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Chapter 1
Thermal Processing in the Food Industry.
An Introduction

Maria Micali and Marco Fiorino

Abstract This chapter discusses briefly the connections between food degradation and
correlated hygiene concerns on the one hand (reasons for food preservation), and
available systems for the production of safe and legal food products on the other side
(possible solutions). The reliable application of one ormore of existing preservation and
processing technologies—methods based on high or low temperatures; drying, salting,
sugar addition and irradiation systems; the use of modified atmospheres; etc.—and the
concomitant use of effective chemical additives may be helpful. However, the ‘tech-
nological treatment/chemical preservation’ two-binaries combination does not seem
successful at present. Consequently, innovative technologies are also needed: these
methods shouldbe able to ensure the safety offoodproducts and slowdowndegradation
processes in foods and beverages, while preserving sensorial and nutritional properties.

Keywords Food degradation � Food preservation � Food safety � Freezing �
Heating � Microbial spoilage � Refrigeration
Abbreviation

WHO World Health Organization

1.1 Introduction to Thermal Processes for the Production
of Safe Foods

Safety and hygiene of foods are always on the list of the most discussed topics, even
in western Countries, despite recent advances in food technology and biotechnol-
ogy (Wilcock et al. 2004). Recent analyses have shown that 30 % and more of the
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population in industrialised nations suffer from gastrointestinal disorders associated
with the consumption of contaminated foods (WHO 2002); in addition, the esti-
mation of shelf life for many food products can be erroneous or not easily
demonstrable, with the augment of altered products and the consequent damage for
food producers in terms of brand loyalty (Maloni and Brown 2006; Parisi 2002;
Parisi et al. 2004). The reduction or elimination of undesired microorganisms in
edible products for human consumption remains, therefore, a priority (the same
reflection has to be considered when speaking of feeds for animal consumption).

The implementation of similar objectives could be simple enough. The reliable
application of one or more of available preservation and processing technologies—
treatments of thermal renovation; methods based on low temperatures; drying,
salting, sugar addition and irradiation systems; the use of modified atmospheres—
and the concomitant use of effective chemical additives may be helpful. However,
the ‘technological treatment/chemical preservation’ two-binaries combination does
not seem successful at present: the modern concept of perceived food quality,
clearly identified with the Anglo-Saxon term ‘green’, cannot be easily correlated
with non-artisanal food production strategies (Bonini and Oppenheim 2008; Boye
and Arcand 2012; Young et al. 2010). In detail, the modern consumerist tendency
in the Western world appears to move towards food products without a low (and
demonstrable) content of chemical additives and a low impact on the environment;
in other words, consumers’ opinion is in favour of ‘green’ and ‘low footprint’
foods. In addition, the World Health Organization (WHO) has recently recom-
mended the reduction of sodium chloride with the aim to reduce the risk and
incidence of cardiovascular diseases. The recommendation may result in the
increase in the use of chemical preservatives for many food products; certainly, the
possible evolution does not reflect current consumers’ preferences.

Consequently, innovative technologies are needed: these methods should be able
to ensure the safety of food products, even in combination with existing ones, while
preserving genuineness and ‘naturalness’. In other terms, the reduction or elimination
of chemical compounds in the preparation offoods is one of themajor topics of current
interest to the scientific world; on the other side, ‘new’ (evolved) foods and beverages
should also assure the current performance in terms of safety, hygiene, shelf life
expectations and legality. Current researches are focused on the study and develop-
ment of new technologies and biotechnologies for conservation that are able to:

(a) Ensure food safety
(b) Influence positively sensory features of edible products
(c) Reduce the use of chemical additives
(d) Preserve nutritional features
(e) Maintain the original ‘freshness’ and ‘naturalness’ as perceived by the normal

consumer (Parisi 2012).

Some studies have shown that the substitution of chemical additives with natural
compounds may play an important role in future, on condition that natural additives
(of vegetable, natural or microbial origin) can show an effective antimicrobial
activity with the exclusion of adverse effects on consumers’ health (Cleveland et al.
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2001; de Silva 1995; Gachkar et al. 2007; Lanciotti et al. 2004; Smid and Gorris
2007). These actions have found a strong stimulus even in the fields of funded
research, in accordance with the last two Framework Programmes in the European
Union (Aguilar et al. 1998). In this ambit, several of these natural compounds—
nutraceutical substances—have been found to preserve qualitative food features and
exert positive effects on consumers’ health at the same time (Sumi 2008; Summet
et al. 2010). These approaches may promote the reduction (or elimination, when
possible) of chemical additives in food preparations, and improve nutritional fea-
tures in synergy with traditional systems for the reliable preservation of foods (Bhat
et al. 2012; Zhang et al. 2011).

1.2 The Safety of Foods

Basically, a healthy food does not contain pathogens (protozoa, bacteria, viruses,
prions) or microbiological toxins (D’Mello 2003; Fletcher et al. 2012; Lindenbaum
2001; Tauxe 2001); it is not infested with micro-parasites such as Taenia solium,
T. saginata, Trichinella spiralis, Echinococcus granulosus, Anisakis spp, etc.
(Macpherson 2005; Orlandi et al. 2002) and does not contain poisons that pollute
the natural habitat. Moreover, no contaminations have to be observed after contact
with non-edible substances such as utensils (dishes and containers) or ‘virgin’ and
‘recycled’ food packaging materials (Brunazzi et al. 2014; Bryan 1992; Parisi 2012,
2013). In addition, contamination substances include pesticide residues, undesired
or unexpected additives, antibiotics, hormones and similar substances, radioactivity
and spoilage microorganisms (Donoghue 2003; Epstein 1990; Khaniki 2007).
Finally, foods and beverages may be judged unsafe if a selected and allowed
additive (carbon monoxide, glutamate, nicotinic acid, niacin, etc.) may be found in
excessive concentrations, probably because of wrong dosages or the non-uniform
distribution in the intermediate mass during the preparation (Rozan et al. 2000).

1.3 Food Preservation

Food preservation is crucial when speaking of food hygiene and health: each single
preservation treatment is mainly designed with the aim of delaying the inevitable
alteration of quickly perishable foods between production and consumption. In addi-
tion, the distribution of food commodities is favoured in different geographical areas
and temporal periods of the year; for these reasons, economic implications of food
preservation are evident (Maroulis and Saravacos 2007; Zanoni and Zavanella 2012).

By a statistical point of view, food alterations are mainly due to the development
of different spoilage microorganisms, with the additional presence of potential
pathogen agents, and enzyme-mediated reactions, provided that a certain amount of
bioavailable water is present (Chap. 3). Consequently, the following two actions
have to be carried out if the final aim is the increase of food and beverage stability:
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(1) The destruction of pathogen agents (matter of public hygiene and safety) and
the reduction of spoilage microorganisms (visible effects on foods)

(2) The inactivation of microbial enzymes, if already synthesised.

These results can be achieved by means of systems such as physical techniques—
heating, refrigeration, freezing, drying, irradiation—or biological strategies
(fermentation). Anyway, some general conditions have to be always satisfied:

• The food items must be of good quality
• The chosen treatment has to be carried on as early as possible to avoid the onset

of microbial or enzymatic alterations
• The manipulation of raw materials and intermediate food masses have to be

minimised because each step or sup-step without a clear preservation effect may
potentially increase microbial contamination

• Preliminary washing operations are extremely useful in certain situations (e.g.
fresh vegetable raw materials) if high-level superficial contamination is
demonstrated and/or forecasted.

Food preservation means an evolving number of techniques that are used to slow
down degradation processes in foods and beverages, and preserve sensorial and
nutritional properties. Generally, these methods imply the creation of unfavourable
conditions to the development, activity and life of various pathogens, spoilage
microorganisms and other life forms. Used treatments tend to preserve the integrity
and the legality of foods with different mechanisms.

Traditional preservation treatments are substantially smoking, keeping in vine-
gar, preservation in oil or alcohol, drying, salting, fermentation and preservation in
sugar (Rahman 2007). High-temperature methods include pasteurisation, sterilisa-
tion and similar techniques, while approaches based on low-temperature storages
(Gould 1995; Leistner 1992) are refrigeration, and freezing (different sub-
categories). Irradiation is a powerful technique when used in combination with
other preservation approaches (Lacroix and Ouattara 2000). Finally, preservation
systems based on water removal are dehydration, irradiation, lyophilisation and
concentration, while the use of chemical preservatives has to be considered as a
group apart. Chapter 2 describes the above-mentioned approaches in detail.
Different systems may be also used at present, including ‘pulsed electric fields
technology’, ultrasounds and high-pressure treatments (Chemat et al. 2011; Heinz
and Buckow 2010; Lelieveld et al. 2007; Toepfl et al. 2007; Vega-Mercado et al.
1997), but these technologies are not described in this book.
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Chapter 2
Thermal Processing in Food Industries
and Chemical Transformation

Maria Micali and Marco Fiorino

Abstract This chapter reviews thermal processes in the food industry—pasteuri-
sation, sterilisation, UHT processes and others. It evaluates the effects on a chemical
level and possible failures from a safety viewpoint and discusses in how far the
effects can be predicted. In addition, historical preservation techniques—smoking,
addition of natural additives, irradiation, etc.—are compared with current industrial
systems, like fermentation, irradiation and addition of food grade chemicals. This
chapter critically discusses storage protocols—cooling, freezing, etc.—and packing
systems (modified atmosphere technology, active and intelligent packaging). Can
undesired chemical effects on the food products be reliably predicted? This chapter
elucidates on this important question. On that basis, new challenges, which cur-
rently arise in the food sector, can be approached.
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RH Relative humidity
TTI Time temperature indicator
UHT Ultra-High Temperature
aw Water activity

2.1 Introduction to Food Preservation Methods.
High-Temperature Systems

Food preservation is crucial when speaking of food hygiene and health: each single
preservation treatment is mainly designed with the aim of delaying the inevitable
alteration of quickly perishable foods between production and consumption.
Generally, food alterations are considered in relation with microbial spoilage, with
the additional presence of potential pathogen agents. In addition, enzymatic reac-
tions have an important ‘weight’ when speaking of food alterations, on condition
that a certain amount of bioavailable water is present. As a result, food preservation
should be designed and performed with two basic aims at least:

• The destruction of pathogen agents and the reduction of spoilage
microorganisms

• The inactivation of microbial enzymes, if already synthesised.

The chosen preservation strategy (or strategies) should satisfy the following
conditions:

• Treated food items have to be optimal, when speaking of microbial counts (low
numbers) and freshness

• The respect of times is crucial. Treatments have to be carried on as early as
possible to avoid the onset of microbial or enzymatic alterations

• Manipulation and general processing steps should be minimised because each
step or sup-step without a clear preservation effect may be cause of microbial
contamination, recontamination or spoilage

• Preliminary washing operations are performed when needed, if high-level
superficial contamination is demonstrated and/or forecasted.

Food preservation methods imply the creation of unfavourable conditions to the
development, activity and life of various pathogens, spoilage microorganisms and
other life forms. On the other side, treated foods have to be and remain constantly
safe and legally compliant until the end of labelled durability periods.

This chapter is dedicated to the description of many preservation systems:
Sect. 2.1 discusses high-temperature methods, including pasteurisation, sterilisation
and similar techniques. Subsequently, approaches based on low-temperature stor-
ages (refrigeration and freezing) are discussed. Finally, this chapter considers tra-
ditional preservation treatments and systems based on water removal. Different
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techniques may be also used at present, including pulsed electric fields technology,
ultrasounds and high-pressure treatments, but these technologies are not described
in this book.

2.1.1 Pasteurisation: General Features

Basically, two different food preservation categories are performed with heat appli-
cation: pasteurisation and sterilisation (Rahman 2007). The first method of preser-
vation is defined which is able to destroy pathogenic life forms, and the most part of
those vegetative microorganisms in foods (Alais 1984); moreover, enzymes are
reported to be inactivated with pasteurisation treatments. Historically, the process is
ascribed to Louis Pasteur in relation to his experiences in 1863 with 60 °C—treated
wines and ameliorated shelf life periods (Alais 1984; Fry 2001; Rogers 2013).

