment, surfaces, and packaging 
materials, 699–700

fruit juices, 701
ozone generation, 692–693
physicochemical properties, 692
quality and nutrition

animal products, 695–697
proteins, 697
vegetable products, 694–695

regulations, 693–694
water, 700

p

Packaging; see also Food packaging; Modified atmosphere 
packaging (MAP)

additives and low-fat meat sausages, 364
antilumping agents, 369
antimicrobial edible coatings, 362–363
bisphenol and food packaging, 363–364
edible coating materials, 540
emulsifiers, 366–368
hydrocolloids, 364–365
iron phosphates, 368
leavening agents, 369–370
micellar systems, 368–369
milk proteins, 368
stabilizers, 365–366
toxicological concerns, 369, 371

Paper and paperboard packaging, 604
advantages, 605
composite cans and fiber drums, 608
corrugated board and solid fiberboard boxes, 607–608
folding cartons and setup boxes, 607
molded pulp containers, 608
paper bags and wrappings, 607
papermaking, 605–606
pulping technology, 605
types, 606–607

Paraffin wax, 547
Partial air drying, 273
Partially halogenated CFCs, 234
Pectin, 366, 543
Pectin methylesterase (PME), 454
PEF, see Pulsed electric fields (PEF)
Permeability, thermoplastic polymers

calculations, 625–628
molecular structure and morphology, 617, 619–620
multilayer packaging materials, 621–623
permanent gases, 616–619
permeability coefficient measurement, 615–616, 623–625
shelf life calculations
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foods sensitive to moisture gain, 630–633
oxygen/moisture sensitive packaged foods, 

629–630
theoretical analysis

diffusion flux, 610
flat polymer sheet, 609
mass balance, 610
permeability coefficient, 611
permeance, 612
permeation rate, 610–612
polymer film Fick’s first law, 610
Q* and Q vs. time, 613–615
relative humidity, 612
transmission rate, 612

water vapor, 620–621
Peroxidases (PODs), 1–2
Plastics packaging

blow molding
extrusion blow molding, 598
injection blow molding, 598–599
injection stretch blow molding, 599–600
thermoforming, 600–601

classification, 591
compression molding, 597–598
ethylene-vinyl acetate copolymer, 594
ethylene-vinyl alcohol copolymer, 595
flexible film packaging, 601–603
injection molding, 597
ionomers, 595
multilayer combinations, 603–604
polyacrylonitrile, 597
polyamides/nylons, 596–597
polycarbonates, 596
polyesters, 595–596
polyethylene, 592–593
polymer morphology and phase transitions, 591–592
polypropylene, 593
polystyrene, 593–594
poly(vinyl chloride), 594
poly(vinylidene chloride), 594
properties, 590
regenerated cellulose/cellophane, 597

Plate freezing, 264–265
Pneumatic/flash dryers, 183
Polycyclic aromatic hydrocarbons (PAH), 346
Polyethylene wax, 547
Polyglycerol polyricinoleate (PGPR), 366
Polymer properties, 662–664
Post-freezing processes

frozen food packaging, 275, 277–279
thawing, 279

Precooking, 73
Precooling, 224–225

forced-air cooling, 226–227
hydrocooling, 226–227
ice cooling, 227
method selection criteria, 228
room cooling, 225
vacuum cooling, 228

Preservatives
antibiotics in animal feed, 361–362
antimicrobial substances, 354–356
antioxidants, 359–361
benzoic acid, 357

carbon dioxide, 358
epoxides, 358
esters of parahydroxybenzoic acid, 357–358
hydrogen peroxide, 358–359
propionic acid, 357
sorbic acid, 356–357
sulfur dioxide and salts of sulfuric acid, 358

Pressure–temperature–time indicators (PTTIs)
B. subtilis α-amylase inactivation, 432
definition and requirements, 429
Diels–Alder reactions, 431
enzyme activity, 433
HPHT process, 433
isokinetic diagram, 435–436
isothermal–isobaric conditions, 434
orange juice, 436–437
ovomucoid, 433–434
powdered copper tablet, 430
pressure-induced gelatinization, 431
residual trypsin inhibitor activity, 433
tablet density, 430
thermodynamic behavior, 432
xylanase, 434–435, 437

Probiotic edible films and coatings, 563
Process control, extrusion cooking

black-box modeling, 129
continuous-time/discrete-time transfer function, 130
dynamic/adaptive inferential model, 131
effect of extrusion parameters, 131–143
fuzzy logic, 131
lab/offline product quality measurements, 131
transfer function modeling, 130
virtual white reference, 144
visual quality, 144
wavelengths, 144
white-box modeling, 129

Processed meats, 458–459
Propionic acid, 335, 357
Proteins

corn zein, 544–545
edible coatings, 560
milk protein, 545–546
ozone applications, 697
soy protein, 545
wheat gluten, 545