In detail, pasteurisation has to be described as a microbiostatic and partially
microbicidal treatment; for these reasons, it has to be sinergically accompanied with
other preservation methods such as refrigeration, addition of chemical preservatives,
or vacuum packaging (Andersen et al. 1990; Degraeve et al. 2003; Mangalassary
et al. 2008; Murphy et al. 2006). Anyway, heat treatments should be followed by the
rapid cooling of treated products with the aim of avoiding storage temperatures that
could favour enzyme-catalysed or simple chemical reactions. Generally, processing
times depend on the nature and typology of foods: at present, low-temperature
pasteurisation may be used when speaking of beers and wines, while milk for
cheesemaking purposes must be heated at 75 °C for 15 s. On the other hand,
high-temperature short-time (HTST) and high-temperature pasteurisation techniques
are used for milk and fresh milk because of higher thermal values and lower pro-
cessing times (Table 2.1).

Table 2.1 A brief overview of pasteurisation and sterilisation processes

Pasteurisation and sterilisation
processes

Minimum
temperature, °C

Maximum
temperature, °C

Processing
times

Low-temperature pasteurisation 60 65 30 min

High-temperature pasteurisation 75 85 � 3 min

High-temperature short-time
(HTST) pasteurisation

75 85 � 20 s

Classical sterilisation
(appertisation)

100 120 >20 min

Indirect UHT system 140 150 <10 s

Direct UHT system 140 150 <10 s

Low-temperature pasteurisation may be used for beers and wines, while milk for cheesemaking
purposes is expected to be heated at 75 °C at least for 15 s. HTST and high-temperature
pasteurisation techniques are used for milk and fresh milk. Appertisation can be used when
speaking of canned vegetables and animal products. Indirect and direct UHT systems are
recommended for aseptic packaged foods (UHT milk, soups, baby foods, etc.); direct UHT is
preferred for low-viscosity products because of the use of injection or infusion techniques
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Four different pasteurisation treatments are currently used in the food and
beverage industry (Alais 1984; Murphy et al. 2003; Rahman 2007):

(a) In-package pasteurisation. Temperature gradients can be used in certain situ-
ations. Fluids can be treated directly into bottles or cans. The process may be
explained in the following way: the fluid is initially placed in the ‘cold zone’
of the container at about 2.2 °C; subsequently, it continues its diffusion
towards hotter areas of the containers with a final 60 °C value. After a certain
period at 60 °C, the fluid is progressively cooled until the final temperature is
between 21.1 and 26.7 °C (Engelman and Sani 1983). In-package systems can
be used with reliable effects on solid products such as ready-to-eat meat
products with the aim of destroying pathogens and reducing post-process
contamination caused by handling (Mangalassary et al. 2004)

(b) Pasteurisation before the final packaging. High-temperature gradients are
recommended when speaking of thermally sensible foods. For this reason,
preheating stages are a useful option. Products such as processed juices and
spreadable butter-like compositions may be treated with this system (Ahmed
and Luksas 1988; Samani et al. 2016)

(c) ‘Batch’ pasteurisation, also named low-temperature short-time pasteurisation.
This system is specifically designed for fluids (milk, orange and apple juices,
liquid whole eggs, etc.): the intermediate food is pasteurised at 62.8 °C for
30 min (Brant et al. 1968; Cinquanta et al. 2010; Cunningham 1986; Potter
and Hotchkiss 1995; Wheeler et al. 1987). Interestingly, this treatment has
been also used for waste raw materials into farms with good results when
speaking of peculiar microbial contamination (Stabel 2001)

(d) Continuous or HTST pasteurisation (Sect. 2.1.1.1). Fluids are treated at 71.7 °C
at least for 15 s or more (heat exchange is required). This method is discussed in
Sect. 2.1.1.1.

2.1.1.1 Pasteurisation: The HTST Method

The HTST method, also known as ‘flash’ pasteurisation, is performed (Rigo 2010)
on liquid foods passing through a two-heated walls system (heat exchanger plates)
with an empty space of 1 mm thickness only (temperatures between 75 and 85 °C,
times: 15–20 s). Heat exchange occurs immediately in a uniform manner, while
germs tend to adhere to surfaces (wall effect). Another similar system, ascribed to
Stassano, implies the following time and temperature conditions: 14 s, 75 °C (Rigo
2010). Anyway, rapid cooling is required after heating (International Dairy Foods
Association 2006). An interesting variation is the Higher Heat Shorter Time
(HHST) system; it requires different machines and slightly different conditions
(temperature >89 °C, holding time: one second or less) with consequent higher
durabilities and enhanced enzymatic inhibition (Chandan 2015; International Dairy
Foods Association 2006). Should HHST system be used, treated products would be
sometimes defined ‘extended shelf life’ foods. The extreme solution is represented
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by ultra-pasteurisation systems with temperature equal to 138 °C (minimum value)
for at least 2 s (Chandan 2015). Shelf life values are enhanced: however, refrig-
eration is always required.

2.1.2 Sterilisation: General Features

Sterilisation is a more drastic treatment of food and non-food products, if compared
with pasteurisation. The main difference is represented by the desired objective: the
destruction of all microbial forms, including spores. Sterilisation may be defined as a
commercial heat treatment, which can be able to destroy all living microorganisms in
food during storage and distribution. On the other side, treated foods cannot be
defined completely ‘aseptic’; additionally, organoleptic and nutritional characteris-
tics are expected to suffer some alteration. It should be also noted that treatments can
differ according to the pH of preserved foods (Sect. 2.3): in detail, intermediate
foods with pH values < 4.5 should require temperatures around 100 °C, while
products with pH > 4.5 would need at least 120 °C for 20 min (minimum time).
In general, there are three main sterilisation treatments with different conditions,
according to Table 2.1. These methods—classic sterilisation or appertisation, indi-
rect and direct ultra-high temperature (UHT) systems—are discussed in
Sects. 2.1.2.1 and 2.1.2.2.

2.1.2.1 Appertisation

Historically, the ‘appertisation’ method—ascribed to Nicholas Francois Appert
(1804)—has been considered a low sterilisation procedure because of the use of
open baths with temperatures � 100 °C (Borde 2006): foods were packaged in
sealed glass containers. At present, appertisation is performed with autoclaves,
pressurised chambers with boilers for the production of saturated steam (tempera-
ture >100 °C) and devices allowing the modification of temperature and pressure
values. Moreover, the evolution of used containers—metal packages above all—
and the enhanced thermal conductivity have to be taken into account. For these
reasons, the classical sterilisation can be very useful when speaking of packaged
solid foods; liquid foods are usually pasteurised (Larousse 1991).

2.1.2.2 UHT Pasteurisation

The UHT method differs from the classical sterilisation because it reaches rapidly
higher temperatures with very short duration (direct UHT system); as a result,
organoleptic and nutritional properties of treated foods should suffer a few varia-
tions only. The UHT method also applies to bulk products (heat penetration is
extremely rapid) and is associated with aseptic packaging techniques.
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Two different UHT systems can be used (Andreini et al. 1990; Clare et al. 2005;
Morales et al. 2000; Rerkrai et al. 1987):

(a) Indirect method. In detail, thermal energy is supplied by means of an indirect
steam injection system; fluids are forced to pass through close heat exchanger
plates. It should be noted that thermal energy is diffused from the outside zone
of UHT chambers to the inner ‘core’ (Corzo et al. 1994). As a consequence,
external areas of the ideally considered fluid food may be superheated with
possible variations (protein profiles, emersion of ‘cooked’ flavours because of
the production of volatile sulphur components, etc.)

(b) Direct system. The preheated food and the injected heating medium (steam)
are in direct contact for a few seconds; subsequently, under-vacuum cooling is
required, similarly to pasteurisation treatments, with the aim of eliminating
extra water (a certain volumetric augment is observed in the process). The
reduced time of contact explains apparently the absence of serious damages,
from the sensorial viewpoint (Datta et al. 2002).

A brief comparison of indirect and direct UHT methods seems to highlight the
importance and advantages of the direct injection: sensorial variations seem
reduced; on the other hand, these techniques may cause localised burns. An
interesting ‘infusion’ steam version—the fluid food is infused into steam—is
reported to minimise this defect (Datta et al. 2002).

Nutritional variations may be observed; on the other side, it may be affirmed that
digestibility is improved. For these reasons, different non-heat-based systems
(freezing methods) are apparently preferred at present.

2.2 Cold Preservation

This method of food preservation is based on the ability of cold to interfere with the
vital functions of microorganisms: essentially, cold systems can assure a reliable
microbiostatic action.

The cold slows down until it stops degradative (chemical and enzymatic)
reactions inside the food. This effect is mainly due to the inhibition of microbial
enzymes: they are not denatured and therefore inactivated, but their action is
inhibited (rendered useless) in relation to the low temperature of the food.
Moreover, the inhibitory action of low temperatures occurs with the subtraction of
free water from the system because of ice formation with the consequent increase in
the concentration of extracellular solutions and the dehydration of microbial cells.

The minimum temperature accretion (MTA) of microorganisms is needed in
order to effectively maintain cold conditions. MTA of pathogenic microorganisms
is always >0 °C, while psychrophilic life forms remain viable at lower tempera-
tures. The microbial growth can be considered negligible at −18 °C and lower
thermal values. Moreover, cold has a partial microbicidal action: a number of
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microbes suffer the irreversible alteration of cytoplasmic proteins and mechanic
damages (formation of ice crystals) during the early stages of freezing treatments;
however, surviving life forms may be ready to resume vital functions with spores
and toxins, if thermal values are increased. For these reasons, foods should have
excellent or good hygiene conditions before treatments.

2.2.1 Cold Storage: Different Preservation Techniques

2.2.1.1 Refrigeration

There are two different methods of food preservation by cold storage (Fig. 2.1):
refrigeration and freezing systems. The first method, refrigeration preservation,
concerns the storage of food commodities at temperatures low enough to slow down
degradative (chemical and enzymatic) reactions inside stored products; in addition,
water must remain liquid.

The choice of storage temperatures depends on the type of food and the required
retention time: anyway, storage times are not excessive. Generally, refrigeration
temperatures are between −1 and 8 °C. However, refrigerated storage shows good
performances on condition that other factors are controlled; ventilation has to be

Slow freezing

Rapid freezing

Flash freezing

Deep freezing ( final temperatures ≤- 18 °C,
processing temperatures may vary)

- 8 °C 

- 20 °C

- 30 °C 

- 50 °C

< - 50 °C

Fig. 2.1 A brief overview of cold preservation techniques. The first method, refrigeration,
concerns the storage of food commodities at temperatures low enough to slow down degradative
reactions inside stored products; in addition, water must remain liquid. Usually, temperatures
remain between −1 and 8 °C. On the other side, freezing systems involve the exposure of foods
and beverages to low or very low temperatures with the consequent water crystallisation and the
solidification of the whole product. Four main systems—slow, rapid, flash and deep freezing—are
used at present with different temperatures and processing times
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assured into storage chills. Moreover, acceptable relative humidity (RH) values are
between 80 and 95 %: reduced RH values may cause excessive water evaporation
from food surfaces, while excessive RH may favour the development of moulds
(visible mycelia).

Anyway, refrigerated storage can be used in different situations and for the
following food categories at least:

(a) Refrigerated products during transport and storage only (sold at room tem-
perature): fruits, vegetables, eggs

(b) Edible products distributed, stored and sold between −1 and 8 °C
(c) Prepared and precooked foods: salads, sandwiches, fresh pastries, precooked

and delicatessen products, meats and cold cuts.

Consequently, the diffusion of refrigeration systems has been progressively
introduced everywhere in the last decades with excellent results (Bruhn and Schutz
1999), despite several problems may be observed when speaking of food safety
practices in consumers’ homes (Karabudak et al. 2008; Redmond and Griffith 2003).

Historically, the use of natural and artificially produced snow and ice was the
first homemade application of food cold storage. With reference to industrial
applications, refrigeration was mainly based on the liquefaction by compression of
several allowed gases such as ammonia, sulphur dioxide, carbon dioxide and
chloroform (Feist and Hadi 1965; Reif-Acherman 2009) and the concomitant
removal of heat from a surrounding area. These ‘static refrigerators’ are not used at
present: the current evolution (dynamic refrigerators) concerns the continuous
circulation of cold air between different areas; moreover, frost formation is avoided
by means of forced ventilation and thermal changes caused by frequent door
openings are remarkably reduced.

In the industrial field, at the end of the preparation or the last heat treatment,
foods or intermediate products should reach refrigeration temperatures very quickly
because microbial spreading is favoured between 3 and 70 °C. Consequently, ‘blast
chillers’—discontinuous (cabinets) or continuous (tunnel) systems—are frequently
used: refrigeration conditions are reached by means of the introduction of cold air
(forced ventilation at about 1 °C) or cold water. Subsequently, treated foods have to
be stored in ‘permanent’ chillers and/or dedicated trucks or rail cars capable of
self-cooling. By the legal viewpoint, the transportation has to be carried out with the
absolute warranty (digital or printed records) of thermal values below or equal to
−18 °C (only for frozen products and long distances). Otherwise, simple small
trucks with thermally insulated walls are required.

2.2.1.2 Freezing Techniques

Basically, freezing involves the exposure of foods and beverages to low or very low
temperatures with the consequent water crystallisation and the solidification of the
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whole product. A food is defined ‘frozen’ when 80–90 % of the total water amount
is turned into ice.

It has to be noted that freezing methods affect only free water; a small fraction of
aqueous amounts (2–5 %) is electrostatically bound to sugars, proteins and solutes;
this water is also named ‘non-freezing water’ (Ali and Bettelheim 1985).
Consequently, foods and beverages—liquid, solid or fluid water solutions—have to
reach temperatures below 0 °C (the cryoscopic point or frost point of pure water at
atmospheric pressure) for freezing purposes. Generally, the freezing point of free
water is initially between −4 and −0.5 °C, but the freezing treatment should obtain
a ‘core’ temperature between −10 and −25 °C (end of the process). In fact, a
notable fraction of free water is constantly separated from the original food solution
in form of ice. The end of the process is reached when 80–90 % of the total water
content is turned into ice: the remaining non-freezing solvent and a certain amount
of free water are also present. Interestingly, the residual free water (with a notable
concentration of dissolved molecules) is located in very small channels and may be
also able of free movement through the treated food.

Basically, the freezing process may be subdivided into two steps:

(a) Nucleation and crystallisation. Temperature values: between 0 and −7 °C. Ice
crystals are initially formed; this step implies the maximum separation of
water in the solid state from the remaining food system, including
non-freezing and residual free water

(b) Crystal growth. Each ice crystal tends to augment its dimensions with the
incorporation of other water molecules around the initial nucleus.

It has to be noted that the dimension of final ice crystals is inversely proportional
to the number of initial ice nuclei. Moreover, the number of ice crystals depends on
the freezing speed. Basically, two different situations can be observed (Zhao 2007):

(1) Slow freezing. The food is subjected to temperature values between −8 and
−20 °C with a low penetration speed. Should this be the situation, the initial
number of ice crystals would be reduced (poor nucleation and crystallisation).
Consequently, strong crystals of considerable size are easily observed.
Unfortunately, the formation of a reduced number of high-scale ice crystals is
the main cause for micro- and macro-damages in the food because macro-
crystals easily damage cell walls (vegetable and animal tissues). Once
defrosted, the food does not return to the original texture and fibrous-like
products can be obtained; additionally, unpleasant flavours are often reported.
For these reasons, the method is not recommended. Recently, new similar
systems have been proposed: high-pressure freezing and dehydrofreezing
(initial dehydration of foods and subsequent freezing), with the aim of
avoiding volumetric augments and tissue damages (Li and Sun 2002)

(2) Rapid freezing (required systems: air freezers; plate freezers; liquid-immersion
freezers). The food is subjected to temperatures between −30 and −50 °C with
notable penetration speed. Should this be the situation, the initial number of
ice crystals would be remarkable (good or excellent nucleation and
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crystallisation). Consequently, many microcrystals are easily observed (a few
lm only). The formation of a notable number of small-scale ice crystals can be
very useful because microcrystals do not easily damage cell walls (vegetable
and animal tissues). Once defrosted, the food may return to the original texture
with potentially small variations: fibrous-like products are not reported when
speaking of rapid freezing. Sensorial features are substantially preserved:
higher shelf life values have been also demonstrated. For these reasons, the
method is recommended in the industrial ambit. The so-called ‘individual
quick freezing’ (IQF) system is extremely useful when foods are not pack-
aged. However, the main problem remains the superficial dehydration with
related weight loss between 2 and 3 % (Pruthi 1999; Senesi 1984)

(3) Flash or cryogenic freezing. The food is subjected to temperatures below
−50 °C with high penetration speed. Should this situation be observed, the
initial number of ice crystals would be higher than expected in comparison
with rapid freezing. Consequently, the performance of this method is reported
to be excellent in comparison with rapid freezing, despite some observation
with concern to the real necessity (Farouk et al. 2004). The total treatment time
is reduced (maximum time: some hours, depending on the dimensional fea-
tures and composition of products). Once defrosted, the food may return to the
original texture with potentially small variations: fibrous-like products are not
reported when speaking of rapid freezing. Sensorial features are substantially
preserved: higher shelf life values have been also demonstrated. For these
reasons, this method is recommended in the industrial ambit. Generally, the
use of liquid nitrogen or solid carbon dioxide is required in flash (cryogenic)
systems because products are usually placed on a conveyor belt into dedicated
tunnels and subsequently cooled with sprayed or dribbled cold gas.
Subsequently, the product must reach the final temperature. Dehydration is
substantially negligible

(4) Deep freezing. This technique is discussed in Sect. 2.2.1.3.

The duration of treatments can vary, depending on the volume and thickness of
the product, from a few minutes to a few hours.

2.2.1.3 Deep Freezing

Deep-frozen foods are products subjected to a special freezing process: the zone of
maximum crystallisation has to be reached quickly and maintained constant in the
whole product at temperatures �−18 °C until the end of durability periods. The
mentioned thermal value is compulsory from the legal viewpoint. This process, also
named ‘ultrafast’ system, can be performed with air or plate freezers: the only
exception concerns the immersion in non-freezing liquids. Requisites are:
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• The inner temperature (at the centre of the whole product) has to be minor or
equal than −18 °C

• The product has to be continually kept at temperatures �−18 °C until the sale
to the final consumer.

Moreover, stricter conditions may be applied in several stages because of
inevitable thermal changes in some point of the whole food chain. In particular,
factory warehouses may be kept at −30 °C before the delivery of frozen foods,
while intermediate storage chillers (in all possible points of the food chain except
for the initial production plant) may remain at −25 °C value (subcooling).

It should be also noted that:

(1) The use of peculiar packaging materials is strictly required when speaking of
deep-frozen foods. These food packaging materials include aluminium (alone
or combined with plastic films), tinplate, cardboard, coupled plastic films
(nylon/polyethylene, polypropylene/polyethylene)

(2) The label must contain all required information for the proper use of the food,
in accordance with official Regulations.

2.3 Non-thermal Food Preservation Methods

Food products can be preserved by means of thermally based preservation methods
or different (non-thermally conducted) systems. Actually, this subdivision is not so
clear because a peculiar food product can be subjected to two different preservation
systems. Basically, the main difference between above-mentioned procedures is the
definition of ‘thermal processing method’. It may be inferred that all processes
implying the use of heat (or heat removal) can be defined ‘thermal’ procedures.

Sterilisation procedures concern only preserved foods, which are packaged in a
hermetically sealed container and have undergone a specific heat treatment or other
authorised treatments with the aim of inactivating irreversibly dangerous enzymes
and microorganisms. Two basic categories of sterilised foods (Sect. 2.1.2,
Table 2.1) are known: acidic products with pH � 4.5 and non-acidic foods with
pH � 4.5 (Soncini 2008).

On the other hand, semi-preserved foods are products whose stability over time
depends on the preservation method and environmental conditions. In detail, the
following products can be defined semi-preserved foods:

(a) Pasteurised foods with pH � 4.5. These products are packaged in a her-
metically sealed container, pasteurised (or subjected to analogous treatments
with lower performances if compared with sterilisation) and their shelf life
depends on environmental conditions (low temperatures, use of modified
atmosphere, etc.). For these reasons, pasteurised semi-preserved foods have to
be refrigerated
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(b) Non-thermally treated semi-preserved foods. These products are packaged in
more or less hermetic containers and have undergone a specific technological
treatment without heat addition. In addition, their performance and safety
depend on storage conditions. Allowed technological systems are: smoking,
drying, lyophilisation and addition of natural substances with inhibiting
power. These products are normally stored as refrigerated or frozen foods.

The main objective of this chapter is the comparison of different preservation
systems and techniques. Because of the existence of different foods and beverages
belonging to the category of preserved (sterilised) products and the more complex
world of semi-preserved foods, a critical comparison of different systems should be
carried out. In addition, the association between several peculiar methods of
technological preservation and selected thermal methods should be explained with
reliable argumentation. Next sections are dedicated to a brief overview of
non-thermal preservation systems (Fig. 2.2) and the explanation of synergic effects
between these methods and thermal procedures.

Immersion in:  
  Sodium chloride 

Sucrose
Ethylalcohol

Vegetableoils, Vinegar

Blanching 
                         Dehydration  

Lyophilization 
     Smoking, Drying 
   Fermentation 

Fig. 2.2 A brief overview of non-thermal preservation techniques. The main difference concerns
the use of traditional preservation systems such as the immersion in salt solutions, sucrose, ethyl
alcohol, vegetable oils and vinegar, or the use of ‘historical’ methods such as smoking, drying and
fermentative processes. Actually, other systems may be considered in this category with the aim of
discriminating them in comparison with high-technology procedures: dehydration, lyophilisation
and blanching. High-technology preservation systems—MAP, CAS, intelligent packaging,
superchilling, etc.—are often used in modern plants and distribution services
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2.3.1 Modified Atmosphere Packaging Technologies

2.3.1.1 MAP Systems: General Features

Modified atmosphere packaging (MAP) techniques are one of the most recent and
interesting applications in the field of food preservation. Basically, this technology
can enhance shelf life values for certain products and reduce the addition of food
preservatives.

Briefly, food degradation caused by chemical–physical reactions and microbi-
ological spreading (enzymatic reactions are also included) can be delayed or
inhibited to a certain extent by means of the simple modification of atmosphere
compositions in the final food packaging (Micali et al. 2009; Parisi 2009, 2012). In
this ambit, two possible MAP technologies can be used for food applications:

(1) ‘Active’MAP systems. The existing gas mixture into the container is removed
and a different gaseous composition is inserted before packaging

(2) ‘Passive’ MAP methods. The composition of food packaging materials is
designed to allow the continuous modification of inner atmospheres caused by
cellular ‘respiration’. This phenomenon is observed when speaking of fresh
(minimally processed) fruits and vegetables, with special attention to cut
products. Cellular respiration causes the continuous increase of carbon dioxide
at the expense of oxygen; consequently, exceeding carbon dioxide has to be
removed (Senesi 1984).

The effectiveness of MAP systems depends on the ‘empty’ volume occupied by
the gaseous mixture (it should be equal to the space occupied by the packaged
food). In addition:

(a) The composition of modified atmospheres depends on the peculiar food.
Generally, most used gases (in different proportions) are carbon dioxide,
oxygen, nitrogen and/or argon; in particular, carbon dioxide may be extremely
useful (Molin 2000). Possible mixtures have to be designed on the basis of the
microbial ecology and approximate chemical compositions of packaged foods
(Ercolini et al. 2006a). Some specific parameters such as water activity (aw),
pH and redox potential have to be taken into account; the latter of these
measures, in particular, can be very useful to try to determine the probability
of growth and survival of pathogenic and spoilage microorganisms (Delia
et al. 2005; Parisi et al. 2004; Senesi et al. 2000)

(b) The composition of packaged foods has to be taken into account, specifically
with relation to fatty and moist foods and possible irregular agglomerations
into MAP products (Sect. 2.3.1.2)

(c) The augment of food contact surface is critical. As an example, diced cheeses
(Sect. 2.3.1.2) can show enhanced shelf life values if compared with whole
cheeses in the same MAP condition because the food/atmosphere interface is
dimensionally increased. This interesting result is not expected normally
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because cuts or different mechanical operations aiming to separate or subdi-
vide solid foods cause generally lower durability values (Delia et al. 2005;
Parisi 2002, 2009; Parisi et al. 2004).