Psychrometry, 164–165
PTTIs, see Pressure–temperature–time indicators (PTTIs)
Pulsed electric fields (PEF)

bench scale systems, 497
Genesis Juices, 498
inactivation of microorganisms and enzymes

cytomembrane and RNA, 473
electroporation theory, 472
electropure process, 472
localized joule heating, 474
milk samples, 472
permeabilization effects, 473
simulated milk ultrafiltrate, 473

principles, 469
processing of foods

antimicrobial agents, 494
antioxidant capacity, 486
apple juice, 487–488
blueberry juice, 490
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cheese-making, 493
cranberry juice, 490
electric energy intensities, 487
ferric-reducing antioxidant power, 488
grape juice, 489–490
high-intensity light pulses, 486
inactivation kinetics, 487
inactivation of enzymes, 474, 

484–485
inactivation of microorganisms, 

474–483
inulin, 494
lecithin, 494
liquid whole egg, 491
orange–carrot juice mixture, 487
orange juice, 486–487
ovalbumin solutions, 492
oxygen radical absorbance capacity, 488
preheating, 488
sour cherry juice, 489
sublethal nonthermal processing, 490
tea, 491
tomato juice, 489
water samples, 474
whole milk, 492
wine and beer, 491
yogurt-based products, 493

processing system
chamber classification, 470–471
components, 469–470
electrical parameters, 472
exponential decay, 470–471
low utility level voltage, 470
pulse-forming network, 469

recovery of bioactive compounds, 495–497
Pulsed vacuum osmotic dehydration (PVOD), 5–6
Purple and roman cauliflower

chemicals, 16
experimental design, 16–17
glucosinolates, 15
kinetic and physicochemical properties, 18
mechanism of glucoraphanin hydrolysis, 15–16
myrosinase, 17
Pareto charts, 18–19
statistical analysis, 17
sulforaphane content, 17–18
vegetable material, 16

Q

Quick freezers, 261

r

Rapid freezers, 261
Reduced calorie sweeteners, 324
Refrigerants, 232–233

ammonia, 233
azeotropic mixtures, 234
carbon dioxide, 233
halogen refrigerants, 233–234
hydrocarbons, 233
hydrofluorocarbons, 234
near-azeotropic mixtures, 234

non-azeotropic mixtures, 234
partially halogenated CFCs, 234
secondary, 234

Refrigeration
compressors, 230
condensers, 230
evaporators, 231
expansion devices

automatic expansion valves, 232
high-side float expansion valves, 232
low-side float expansion valves, 232
thermostatic expansion valves, 231–232

schematic diagram, 229
Retortable pouches, 71–72
Reverse flat plate absorber cabinet dryer (RACD), 179
Rigid packaging, 577
Rigid plastic containers, 71
Room cooling, 225
Rotary column cylindrical dryer, 179
Rotary dryers, 181–182

s

Saccharin, 329
Saffron, 340–342
Secondary refrigerants, 234
Semi-automatic and automatic double seaming 

machines, 74
Semirigid packaging, 577
Semperfresh, 557–558
Sharp freezers, 261
Shear-stress extruder, 113
Shelf life model, permeability

foods sensitive to moisture gain, 630–633
oxygen/moisture sensitive packaged foods, 629–630

Shellac resin, 548
Single-screw extrusion, 120
Slow freezers, 261
Snacks, 127
Solar dryers, 178–179
Soluble dietary fiber (SDF), 119
Sorbic acid, 335, 356–357
Sorbitol, 328
Soy protein, 115, 545
Spirulina, 514
Spray cooling, 185
Spray dryers, 184
Spray drying

atomization
pneumatic nozzles, 188–189
pressure nozzle, 188
rotary atomizer, 187–188

atomizer speed/compressed airflow rate, 198–199
droplet–air contact, 189–190
drying airflow rate, 198
evaporation of moisture, 190–196
feed solids concentration, 199
inlet temperature, 196–198
principles, 185–187
separation of dried product, 196
stickiness, 199–201

Spray freeze drying, 210
SPR biosensors, see Surface plasmon resonance (SPR) 

biosensors
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Stabilizers, 365–366
Staircase type dryer, 179
Starches and derivatives, 543
Steam blanching, 9–10
Steam retorts, 74–75
Storage techniques

cold storage, 538
controlled-atmosphere storage, 

538–540
modified-atmosphere storage, 

538–540
osmotic membrane coatings, 541
packaging, 540
subatmospheric storage, 538–540