2.3.1.2 MAP Systems: Technological Details

The ‘empty’ volume occupied by the gaseous mixture in MAP products has a
remarkable importance. This space should be equal to the space occupied by the
packaged food. However, this condition is not always possible because of the
physical disposition of the edible mass into the package. In other terms, subdivided
food products can physically occupy part of the theoretical empty volume into the
MAP container. This situation has been reported clearly for MAP diced mozzarella
cheeses (Parisi et al. 2004). This product tends to occupy large volumes of the inner
package because of the irregular disposition of cheese cubes and the fatty com-
position of products, with consequent agglomeration and partial ‘fusion’ between
single cheese parts.

MAP technology requires the combination of three interdependent elements: the
packaging machine, the type of wrapping material and the composition of gaseous
mixtures. In detail, the release of modified atmospheres (after the removal of
pre-existing gases into the container) can be observed immediately before, during or
immediately after the placement of whole or subdivided foods. With relation to
gaseous mixtures, the so-called ‘reactivity’ or ‘inertness’ depends on the abundance
of three main gases: carbon dioxide, nitrogen and oxygen (Micali et al. 2009).
Should nitrogen be mainly present, the inner gas mixture would be defined ‘inert’;
on the contrary, mixtures with carbon dioxide and/or oxygen (with the exclusion of
inert nitrogen) are defined ‘reactive’. Intermediate compositions (carbon dioxide
and nitrogen, with or without oxygen) are considered mixtures with a limited
‘reactivity’ by the technological viewpoint (Micali et al. 2009).

Substantially, it can be affirmed that MAP technology offers excellent results in
terms of food durability, if compared with known traditional techniques such as
vacuum packaging solutions. In addition, sensorial features remain acceptable. As a
result, many different foods can be preserved in this way: baked products, pre-
cooked foods, coffee, fruit juices, wines, chips, processed meats, etc.

MAP advantages are certainly referred to the commercial stability and the safety
of products; at the same time, long shelf life values allow the optimisation of
logistic operations and a more efficient management of transportation costs without
the use of declared preservatives. Moreover, the ‘thorny’ matter of waste foods
(expired products) may be partially solved.

However, the MAP technology cannot assure the complete safety and hygiene of
treated food products without a solid and reliable basis: the use of good or excellent
raw materials and packaging materials (and objects). In other words, the basic
‘support’ for MAP systems (and each preservation technique) is always the initial
raw material (or the sum of used raw materials). As above-mentioned, some
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chemical–physical data such as pH, aW and redox potential have to be taken into
account. In detail, redox potentials can be extremely useful because of the direct
connection between these values and the probability of microbial spreading for
selected microorganisms.

The determination of redox potentials in foods is recommended because of the
connection between the increase towards higher values and the concomitant decline
in the multiplication of life forms such as Listeria monocytogenes, Escherichia coli
and Salmonella spp. Because of the influence of the edible ‘culture medium’ (the
food itself) on the redox behaviour, several foods are not good enough when
speaking of microbial spreading; as a consequence, these foods could be treated
with MAP technologies with the aim of maintaining initial redox potentials in an
unfavourable way for many anaerobic bacteria (Delia et al. 2005).

Generally, the first objective of MAP systems is the reduction of contacts
between oxygen and food surfaces. In fact, oxygen is mainly responsible for the
promotion of microbial spreading (aerobic or facultative anaerobic life forms). On
the other hand, this gas could be useful in certain situations: as an example, the
bright red colour of oxyhemoglobin in red meats and fish products can be notably
enhanced in presence of oxygen; otherwise, the formation of meta-myoglobin
would be easily expected with inacceptable modifications of colorimetric perfor-
mances (Delia et al. 2005). However, oxygen can favour lipoxidation and fat
rancidity in medium-fat and fat fish such as salmon and tuna fish. In addition, food
degradation may be ascribed to the oxidant action of this gas, including the
degradation of b-carotene.

On the other side, a real antimicrobial action is ascribed to carbon dioxide (this
effect is maximum when the related concentration exceeds 30–40 % of the total
gaseous mixture). Naturally, the efficacy of carbon dioxide depends also on the
microbiological state of treated foods, in terms of initial microbial counts. On the
other side, high concentrations of this gas may lead to fractures in the packaging
material (collapse) with consequent severe alterations of sensorial features. The
explanation of this strange phenomenon is mainly ascribed to the absorption of
hydrated carbon dioxide (carbonic acid) in foods, with the concomitant pH low-
ering and the decrease of inner pressures into packages (Delia et al. 2005). pH low
values are efficient enough in terms of microbial inhibition; in addition, the pro-
duction of biogenic amines is delayed (Micali et al. 2009). The effect of this gas on
vegetable products is substantially the inhibition of cellular respiration; moreover,
maturation processes are delayed and possible damages to vegetable tissues because
of cold temperatures are notably reduced (Micali et al. 2009). With reference to
negative effects, it should also be remembered that excessive amounts of carbon
dioxide may cause dehydration in meats.

Nitrogen is completely inert: as a consequence, there are no possible interaction
with organic substances. Basically, this gas is used as a filler with the aim of
preventing possible packaging collapses, if carbon dioxide is used and possibly
dissolved in foods. Because of the complete inertness, pH is not affected.
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Other possible gases are:

(a) Carbon monoxide. This toxic gas has not inhibitory effect on microorganisms.
However, its use has been often reported because of positive sensorial effects
such as the formation of carboxymyoglobin with red colour enhancement in
certain products (beef, fish). On the other hand, carbon monoxide is ques-
tioned because of possible effects on food operators. In addition, the
above-mentioned formation of red-coloured carboxymyoglobin may be used
for fraud purposes

(b) Argon and other noble gases. These chemical elements may be a good
alternative because of the substantial inertness, colourless, odourless and
tasteless. In addition, gases such as argon can prevent crushing and defor-
mation damages in MAP products.

2.3.1.3 MAP Systems: Synergic Applications with Thermal Processes
and Possible Failures

The use of MAP systems can be very useful if these technologies are compared to
more traditional (air or vacuum packaging) techniques. At present, many applica-
tions are possible when speaking of pasteurised and cooked foods: meat and sau-
sages, baked foods, precooked foods, cheeses, milk powders, coffee, fruit juice,
wine, chips, pretzels, etc. The additional removal of food preservatives has to be
highlighted.

On the other side, possible failures of MAP systems can be caused by:

• Initial conditions of foods and beverages. In other words, incorrectly stored,
manipulated or pasteurised foods cannot be well preserved with MAP (or
vacuum) technologies. In particular, the possibility of certain greenish colours
(Kröckel 1995) on the surface of processed meats may be favoured when using
peculiar MAP gases

• Strange behaviours of packaged foods. In detail, certain sensorial variations
have been often observed and correlated to the dissolution of MAP gases
(carbon dioxide) in foods, where possible (cheeses)

• Inner or external package fractures caused by the permeability of food pack-
aging materials, with consequent lower pressure into the MAP product (Parisi
2012; Sivertsvik et al. 2002). Other situations depend on pre-existing food
packaging failures (Parisi 2013) or processing errors (during the replacement of
the inner atmosphere)

• Incorrect storage temperatures (these products have to be stored in refrigerated
chillers at least).

The above-discussed failures can be also observed in vacuum packaged foods:
naturally, the frequency of possible defects, including food safety and hygiene
situations, depends on the peculiar preservation system. In other terms, MAP

22 2 Thermal Processing in Food Industries and Chemical Transformation



methods aim at modifying shelf life values of foods by means of the controlled
variation of inner atmosphere; on the contrary, vacuum packaging techniques aim at
inhibiting the development of microbial spreading and chemical–physical reactions
based on the necessary presence of oxygen.

2.3.2 Controlled Atmosphere Storage Techniques

2.3.2.1 CAS Systems: General Features

Because of the effect of oxygen on processed and fresh foods (Sect. 2.3.2), another
preservation system—controlled atmosphere storage (CAS)—can be considered
into large-scale food warehouses in synergy with refrigeration procedures. In brief,
the air inside refrigerated cells can be ejected and replaced with mixed gases,
depending on the type of food product. The composition of ‘artificial’ gas mixtures
is constantly monitored and kept constant by means of automatic control systems
(analysers, absorbers and gas generators). Generally, atmospheres should have the
following rough composition: nitrogen (92–95 %); carbon dioxide (2–4 %); oxy-
gen (3–4 %); the temperature of chillers should not exceed 3–4 °C. Basically, the
main modification concerns the substitution of oxygen with nitrogen, carbon
dioxide or their mixtures (Sect. 2.3.1). CAS systems are mainly used in food
warehouses and sea freight containers for apples, pears, citrus fruits, other fruits and
vegetables, and flowers. Stored products are generally sensible to alterations
because of cellular respiration phenomena and the consequent production of carbon
dioxide, water vapour and several organic and aromatic compounds.

2.3.2.2 CAS Systems: Synergic Applications with Thermal Processes
and Possible Failures

The CAS system may avoid the early degradation of fresh products if combined
with cold-based technologies. In detail, the production of ethylene is reduced; the
degradation of chlorophylls may be blocked; pectins may be preserved at some
extent from hydrolysis. Stored products can be subsequently used for different
productions and other preservation treatments, including thermal processing. With
reference to possible defects, observed failures are generally correlated to the
incorrect management of process parameters: chiller temperatures, adequate ven-
tilation, surveillance and the continuous modification of inner atmospheres into
chillers.
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2.3.3 Vacuum Packaging and Hypobaric Packaging
Systems

2.3.3.1 Vacuum and Hypobaric Packaging Systems: General Features

The amount of oxygen inside food packages may be also reduced if the inner
pressure is lower than 2.66 � 103 Pa or between this value and 101,300 Pa
(atmospheric pressure). Substantially, two different methods may be used in this
ambit:

(1) Vacuum packaging. The inner pressure is lower than 2.66 � 103 Pa.
Recommended containers for these methods can be pouches, special rigid
containers and thermoformed trays. The virtual absence of oxygen does not
favour the aerobic activity of many microorganisms; consequently, deterio-
ration processes are remarkably delayed, and sensorial features (appearance,
colour, aroma, flavour and texture) suffer some little modification. The same
thing can be affirmed for chemical and nutritional features (digestibility,
protein amount, vitamins and starches). Moreover, environmental contami-
nants are removed with the originally contained air into the package

(2) Hypobaric packaging. The inner pressure is between this value and
101,300 Pa. Performances can be interesting enough in terms of shelf life
values, sensorial expectations and safety, although vacuum packaging is
considered with more favour.

2.3.3.2 Vacuum and Hypobaric Packaging Systems: Synergic
Applications with Thermal Processes and Possible Failures

Vacuum and hypobaric methods can be used in association with low temperatures
(refrigeration) and thermal processes in general (including the simple steam
cooking at 80 °C, for catering purposes) with excellent performances.

In particular, vacuum packaging meets fundamental food safety requirements.
The main advantage is the extension of shelf life values: products are kept longer
under refrigeration conditions and during the commercial transportation. Moreover,
the possible addition of chemical preservatives, salt or strong spices can be
advantageously replaced or reduced. Another important advantage, from the eco-
nomic angle, is correlated with the virtual absence of weight loss because of
evaporation and liquid release.

On the other side, vacuum techniques may be correlated with the possible
modification of aroma and the limited evaporation of moisture and volatile com-
pounds. However, the main failure for vacuum and hypobaric packaged foods is
always correlated with the use of food packaging materials in terms of possible
damages before use, incorrect design/choice and poor ‘barrier’ properties (Parisi
2012).
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2.3.4 Smart and Intelligent Packaging Systems

2.3.4.1 Smart and Intelligent Packaging: General Features

The increasing demand for fresh products and the consequent necessity of reliable
demonstrations—including also new and redeveloped analytical techniques (Parisi
2016)—has progressively stimulated the development of the so-called ‘functional’
packaging. Generally, these packaging materials are subdivided in two different
categories: ‘active’ and ‘intelligent’ packaging systems (Parisi 2009), depending on
the related function.

Briefly, ‘active’ or ‘smart’ packaging materials are designed with a very specific
aim: the continuous (active) modification of food and atmosphere properties during
the whole shelf life period (Parisi 2009) with the consequent enhancement of
positive food properties, including safety. This objective can be achieved by means
of the chemical interaction with the packaged food and the gas mixture inside the
package. Smart systems can allow the possibility of an active control because of the
direct and predictable interaction with packaged foods. As a result, food technol-
ogists may be able to influence the complex phenomena of chemical, microbio-
logical, physical and mechanical modifications occurring during storage. Finally, it
should be remembered that modern packaging materials have also a clear marketing
function (Brunazzi et al. 2014); consequently, the use of smart systems should be
evaluated in relation to preservation purposes and marketing strategies (Parisi
2012).

On the other side, ‘intelligent’ packages are designed with the aim of reporting
product changes during the whole shelf life period, with the consequent possibility
of diminished freshness and/or durability. The expression ‘intelligent packaging’
means a packaging technique that involves the use of an internal or external
indicator, capable of actively representing the history of the product and the
remaining shelf life (Parisi 2009).

The correlation of smart and intelligent systems with thermal processing is not
apparently clear. Both solutions require the use of other preservation strategies,
including thermal processing systems for unpackaged foods and cold-based tech-
niques (refrigeration). Thermally processed foods can be packaged with modified
atmospheres and interact with active compounds such as antimicrobials, antioxi-
dants or other useful substances. The continuous modification of food composition
can also be obtained by means of the variation of gaseous mixtures (head-space
control): small accessories containing gas absorbers or scavengers (target gases:
oxygen, ethylene, moisture) or generators of oxygen, carbon dioxide or ethanol can
be used (Parisi 2009). In detail, the following systems are currently reported:

• Moisture absorbers (glycerol, silica gel, clays) for meats
• Humidity regulators (sodium and potassium chloride)
• Ethylene absorbers (activated carbon, zeolites) or emitters of carbon dioxide

(ascorbic acid) for vegetables
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• Carbon dioxide absorbers for packed coffee (calcium chloride and sodium or
potassium hydroxide)

• Ethanol emitters for baked goods.

Moreover, the active packaging may induce natural antimicrobials such as
essential oils or bacteriocins: these substances can inhibit microbial growth in foods
(Ercolini et al. 2006b; Mauriello et al. 2004; Murray and Richard 1997; Ouwehand
1998; Skandamis and Nychas 2001; Tassou et al. 2000). However, strict man-
agement requirements are needed, and storage procedures (good manufacturing
practices, high hygienic standards) are also required.

Anyway, active systems cannot fully give expected performances without reli-
able traditional preservation techniques. Cold storage is required: in fact, the design
and the implementation of active approaches are based on the preventive applica-
tion of refrigeration systems. Sometimes, these applications have not been rec-
ommended when speaking of frozen foods.

The intelligent packaging has to interact with the environment and the whole
food/packaging system: recorded variations such as temperature abuses should be
immediately visible by means of evident chromatic variations. Time temperature
indicators (TTI) represent the most widespread forms of commercially available
intelligent packaging. TTI are normally applied on the outer surface of packages:
the thermal history of the whole food/packaging system is recorded and made
available readily (Parisi 2009). In addition, some commercial application of oxygen
and carbon dioxide indicators already exists: these applications—tablets or strips
into containers—can vary their colour because of the effect of specific chemical and
enzymatic reactions on the composition of inner atmospheres. Otherwise, a
destructive analytical procedure would be required.

2.3.4.2 Smart and Intelligent Packaging: Synergic Applications
with Thermal Processes and Possible Failures

Because of the peculiar design, smart and intelligent systems should be used if
coupled with cold-based storage methods. For this basic reason, related advantages
should be considered simply in terms of performance enhancement for cold-stored
foods or refrigerated products packed with modified atmospheres. On the other
hand, failures can be easily defined as the opposite of predictable (desired) results:

(a) Insufficient modification of food properties
(b) Insufficient modification of atmosphere properties
(c) Inaccurate demonstration of thermal history
(d) Inaccurate demonstration of qualitative variations (with relation to foods

and/or gas mixtures).

Moreover, each mechanical damage caused by one or more of the
above-mentioned defects can be ascribed (at first sight) to different reasons with the
exclusion of smart devices. Actually, the simple insufficient modification of gaseous
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compositions into packages can easily cause packaging defects such as fractures or
container collapsing (Parisi 2012).

2.3.5 High-Pressure Treatment

An interesting non-thermal preservation process is based on the application of high
pressures (Hugas et al. 2002; Patterson 2005; Simpson et al. 2012). This technique,
generally named high-pressure processing (HPP), shows very good performances
when speaking of food preservation because of the effect on several spoilage
bacteria and pathogens (destruction) and some enzymes (inactivation). HHP may
significantly reduce the presence of Salmonella spp and L. monocytogenes in raw
meats and marinades.

HPP macroscopic effects on processed foods are different (pressures >200 MPa
with maximum values >500 MPa):

(1) Inactivation and death of microorganisms
(2) Structural and functional modification of biopolymers (proteins, enzymes and

polysaccharides). In particular, the tridimensional structure of enzymes protein
molecules suffers important variations (Simpson et al. 2012)

(3) Morphological changes (vacuolar gas compression, deformation/elongation)
(4) Altered metabolism and biochemical reactions
(5) Changes in the cell membrane (altered permeability).

The use of high pressures (400–700 MPa) on foods causes the permeabilisation
of cell membranes and other phenomena such as the probable crystallisation of
membrane phospholipids. Anyway, the microbial resistance to high pressures
depends on several factors: the type of microorganism, its stage of development,
process conditions [time, pressure, temperature, chemical parameters of treated
foods (aw, pH, etc.)].

HHP is recommended for the microbial stabilisation of acid and heat-sensible
foods, the sanitisation of non-acidic products and the change in the technological
functionality of ingredients. In addition, solid and liquid foods can be treated with
HPP techniques; post-contamination is minimised; cleaning and sanitising proce-
dures in food plants are easier.

With relation to potential resistances, it has to be highlighted that viruses and
spores are very resistant to HHP; on the other side, HHP shows excellent perfor-
mances with non-sporeforming pathogens (L. monocytogenes, Staphylococcus
aureus, etc.).

Other potential disadvantages of the HPP system for packaged foods concern
substantially the complex manipulation of foods, the limited choice for containers,
long cycle times and the expensive cost of HPP lines. Actually, non-packaged foods
can be HPP treated with interesting advantages: easy handling, possibility of many
different containers and the absence of loading and unloading times; the process
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may be defined ‘continuous’ (Parisi 2005). On the other side, only liquid and
semi-liquid foods can be considered; in addition, aseptic packaging systems are
required.

2.3.6 Irradiation

The so-called ‘cold pasteurisation’ has certainly interesting effects on enzymatic
reactions and microbial activity. Basically, the exposure of foods to ionising radi-
ations (X-rays, accelerated electron beams and c-rays) enhances the shelf life
expectation of certain products such as vegetables, fruits, meats and seafoods
(Simpson et al. 2012). On the other hand, consumers appear to reject irradiation with
relation to non-food accidents (Donati 2015); moreover, some decrease in nutrients
has been reported (Simpson et al. 2012) and the use of this technique can be effective
on condition that enzymatic inactivation is complete. For these reasons, the method
is certainly powerful, but the current market does not seem to accept it at present.

2.3.7 Superchilling

Superchilling is an interesting method for the preservation of ced white fish on ships
(Waterman and Taylor 2001). Substantially, the process concerns the partial
freezing of water inside foods: the final temperature should be 1–2 °C below the
initial freezing point. A notable extension of shelf life has been observed (Kaale
et al. 2011; Magnussen et al. 2008; Schubring 2009), thereby extending the storage
life of the fish. However, three main disadvantages have to be considered
(Waterman and Taylor 2001):

(1) Superchilled products cannot be processed or used immediately because they
are partially frozen. A certain time loss is expected

(2) Normal quality inspections cannot be performed on partially frozen fish. Once
more, a certain time loss should be taken into account

(3) Superchilling parameters (temperature) have to be strictly monitored and
constant. This condition could not be always observed easily on trawlers.

2.4 Traditional Preservation Techniques

Basically, ‘traditional’ preservation methods involve the use of food additives with
microbial actions (natural or artificial origin), peculiar historical systems such as
smoking and fermentation, and the addition of natural food ingredients. This section
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is dedicated to a brief description of these techniques, with possible advantages and
risks if compared with thermal preservation.

2.4.1 Preservation with Traditional Additives
and Pretreatments

2.4.1.1 Preservation with Sodium Chloride

The traditional use of salt for the preservation of meat, fish and vegetable products
(Delgado et al. 2016) can also provide particular sensorial features. With exclusive
relation to sodium chloride, the following positive actions have to be considered:

(a) Increased osmotic pressure and consequent damages to microbial cells.
Osmotic pressure depends exclusively on the number of dissolved solute
particles in solution, while their size is not important. Consequently, small-size
ions such as sodium cations and chloride anions can provide higher osmotic
pressure values (and a better preservation of treated foods) if compared with
other high-size solutes such as sucrose at the same concentration (g/l)

(b) Decrease of aw values with the consequent inhibition of microbial activities.
Sodium and chloride ions tend to ‘block’ the surrounding water molecules: the
amount of bioavailable free water has to decrease necessarily. In addition, the
formation of hydroxide ions reduces aw. Finally, sodium chloride and prote-
olytic enzymes may create new compounds with the consequent reduction of
cellular decomposition.

The action of the salt is mainly bacteriostatic; however, the bactericidal action
cannot be guaranteed because of the possible presence of osmophilic, halophilic or
salt-tolerant life forms. For this reason, salting is often combined with other
preservation methods such as low temperatures, the addition of nitrite and nitrate,
cooking or smoking process.

Usually, commercially available salt is obtained from the evaporation of sea-
water, from natural brines and from underground warehouses. Different methods
are available at present, including the addition of salt in direct contact (possibly
mixed with spices, nitrates or nitrites), or by rubbing, or with stratification in
alternate layers. Anyway, salt should be added at low temperatures: otherwise,
certain defects could occur including dishomogeneity of water transfer to the
external surface of foods and the formation of superficial crusts. Other well-known
systems comprehend the addition of salt by means of the brine injection into meat
tissues or by simple immersion (e.g. Grana and Parmigiano Reggiano cheeses).
Anyway, cooking and smoking processes can be combined with salting.
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2.4.1.2 Preservation with Sucrose

Sucrose can increase the osmotic pressure similarly to salt, but its preservative
action is low if compared with sodium chloride; for this reason, high concentrations
of added sucrose are needed (65–70 %). Consequently, treated foods are often
jams, fruit jellies and candies.

It should be also noted that higher concentrations of added sucrose lead to
crystallisation phenomena, while lower quantities cannot be effective enough (a
synergic action with other preservation methods such as concentration, acidification
and cold-temperature storage are required). Glucose and fructose may be used as
possible sucrose substitutes because of their lower molecular weight and the con-
sequent reduced amount (40 %).

Similarly to salt, sucrose has a prevailing bacteriostatic action without bacteri-
cidal effects; moreover, osmophilic life forms may remain unaffected in presence of
sucrose. For these reasons, a synergic action with other methods is needed and
recommended.

2.4.1.3 Preservation with Ethyl Alcohol

Ethanol—a non-toxic alcohol for food applications—is added to fruits for the
production of peculiar products with amounts between 50 and 70 %. In these
conditions, ethanol would be lethal against vegetative forms; naturally, treated
foods would also obtain a pleasant and strong taste. On the other hand, initially
present vitamins would be destroyed.

2.4.1.4 Preservation with Oils

Preserved foods in oil are one of the most ‘popular’ products at present (Delgado
et al. 2016). Generally, two main food products—vegetables and fish—are pre-
served with vegetable oils. Intermediate foods are placed in dedicated containers
(after cooking or other thermal treatments) and immersed in oil with the aim of
covering completely the edible product. Substantially, the aim of food technologists
is to create an oxygen-free environment, with the consequent inhibition of aerobic
bacteria; vegetable oils do not show a direct preservative action.

For this reason, the use of oils is not effective and recommended when speaking
of possible anaerobic activity by certain microorganisms (example: Clostridium
botulinum). Moreover, moist foods cannot be immersed in oil and remain preserved
because living microorganisms may be able to spread in the aqueous phase (ex-
ample: undrained foods). Consequently, this traditional method may require the
synergic action of different preservation systems such as pasteurisation and steril-
isation (canned tuna is initially cooked before being salted, canned in oil and
sterilised) or the addition of salt and vinegar (artichokes are boiled in water and
vinegar before treatment in oil).
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The storage in oil may determine a certain loss of nutrients (vitamins above all);
in addition, the preservation of pickles is very different if compared to fresh
products. Moreover, the composition of drained foods gives an excess of energy in
comparison with the untreated product: sodium contents are rather high and lipids
may be still 10 times greater if compared with fresh products.