Stumbo’s method, 50–53
Subatmospheric storage, 538–540
Succinic acid, 332
Sucralose, 329
Sucrose, 325
Sucrose polyester (SPE), 548
Sudan dyes, 345
Sugar alcohols, 325
Sugars, 3–4, 324
Sulfur dioxide and salts of sulfuric acid, 358
Sun dryers, 177
Supercritical fluid extrusion, 114
Surface plasmon resonance (SPR) 

biosensors
biosensing systems, 681
cantilever technology, 680
food-borne pathogen detection, 680
immunoglobulin G antibody, 678
mycotoxin detection, 679
nanobiosensors, 680
nanotechnology, 679
plasmon adsorption band, 680
refractive index, 679
sensitive detection platforms, 679

Sweetened beverages, 326
Sweeteners

additional labeling requirements, 323
allowed foods, 321
appetite, 326
artificial, 326
cancer, 326
classification, 324–325
compound foods, 321–322
diabetics, 326
EU regulatory issues, 331
manufacturing, 328–330
neurological problems, 327
not allowable foods, 322
overview, 323–324
permitted, 321
pregnancy, 327
quality control, 330–331
safety, 327
structure definition, 321
sucrose and fructose, 325
sugar alcohols, 325
sugars, 324
sweetened beverages, 326
weight control, 327

t

d-Tagatose, 330
TAL Pro-long, 556–557
Tannin, 123
Tartaric acid, 333–334
Temperature distribution test, 76–77
Tert-butylhydroquinone (TBHQ), 361
Thawing, 279
Thermal hysteresis proteins (THPs), 270
Thermal pasteurization, 517
Thermal preservation process

first-order kinetics models, 301
isothermal holding time, 302
kinetic data analysis, 303
microbial inactivation, 301
nonlinear regression, 303
target microorganism, 300
temperature profiles, 302

Thermal processing; see also Canning, fishery products
Ball’s formula method

cooling water temperature, 40
example calculation, 46–48
extrapolated pseudo-initial product temperature, 41
first-type problem, 45
heating and cooling cycles, 40
microbial destruction calculation, 45
regression coefficients, 45–46
retort temperature, 40
second-type problems, 45
temperature differences, 44
typical cooling curve, 40–41, 43
typical heating curve, 40–42

blanching, 28
commercial sterilization, 28
cooking, 29
F value

acidic/acidified food, 37
Clostridium botulinum growth, 36
conduction heated canned product, 34
constant temperature assumption, 35
definition, 33
equal-spaced time intervals, 35
first-order kinetics, 36
high-acid fruit products, 37
low-acid foods, 36
process, 38–40
product temperature vs. time, 34
propionic acid bacteria, 37
thermal death time curve, 38

heat treatment, 28
kinetics of microbial destruction

decimal reduction time, 31
first-order kinetics, 29
heat labile substance, 29
heat resistance of microorganism, 32
log-linear thermal destruction kinetics, 30
microbial thermal inactivation, 33
phantom thermal death time curve, 31
reaction rate constant, 33
target microorganism selection, 32
thermal death rate curve, 30–31

man-devised preservation procedure, 27
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optimization
conduction heated foods, 49–53
constant product temperature, 49
quality and safety factors, 48–49

pasteurization, 28
product quality, 27

Thiamin, 121
Threshold odor test (TOT), 331
Tin-free steel containers, 70
Tin plate cans

coating weights of tin, 67
lacquering, 67–68
specifications, 66–67
tin coating, 67

Titanium dioxide, 344
Tocopheral, 122
Toxic substances

aluminum, 351
antimonium, 351
arsenic, 350
cadmium, 349
lead, 347–348
mercury, 348–349
selenium, 350–351
tin, 351

Tray/cabinet dryers, 180
Trayless continuous freeze dryer, 209
Tunnel dryers, 180
Tunnel freezers, 262–263
Twin-screw extrusion, 120–121
Two-piece cans, 68

u

Ultrarapid freezers, 261
Ultrasound accelerated freezing, 268
Ultrasound (US) disinfection

advantages and disadvantages, 519
chemical effects, 521–522
food quality, 524
microbial inactivation, 524–528
parameters, 522–524

physical effects, 520–521
power ultrasound, 519

Ultraviolet (UV) disinfection
advantages and disadvantages, 519
mechanism, 518–520

Uniformly retreating ice front (URIF) model, 207
Unrefined sweeteners, 325
Unsteady-state cooling, 245

V

Vacuum cooling, 228
Vacuum dryers, 179
Vegetable oils, 561
Vegetable products, 694–695
Vitamin C, 661

W

Washing, 271–272
Water blanching, 5
Water-cooled condensers, 230
Water immersion retort, 74–75
Water vapor permeability, 554
Waxes and oils

beeswax, 546
Candelilla wax, 546–547
Carnauba wax, 547
coatings, 556
mineral and vegetable oils, 547
paraffin wax, 547
polyethylene wax, 547

Wheat bran, 119
Wheat flour, 119, 695
Wheat gluten, 545
Whey protein, 115, 697
Wood rosin, 548

x

Xylanase, 434–438
Xylitol, 328
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