2.4.1.5 Preservation with Vinegar

Vinegar is historically used to preserve vegetables and some fish products by means
of its content in acetic acid (minimum quantity: 6 %). Substantially, the immersion
in vinegar can determine:

(1) A microbiostatic action (pH values are notably lowered)
(2) A bactericidal action because of the known toxic effect of acetic acid.

The immersion in cold or heated vinegar (75–80 °C) has to be carried out after
preliminary treatments: foods should be seared, salted or macerated in vinegar for a
few days. Moreover, the acid solution can be ‘enriched’ with spices or herbs. These
procedures allow to counteract the possible decrease of preservation effects because
of the excessive dilution (intermediate solutions contain always more or less moist
foods).

Almost all vegetables (peppers, eggplant, cucumbers, capers, etc.) can be pre-
served in vinegar. Initial foods can be either fresh or semi-preserved raw materials;
in the latter case, these are kept in brine up to the time of the preservation process,
when they are rinsed and put under vinegar.

The modern production of preserved foods in vinegar involves also the use of
chemical additives (citric acid and ascorbic acid) or a pasteurisation treatment. For
these reasons, radical modifications of organoleptic features (taste, colour and
odour) have to be expected. Moreover, vitamins and other nutrients are likely lost.
On the other time, pickles improve with time and can be stored for a very long time.

2.4.1.6 Blanching

Blanching is a thermal pretreatment with peculiar applications for vegetable raw
materials. Actually, the process should be discussed in Sect. 2.1 because of the use
of heat (water or steam at 70–105 °C). However, the importance of blanching is
marginal when speaking of food preservation methods.

In fact, the main purpose of this technique is to inhibit only enzymatic activity in
vegetables and some fruit types before subjecting them to ‘classical’ preservation
systems. In other words, blanching has a limited importance when speaking of food
safety, inhibition of spoilage microorganisms and elimination of pathogen agents;
on the contrary, further preservation methods are required. By the chemical
viewpoint, macroscopic effects of blanching are the modification of sensorial
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features (colours above all) because of the transformation of chlorophylls and other
organic substances such as b-carotene, ascorbic acid, etc. (Muftugil 1986; Negi and
Roy 2000). Other effects include the elimination of unpleasant odours and gases
enclosed into plant tissues (with reduced oxidation risks), the decrease of microbial
counts and the coagulation of proteins with lower cooking times.

From the technological viewpoint, raw materials are rapidly heated to the desired
temperature: after a certain time, they are rapidly cooled to room temperature.

2.4.2 Other Traditional and Modern Preservation
Techniques

2.4.2.1 Dehydration

The term ‘dehydration’ means the progressive reduction of water content inside
foods with the aim of inhibiting microbial spoilage; essentially, this process has
microbiostatic effects. However, three different processes can be named
‘dehydration’:

(a) Concentration
(b) Drying
(c) Freeze-drying.

Basically, these methods are performed with the aim of reducing the bioavail-
ability of free water into foods. This availability is measured in terms of water
activity; should aw (Sects. 2.3.1 and 2.4.1.1) be low enough, the decrease in the
growth rate of living microorganisms would be observed until the complete block
of all metabolic activities. aw can be reduced:

(1) By means of the removal of water molecules from foods (dehydration), or
(2) By means of the dissolution of peculiar substances (solutes) in the solid food

solution (chemical preservation).

Dehydration has a certain microbiostatic action; in addition, water bioavailability
is remarkably reduced. On the other side, toxins and spores remain substantially
unaffected; for this reason, the use of dehydration cannot be recommended when
using raw materials with appreciable microbial counts.

In general, the tripartite subdivision of dehydration systems depends on the
technological solution for the elimination (separation) of the aqueous solvent from
the food matrix.

Concentration techniques are generally performed on liquid foods or products
with high water amounts; the objective is the reduction of volumes and weights
(limitation of transportation costs). It has to be noted that preservation effects are
rather limited and always associated with other treatments (pasteurisation, freezing,
addition of chemicals, etc.).
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Concentration by evaporation is the most used technique for the production of
concentrated feed and food products. A basic requirement has to be satisfied: the
food product has to be treated with temperatures close to the boiling point of the
food itself. No substantial changes should be observed when speaking of sensorial
and nutritional properties, on condition that the processing temperature is close but
slightly lower than the maximum thermal value (boiling point of the solid or liquid
mixture). For these reasons, the continuous monitoring of rheological properties is
required because of the necessity of eliminating possible foams and the consequent
local heating (imperfect heat circulation and steam removal). The control of pres-
sure is also recommended: under partial vacuum, boiling points are lowered and the
removal of steam is easy at low temperatures. Generally, this process (increase of
thermal values) may damage thermally sensible products such as milks, alcoholic
beverages and juices.

The second dehydration process, cryoconcentration, is similar to classical
freezing systems: liquid foods (solid products cannot be discussed here) are treated
with the aim of removing water in form of ice crystals (final concentration of
solutes: up to 60 %, while the normal evaporation process should assure only
30 %). The crystallisation of water molecules is carried out by treating the food
between −3 and −7 °C: this procedure aims to favour the growth of ice crystals
instead of the simple nucleation (Sect. 2.2.1.2). Consequently, food damages (in
liquid foods) are limited and the removal of ice crystals is more efficient. Generally,
cryoconcentration procedures are used for tea and spices (before drying), coffee
extracts and similar products, vinegar, fruit juices, milk and wines. Clearly, the
following advantages are determined by the notable removal of volumes (and
weights):

– Excellent aroma retention
– Different logistic solutions during transportation and storage steps in the food

chain
– Virtual absence of sensory variations and damages to certain organic substances

(vitamins).

On the other side, the incorrect management of processing parameters and the
insufficient water removal could cause different defects, including microbial
spreading and possible phase separations in the liquid product.

The third concentration procedure allows the partial water removal by means of
the use of artificial membranes (concentration of solutes may reach 50 %).
Interestingly, this removal can easily be performed at room temperature, without
classical thermal damages (nutritional loss, variation of sensorial features, etc.). One
of the most known versions of concentration by membrane processes, the direct
osmosis, is based on the contact (13.5 ± 1.5 h) between whole, cut or sliced foods
on the one side and a (possibly heated) concentrated solution (65–70 % of sucrose).
In this situation, cellular membranes in foods provide the physical interface
between foods and the concentrated solution. The addition of food additives such as
ascorbic acid may be recommended because of possible browning effects.
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Naturally, this method is completely ‘natural’; on the other hand, sweet tastes
should be notably enhanced in the final product. A possible countermeasure is the
concomitant addition of salt (it can also reduce browning effects and increase
osmotic pressures).

Anyway, direct osmosis is not a standalone preservation treatment: on the
contrary, it should be recommended as a preliminary process before other drastic
preservation procedures (drying, freezing and lyophilisation). In addition, recent
modifications of the original system imply the use of relatively short times (up to
20 min) and high temperatures (75 ± 10 °C) with the declared aim of combining
synergically dehydration and pasteurisation. At present, the new frontier is repre-
sented by the use of artificial membranes (organic polymers): new and improved
processes are named ‘reverse osmosis’ systems.

2.4.2.2 Drying

Drying is historically well known: this method implies the heat treatment of solid or
liquid products with the aim of removing large water amounts: the final aqueous
content should not exceed 15 %. Differences between historical and modern sys-
tems include the following points:

(a) Heat sources. Ancient systems imply the exposure of foods to sun and air for
weeks or months. Industrial systems, surely more manageable than historical
procedures, are based on the development of artificially heated rooms and the
subdivision of the whole process in three steps: food preparation before dry-
ing, drying and final packaging

(b) Drying procedures. Historical systems do not require peculiar standards when
speaking of monitoring and controls. On the other hand, modern systems—hot
air drying; infrared, ultrasound or microwave drying; direct food contact
drying—require the critical control of heat transfer from emitting sources to
the product and the concomitant water removal until a new thermohygrometric
equilibrium with the surrounding environment. Other critical parameters are
the gradient heating of foods (core temperatures should not exceed 70 °C), the
application of very low pressures and the management of relative humidity
(desired values between 10 and 20 %). Insufficient controls could cause
serious damages to foods, similarly to failures observed in certain thermal
processes (pasteurisation, sterilisation).

2.4.2.3 Lyophilisation

Lyophilisation consists in the under-vacuum dehydration of previously frozen
products by sublimation (four steps are required). Temperature has to be <0 °C.
Treated foods have a reduced weight (final values can reach 92 %): rehydrated
products can show the virtual absence of nutritional losses. In detail, the following
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products—high-protein and high-calorie soups, granular and orange juice, veg-
etable soups, meat, etc.—can be preserved for very long times. On the other hand,
the main disadvantage of these systems is correlated with the incorrect management
of these processes and the hygroscopic behaviour of treated foods: packaging
processes should be carried out packaged under vacuum or under nitrogen in
triple-layer envelopes.

2.4.2.4 Smoking

Smoking treatments mean the introduction of peculiar substances in foods by means
of the simple immersion in a saturated atmosphere or in a liquid bath. Basically,
these compounds can:

(a) Penetrate the inner structure of treated foods towards the centre of the product
(depending on immersion time) by food contact on edible surfaces with the
‘smoking’ source

(b) Remain into the food after immersion
(c) Inhibit microbial growth during immersion and after the treatment (prolonged

effects).

Smoking procedures are generally performed on already salted foods: the syn-
ergic action of salting and smoking can increase dehydration and enhance peculiar
aroma and taste features.

From the technological viewpoint, smoking is recognised to show antiseptic,
antioxidant and antimicrobial properties. Historically, foods were smoked by
hanging over burning wood: as a result, the action of smoking was associated with
heat penetration and superficial drying. At present, modern operations have dif-
ferent processing parameters. In detail, two main industrial applications are
available:

(1) ‘Cold’ smoking. foods are heated between 20 and 45 °C; total processing
times are measurable as days or weeks

(2) ‘Hot’ smoking. Intermediate products are heated between 50 and 90 °C for a
few hours only.

Because of the nature of smoking compounds, sensorial features of treated foods
are completely different from original raw materials or intermediates. As a result,
smoked products are extremely appreciated as a new food category, both for
hedonistic reasons and historical features. The following list shows the most known
types of smoked food products:

(a) Cheeses such as palmero, provola, ewe cheese, etc. (Guillén et al. 2007;
Majcher et al. 2011; Naccari et al. 2008)

(b) Cured, cooked and raw meats, such as beef muscle cooked in brine, wurstel,
sausages, Prague ham, Speck, etc. (Budig 2012; Lucarini et al. 2013)
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(c) Fish (salmon, herring, sturgeon, swordfish, tuna, mackerel, trout and eel).
Interestingly, smoking treatments are associated with a certain increase in
sodium amounts.

From the technological viewpoint, it should be considered that smoked products
are certainly dry versions of the original foods; for this reason, durabilities are
notably enhanced (the influence of salting has to be taken into account).

On the other hand, smoking is questioned enough at present because of certain
safety concerns (presence of potentially carcinogenic substances such as ben-
zopyrene). As a result, the food industry is currently evaluating smoke flavourings
or ‘liquid smoke’ solutions. In particular, the liquid solution corresponds to the
result of the condensation of volatile smoke products (from wood combustion) in
water; after a filtration process, the liquid smoke is free from heavy oils and ready
for use.

New smoking systems may assure other advantages if compared with traditional
methods, including a notable uniformity with relation to flavours, aroma and col-
ours on food surfaces. Moreover, processing times are remarkably faster.
Disadvantages of these methods, typically caused by the improper management of
times and/or the incorrect dilution of the initial smoke in the final water solution,
might be worsened by salting and thermal preservation systems. In particular,
excessive salting may enhance crust formation in certain cheeses, and smoking
treatments could have more visible effects (brownish colours) than expected; the
same thing may occur if preheating treatments give more or less concentrated
products, with concern to moisture amounts.

2.4.2.5 Fermentation

Fermentation means the process—or the sum of concomitant processes—that
allows certain microorganisms, including degradative life forms such as moulds and
yeasts, to break down carbohydrates with the production of alcohol and organic
acids. These substances can efficiently inhibit the growth of putrefactive microor-
ganisms and increase shelf life periods. In addition, fermentative processes can
modify partially chemical compositions and sensorial features, the digestibility of
preserved foods, and other properties. At present, the role of biotechnology is
relevant when speaking of industrial fermentation processes: more than 3500 dif-
ferent types of fermented foods are known and produced worldwide, including
yoghurts, cheeses, wines, beers and sauerkrauts (Baglio 2014).

Apparently, fermentation can give a number of advantages when speaking of
food safety and product categorisation. However, there are some risks because
fermentative processes can assure good performances on condition that ‘food
supports’ are good enough. In other words, heat-based thermal treatments have to
destroy all degradative microorganisms with the aim of eliminating all possible
causes of microbial competition between fermentative life forms and other micro-
bial agents; should not this condition be respected, raw materials could give
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unexpected results. At the same time, strongly pasteurised raw materials could have
a reduced amount of fermentative life forms, and the normal fermentation process
could be seriously impeded. With relation to cold-based storage treatments, several
microorganisms might suffer important damages and be inhibited in terms of fer-
mentation. Finally, drastic heat-based preservation treatments could decrease the
bioavailability of certain nutrients, with comprehensible effects on the normal
fermentation yield.
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Chapter 3
Undesired Chemical Alterations
and Process-Related Causes. The Role
of Thermal Control and the Management
of Thermal Machines

Marco Fiorino and Salvatore Parisi

Abstract This chapter is explicitly dedicated to the description of several known
sensorial alterations in foods and beverages because of technological preservation
systems. Many possible alterations could be considered: the more diversified the
choice of industrial processes (including also traditional preservation systems), the
broader the field of interest. For this reason, authors have decided to consider the
subcategory of sensorial failures in relation to thermally conducted processes only.
Basically, the following chemical alterations are discussed in relation to thermal
food processing: hydrolytic decomposition of fat molecules and proteins; ketonic
and oxidative rancidity; homofermentative reactions; decomposition and modifi-
cation of lateral chains in amino acids; protein denaturation; interactions between
proteins and other organic molecules; enzymatic degradation of proteins;
caramelisation of carbohydrates.
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3.1 Introduction to Chemical and Physical Modifications
of Foods in the Modern World

One of the most interesting (and worrying) features of the modern food and bev-
erage industry is correlated with the irreversible modification of certain chemical–
physical parameters of produced foods. Actually, the variation of sensorial features
in edible products is not a recent discovery (Cappelli and Vannucchi 1990); the
same thing can be affirmed when speaking of microbiological alterations caused by
the modification of edible ‘culture media’ (foods, beverages) after processing
techniques (Parisi 2002, 2003). However, the current situation appears different if
compared with the past: in other words, the increasing industrialisation worldwide
has certainly modified the organoleptic representation of current foods and bever-
ages (Parisi 2006, 2012, 2013) with partially forecasted results on the one hand and
the concomitant confusion of selected brands and related features by normal con-
sumers on the other side.

Anyway, many different chemical and physical modifications may be observed
when speaking of industrial and artisanal foods and beverages. A preliminary
discrimination should concern the frequency of certain variations on the chemical
level, because an industrialised process is expected to modify intermediate edible
masses from the start to the end of the whole ‘chain’ in a predictable way. In other
words, the more standardised the process, the lower the amount of unexpected
‘surprises’ in the final product. On the other side, artisanal products—the heritage
of old times and civilisations—are easily recognised as the carrier of many unex-
pected or unknown sensorial variations when discriminating between two or more
similar products of different geographical or social origin (Gómez-Ruiz et al. 2002;
Kupiec and Revell 1998; Tregear 2003).

By a general viewpoint, the industrial food product (Campbell 2009) is designed,
produced and distributed with the aim of ‘capturing’ the attention of ‘normal
consumers’ (Parisi 2004–2012) in a durable manner. For this reason, each product
has to be obtained with the minor possible amount of sensorial variations when
speaking of different production lots: different results could easily disorientate
consumers. In fact, the simple and inevitable modification of sensorial features in
food products is irreversible between the start and the end of the commercial life
(within the so-called expiration or sell-by-date). Consequently, food technologists
should compose their personalised idea of food or beverage product taking inevi-
table temporal variations of colours, aroma, taste, texture and shape into account.
The occurrence of additional modifications has to be avoided. On the other side,
artisanal foods are surely restricted in the modern world when speaking or market
sales: the competition may be assured if a sort of shared organisation is put in place.
Normally, these joint entities may assure elements such as legal protection of
brands, communications, innovation and quality assurance (Jordana 2000). The last
feature, quality assurance, should imply the good or acceptable knowledge of
technological processes and related effects, including undesired alterations (or
‘surprises’).
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This chapter is explicitly dedicated to the description of several known sensorial
alterations in foods and beverages because of technological processes. Actually, the
discussion is broad because many possible alterations could be considered: the more
diversified the choice of industrial processes (including also traditional preservation
systems), the broader the field of interest. For this reason, authors have decided to
consider the subcategory of organoleptic failures or ‘surprises’ in relation to ther-
mally conducted processes only (Fig. 3.1). In other words, the discussion does not
concern chemical, physical, microbiological, sensorial alterations and synergistic
results caused by processes without a clearly correlated thermal augment.

In fact, the following processes or systems may be taken into account when
speaking of undesired food or beverage alterations (Cappelli and Vannucchi 1990;
Delia et al. 2005; Fessmann 1999; Horner 1997; Micali et al. 2009; Parisi 2009;
Rahman and Perera 1999; Šimko 2002):

• Controlled enzymatic reactions
• Controlled seasoning in open air (presence of selected microorganisms)
• Controlled seasoning in open air

Proteins

Macroscopic  

modifications
Carbohydrates

Fats

Hydrolysis

Ketonic rancidity

Oxidative  
rancidity

     Hydrolysis  

           Enzymatic degradation

               Denaturation  

Modification  
of lateral chains 

Homo-fermentation 

Caramelisation

interactions  
between proteins 

and organic molecules 

Fat smearing, emulsion breaking, etc.
Hetero-fermentations 

Fig. 3.1 A brief overview of chemical alterations during food processes. In spite of the possible
influence of other causes, main chemical and physical alterations of foods and beverages are often
originated during processing steps in the food industry, and during the remaining part of the whole
food chain (storage, delivery and final distribution). Generally, the following procedures and
reactions are considered when speaking of probable causes: controlled enzymatic reactions;
controlled seasoning in open air; controlled homo- and hetero-fermentative processes; drying
systems; mechanical processes; irradiation; high-temperature preservation; low-temperatures
processes; MAP and CAS systems; semi-preservation (addition of salt, ethanol, sucrose, fatty oils,
etc.); smoking treatments
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• Controlled homo- and hetero-fermentative processes
• Drying systems including cryostatic processes, membrane- and microwave-

assisted technologies and freeze-drying
• Mechanical processes (kneading, lamination, crushing, screwing, etc.)
• Radiation techniques
• Thermal systems with preservation purposes, high temperatures: pasteurisation,

sterilisation, etc.
• Thermal processes with preservation purposes, use of low temperatures:

refrigeration, freezing, etc.
• Thermal processes without preservation purposes, use of high temperatures:

cooking, melting, etc.
• Other preservation techniques with the use of active systems and/or modified

gases as food-contact atmosphere
• Chemical systems for the preservation of foods: addition of salt, ethanol,

sucrose, fatty oils, etc.
• Smoking treatments for preserving foods and similar techniques without

preservation meaning, also named ‘aromatisation’ procedures.

The above-mentioned systems are the basis of the modern industrial production
when speaking of foods or beverages. Each processing step or sub-step has its own
reason or reasons (advantages) in the ambit of the whole food process. On the other
side, the occurrence of several defects may be ascribed to the same group of systems.

In general, the following chemical alterations should be discussed in relation to
food processing and other causes:

(a) Hydrolytic decomposition of fat molecules, catalysed by microbial lipases,
light exposure and water (Holliday et al. 1997; Macrae 1983; Sherwin 1978)

(b) Ketonic rancidity. Enzymatic reactions are involved; mould contamination is
needed (Hamilton 2003; Kinderlerer 1993; Kinderlerer and Kellard 1984)

(c) Oxidative rancidity, catalysed by light exposure, presence of metals such as iron,
copper, nickel and other metallic elements, thermal dissipation during mechan-
ical processes, presence of peroxides and lipoxydases (Aluyor andOri-Jesu2008;
Kochhar 1996; Mizutani and Hashimoto 2004; Tan and Man 2002)

(d) Homofermentative reactions (Marshall and Tamime 1997) with the production
of ethanol, and hetero-fermentative processes (Pilone et al. 1991; Priest 1999)
with these final products: ethanol, isopropyl alcohol, butyl alcohol, acetone,
etc. These reactions are naturally catalysed by different microorganisms such
as Lactobacillaceae, yeasts and moulds

(e) Decomposition and modification of lateral chains in amino acids (Stadtman
and Levine 2003)

(f) Protein denaturation (Hendrickx et al. 1998; Lopez-Fandiño et al. 1996;
Messens et al. 1997)

(g) Different interactions between proteins and other organic molecules. ‘Maillard
reaction’ is one of the most known and studied examples (Fu et al. 1994;
Martins et al. 2000)
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(h) Hydrolysis of proteins (Sarmadi and Ismail 2010)
(i) Enzymatic degradation of proteins (Cappelli and Vannucchi 1990)
(j) Caramelisation of carbohydrates (Claude and Ubbink 2006; Friedman 1996;

Izydorczyk 2005)
(k) Chemical–physical modifications such as fat smearing and breaking of

emulsions (McCain 1991).

From the sensorial viewpoint, many of the above-mentioned reactions determine
important variations. Generally, colours are modified in an irreversible way: the
caramelisation and other reactions with carbohydrates as substrates are the cause of
brown colours in foods (Cappelli and Vannucchi 1990). Moreover, the following
chemicals are modified and/or destroyed:

– Vitamins. In particular, vitamin C, b-carotene and thiamine are progressively
destroyed (Morris et al. 2004) because of oxidation, contact with water, and
thermal processes such as blanching (vegetable products)

– Anthocyanins (Jackman et al. 1987; Patras et al. 2010)
– Carotenoids (Britton and Khachik 2009; Rodriguez-Amaya 1997).

The physical looking of foods and beverages can be notably modified: as an
example, textural variations in several products such as certain cheeses and
industrial pasta have been considered in the scientific literature and studied with the
aim of providing better products (Parisi et al. 2006). Anyway, the reduction of
hydric contents is one of the most known effects when speaking of textural vari-
ations and correlated effects (Barbieri et al. 2014). Certain superficial modifications,
including also the simple aspect of products (example: geometrical shape) can be
also observed and mathematically correlated with chemical–physical parameters.
Finally, the aroma may be remarkably modified with pleasant or unpleasant results,
depending on the process; naturally, alterative phenomena (degradation) can also
determine the premature perishability of certain foods or beverages with claimed
long durability. Should this situation be observed, production/storage/delivery steps
and the distribution process (or the sum of independent and subsequent sub-steps in
the food chain) would be studied carefully.

Anyway, the sum of possible modifications is very large and this book could not
consider all options here. For this reason, chemical–physical modifications are
discussed here if some food processing relationship is involved and the process
tends to the increase of thermal values. In addition, some reflection is made here
with concern to the importance of thermal control and the management of involved
machinery and equipments in the modern food industry.

In general, the following list can be exhaustive enough when speaking of
thermal augment:

• Mechanical processes with heat dispersion (lamination, extrusion, kneading,
grinding, crushing, screwing, mixing, etc.)

• Thermal systems with preservation purposes, use of high temperatures: pas-
teurisation, sterilisation, etc.
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• Thermal processes without preservation purposes, use of high temperatures:
cooking, melting, etc.

It should be noted that mechanical processes are not carried out with the aim of
increasing thermal values of intermediate food masses. On the other hand, the
simple mechanical movement determines a certain energy dissipation because of
compression, impact and friction forces, with the consequent heat dispersion into
working masses (Hernandez‐Izquierdo and Krochta 2008; Zardetto and Dalla Rosa
2006). This heat dissipation is usually observed in grinding operations on dry foods
(coffee, cocoa, etc.), although other sectors such as meat processing industries may
show similar problems (McCain 1991). For this reason, mechanical processes
should be considered in this ambit despite the low impact in terms of thermal
increase. On the other side, it has to be considered that thermal increases may
become notable during the process with the consequent melting of grinded parti-
cles. Moreover, heat exposure of initial raw materials (rice) during grinding has
been reported to have apparently some influence on the quality of finished products
(Nishita and Bean 1982). Cryogens such as carbon dioxide snow are often used
with the aim of reducing thermal augments.

3.2 Undesired Chemical Alterations and Thermal
Processing Management

In general, each food processing technique has one, two or three distinct aims:

(a) The safe consumption of foods or beverages
(b) The easy preservation of claimed long-durability foods and beverages
(c) The increase of palatability, for peculiar foods (Fujimoto et al. 2015; Lepper

2013).

Basically, all thermal treatments including the simple cooking process can
determine the following situations (Cappelli and Vannucchi 1990):

(1) Reduction of hydric amounts (in other words, augment of dry content in
treated foods)

(2) Hydrolysis of proteins, carbohydrates and fatty molecules
(3) Inactivation of many enzymes (microbial origin) and toxins, elimination of a

notable part of pathogen microorganisms and reduction of the total viable
count of microbial agents in treated foods

(4) Demolition of certain amino acids, thermally unstable vitamins and organic
compounds (proteins and carbohydrates) because of different reaction chains
(Maillard reaction, etc.)

(5) Aqueous dissolution of mineral salts in the excess water (after treatment) with
consequent diminution of nutritional values.
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Therefore:

(a) Each thermally treated food loses a variable amount of the original weight,
depending on its composition, treatment conditions (temperature and time
cycles), and the dimension of treated foods and ‘cooking’ chambers

(b) Certain colorimetric variations can be easily observed because the original
aqueous solid solution (the initial food) has been physically concentrated after
treatment. As an example, the variation of colours can be easily ascribed to
certain fatty molecules without the diluting effect of dissolving water

(c) The digestibility of main nutritional molecules—carbohydrates, proteins and
fats—is notably increased, in spite of the presence of certain indigestible
fractions

(d) Sensorial features are remarkably enhanced after treatment
(e) The nutritional value may be increased after treatment when speaking of

available proteins, fats and carbohydrates; on the other side, vitamins and other
nutritive principles are lost

(f) The presence of mineral salts may be reduced after treatment because of the
dissolution in the existing (dissolving) water and/or in added cooking waters.
This modification may be observed with the concomitant variation of chemi-
cal–physical properties of certain macromolecules such as proteins.

The category of thermal processes involves many techniques, and cooking is
only the first and best known of these methods. With relation to the industry of
vegetable foods, the ‘blanching’ process (cooking in boiling water, followed by the
sudden ‘shocking’ step under cold water) can be extremely useful (Abu-Ghannam
and Jaiswal 2015; Menon et al. 2015). A notable part of thermal processes are
carried out with the aim of destroying microorganisms and inactivating toxins with
a reliable degree of food safety: pasteurisation, sterilisation and related variations
such as ultra high temperature (UHT) processing are widely used in the modern
food industry.

Because of the importance of involved parameters on the management of ther-
mal processes and related machinery, a brief description of the above-mentioned
processes has been shown in Chap. 2.

However, the main objective of this chapter is the definition of undesired
chemical and physical modifications in foods in strict relation to temperature, the
main process parameter. For this reason, the above-mentioned modifications are
discussed in Sect. 3.3 with reference to thermal values, where available. Before
continuing, a little premise should be made with concern to mechanical treatments
(kneading, lamination, crushing, screwing, etc.) and their possible effects on
undesired chemical reactions.
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3.3 Thermal Processing Parameters and Chemistry
of Foods

3.3.1 Reduction of Hydric Amounts and Possible Damages
After Cooking

Generally, the reduction of moisture in edible products is desired because the
microbial spoilage is direct function of liquid water amounts. Actually, the
bioavailable water corresponds to a (notable) fraction of the whole water amount
that could be analytically determined. This fraction, named ‘free water’, is generally
measured in an indirect way by means of another parameter: water activity (aw).
Moreover, many properties of foods—rheological behaviour, hygroscopicity, etc.—
depend strictly on the physical state of water, and the aqueous solvent is not always
liquid.

Normally, aw for a selected food corresponds to the relative humidity of the air
above the food surface, on condition that the food is really in equilibrium with the
atmosphere. The basic relation is:

aw ¼ P0

P
ð3:1Þ

where P0 is the vapour pressure for the food (a solution!) and P corresponds to the
vapour pressure of pure water at the temperature of measurement (Walstra 2003).
The importance of aw values is correlated with the necessity of eliminating or
reducing the microbiological risk, in the ambit of food safety measures (Delia et al.
2005; Ottaviani 2002; Parisi 2002). Anyway, the limit for a safe preservation of
foods without the addition of chemical additives (as dissolved substances) or
thermal treatments such as pasteurisation corresponds to aw � 0.65 (Cappelli and
Vannucchi 1990). Below this value, only saccharophilic yeasts could colonise
foods.

Apart this consideration, it has been reported that normal reactions in foods have
a different speed (in terms of kinetics) depending on the water content. In other
words, the lower the amount of available water, the lower the speed of many
possible reactions is; including biochemical processes (Walstra 2003). The basis of
this reflection cannot be simple because many different subprocesses of different
(chemical, physical, biological) origin can occur at the same time with different
‘weights’.

Anyway, the reduction of moisture (this quantity is generally different from
‘water’) in foods is normally desired. With exclusive reference to thermal processes
with strong augments of temperatures, it can be affirmed that the most used method
concerns evaporation (Cappelli and Vannucchi 1990). In detail, the higher the
removal of water molecules from a food product, the higher the quantity of pro-
duced (and consumed) heat for this work (Walstra 2003). The continuous removal
of aqueous content becomes more and more difficult if aw gets lower (and sorption
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enthalpy increases). This phenomenon depends on the direct relationship between
the remaining amount of water and the low aw value, and the necessity of supplying
continually sorption heat (also intended as sorption enthalpy) and the additional
enthalpy of evaporation1 during the process. For these reasons, drying processes are
easier (and get good yields) at increasing temperatures (Cappelli and Vannucchi
1990; Walstra 2003).

The direct reduction of water can be performed by means of direct or indirect
systems. Briefly, it can be affirmed that direct techniques concern the use of electric
resistances and low pressures (under-vacuum processes), while indirect systems use
heat exchangers and additional machinery (placed into reactors) for increasing heat
diffusion in the mixture or intermediate mass. The problem of these processed
concerns thermally sensible fluids (orange juices, milk, etc.). For this reason, many
processes can be subdivided in different steps where the working pressure is con-
stantly reduced with the aim of reducing evaporation temperatures until 40 or 50 °C.
However, thermally sensible products cannot be treated in gradient processes:
the reduction of evaporation temperatures has to be reached immediately (one step
only). The diffusion of heat can be observed as the result of four different mecha-
nisms: conduction, convection, radiation and distillation (Walstra 2003).

Apart chemical damages, the reduction or moisture can affect the textural
appearance of products, but this property depends also on the composition of dry
residues: proteins, fats and carbohydrates. Other physical modifications concern the
rheology of intermediate foods and beverages, and the possible hygroscopicity.
With concern to hygroscopic powders, the observed phenomenon corresponds to
the normal tendency of the ‘food/external atmosphere’ system to a new equilibrium,
because of the unbalanced ratio between aw values (air has a higher aw than foods).
Consequently, the problem should be managed in terms of good (or bad) storage in
dry warehouses.

Finally, some reflection could be made with relation to several defects (microbial
spoilage is not discussed here) without direct connection to water losses. The
removal of water produces a more rigid mass with peculiar properties. As a single
example, the following defects have been reported with relation to poultry foods
(Sams 2001):

(a) Abnormal emersion of fatty substances in certain meat products because of the
excessive amount of fats and collagen in the raw materials or because of
excessive heating temperatures (normal end-point values: 68.3–73.9 °C). Fat
globules break the complex fat/protein matrix

(b) Possible discoloration in emulsified products because the minimum tempera-
ture (end-point: 68 °C) has not been reached.

1This enthalpy is really higher than sorption heath during the process.
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3.3.2 Hydrolysis of Proteins, Carbohydrates and Fatty
Molecules

Proteins can be easily hydrolysed under high-temperature processes such as
cooking; naturally, pasteurisation (temperatures under 100 °C) and sterilisation
(example: more than 3 min at 121 °C) procedures may enhance the hydrolysis. In
general, this reaction is a good result because of the increase of digestible proteins;
anyway, the amount of hydrolised proteins depends strongly from the acidity of
food masses.

Fat molecules can also be hydrolised—the industrial procedure is applied at
250 °C (pressure: 50 bar)—but the initial decomposition in glycerol and fatty acids
is unfavourable: the obtained glycerol is subsequently decomposed again with the
production of undesired acrolein and two water molecules (Cappelli and Vannucchi
1990). Moreover, several fatty acids may be detrimental when speaking of food
palatability.

With relation to carbohydrates, starch molecules can be partially hydrolised in
absence of water (temperatures should be around 160 °C) with the production of
dextrins; following reactions may also produce single maltose molecules, with a
notable augment of digestibility. For this reason, the hydrolysis of carbohydrates in
foods does not seem important as risk factor.

3.3.3 Demolition of Nutrients. Maillard Reactions
and Other Mechanisms

The action of high temperatures may destroy or modify certain amino acids with
important effects. One of the most important and studied mechanisms concerns the
transformation of cysteine and cystine residues at temperature >100 °C with the
production of hydrogen sulphide. Actually, this simple reaction is part of the sum of
reactions concerning the vast ambit of denaturation phenomena. Because of the
rupture of disulphide bonds in certain proteins, the production of the typical ‘rotten
eggs’ smell highlights the presence of amino acids rich in sulphur (Parisi 2012).

Other situations concern

– The modification of nitrogen-containing amino acids such as asparagines and
glutamine with production of ammonia; modified amino acids may also form
covalent bonds (Cappelli and Vannucchi 1990)

– Serin modification with the loss of one water molecule
– The oxidation of methionine to methionine sulphoxide (Narayan 1997)
– The production of certain mutagenic heterocyclic amines may be produced

under cooking (temperatures >200 °C) when the presence of tryptophan is
observed (Sugimura 1985).
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The Maillard reaction can be also observed: this reaction starts as the initial
condensation of glucose and a protein with the production of Schiff bases; after this
step, a number of compounds can be irreversibly obtained with different (parallel
and consecutive) reactions. These products include furfural, different aldimines and
ketimes, and the group of brown-coloured melanoidins. The Maillard reaction is
extremely complicated and the discussion could not be easily carried out in this
Chapter. In addition, the influence of temperature values may not be simply
expressed with the Arrhenius equation, but with the basic Eyring equation (Martins
et al. 2000; Walstra 2003) containing activation enthalpy, entropy and Gibbs energy
terms. In addition, it has been reported that the reaction between proteins and
reducing carbohydrates may be observed at room and very low temperatures
(Narayan 1997). For this reason, the complex of Maillard reactions is not further
discussed here.

Moreover, proteins can easily interact during high-temperature processes with
the formation of solid cross-linked matrices (Sams 2001): one of the most known
examples is the gelation of myofibrillar proteins in processed poultry products.

Finally, it should be remembered that

(a) Mineral salts are easily dissolved into water; because of the removal of the
aqueous solvent, the diminution of certain metals (calcium, etc.) can com-
promise the stability of partially bonded macromolecules such as proteins, with
the consequent coagulation and precipitation

(b) The amount of vitamins is notably reduced under drastic conditions; for this
reaction, oxidation can easily attack fatty molecules after treatment. In addi-
tion, the reaction between certain food proteins and oxidised fatty acids has
been recently reported (Narayan 1997). The problem is not the expected
oxidation of fatty acids after the destruction of natural antioxidants (vitamins,
etc.), but the production of strongly bound complexes between these fatty acids
and proteins. The sum of radicalic, cross-linking, oxidation and transfer
reactions has been observed to produce similar complex at 90, 60 and 30 °C
too (Narayan 1997). Apparently, the role of protein radicals is important;
consequently, the reduction of protein damages in high-temperature (100 °C
and above) processes seems crucial.
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