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Foreword

One of the most difficult aspects of compiling a book is to get the right mix
of chapter topics. Normally, the compiling editors have the unenviable task
of deciding what to put in and what to leave out, especially as many books
will only have twelve to fifteen chapters. In this book, many of these issues
do not exist as it is a large volume running to twenty-eight chapters and while
twenty-eight topics do not exhaust the wide range of available food processing
technologies, the compiling editors have come very close to making the ideal
selection.

Food process technologies are many and varied, changing in popularity
with changing consumption patterns and product popularity. However, a
good measure of the relevance of individual unit process operations is the
frequency of their occurrence in publically funded research proposals across
the world. While process technologists, myself included, will often lament the
lack of specific research funding for process technologies, they are nonethe-
less an essential delivery tool for every food research output and are to be
found in many proposals. Even those well-established process technologies
covered in this book can be found in ongoing research, demonstrating once
again that the correct choices of chapters have been made.

Processing technology is an essential link in the food chain. Without these
technologies we do not have food preservation of any sort, we do not have
novel products and we have no tools with which to deliver good nutrition to
the ever-increasing world population.

It is difficult to classify food processing technologies. Some authors use
preservation methods, techniques for dividing raw materials into functional
parts and techniques for reformulating them into finished products. This can
be problematic as many process operations serve more than one of these
functions. In this book, the problem is overcome by the simple use of two
sections, one covering conventional or well-established processes and the
other covering emerging or novel process technologies.
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Section 1 on conventional processing covers all of the processing oper-
ations without which a book on process technology would be incomplete.
Food preservation processes such as drying, thermal preservation, chilling
and freezing are covered in separate chapters as are the combined preser-
vation and cooking technologies of frying, baking and roasting. Not only
is baking covered in its own technology-specific chapter but there is also
a full chapter devoted to the critical associated process of dough handling
and processing. Food deconstruction and reconstruction techniques are well
covered in chapters on size reduction, extrusion, extraction, instantizing/
agglomeration and gelling. Indeed, this latter and increasingly important
technology is seldom covered in food process technology books and is to be
welcomed here.

In most books, the above-mentioned topics would complete the conven-
tional processing section. However, there are further gems of information to
be found in this book with chapters on micronization and encapsulation (with
a subsection on the use of supercritical fluids in water removal), flavouring and
coating technologies (including edible coatings), fortification and impregna-
tion (including osmotic dehydration and vacuum impregnation) and biotrans-
formation in food processing. Once again, it is a pleasant surprise to find such
a chapter in a food process technology book as it is seldom covered in such
texts. Not only is biotransformation a widely used but not well-known process
(cell growth and immobilization, hydrolysis, artificial flavour and sweetener
production, etc.), it is a process that will undoubtedly increase in importance
over the coming years.

Section 2 covers the topic of novel or newly developing process technolo-
gies. It is very easy for a preface writer to become excited about the possi-
bilities offered by such emerging technologies and to thereby imply to the
reader that these are somehow more important than the well-established con-
ventional technologies of Section 1. Nothing could be further from the truth.
Yes, they are new, exciting and full of promise. However, I am convinced that
long into the future, the ‘old reliables’ of heat preservation, chilling, freezing
and dehydration technologies will remain the cornerstone of the food process
industry right across the world. However, we should not temper our excite-
ment at the prospect of these new technologies.

The first set of chapters in this section cover the new alternative preserva-
tion possibilities offered by the use of ultraviolet light (for disinfection, myco-
toxin elimination, enzyme inactivation) and infrared preservation and pro-
cessing (for drying, baking, roasting, blanching and pasteurization). There is
a chapter on microwave technologies (including an in-depth consideration of
dielectric properties that is also of relevance to other chapters) together with
one on radio-frequency heating (its potential uses and underlying science).
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Another new heating technology showing much promise, ohmic heating, has
a chapter in which its underlying science and application possibilities are well
covered.

Membrane processing, which, like microwave processing, could justify its
place in either section of this book, has its own comprehensive chapter. Its
many subforms are examined in detail. Another novel pressure-driven tech-
nology, high pressure processing, has a separate chapter covering its heat and
mass transfer potentials, its role in microbial inactivation and the problems
associated with its application to nonliquid products.

There are three further chapters covering ozone processing (includ-
ing corona discharge and cold plasma methods, antimicrobial action and
potential applications), ultrasonic processing (its science, applications and
limitations) and pulsed electric fields (principles, applications and use in cell
disintegration).

Nanotechnology, so promising and of such concern, is covered in a separate
chapter. The scientific world still awaits the verdict on the food processing
applications of such an exciting new technology.

Finally, the topic of image analysis and machine vision is covered in a
chapter on its application in intelligent sorting of poultry portions.

So what’s missing? I, for one, cannot find it. This is a comprehensive treat-
ment of the current state of knowledge on food process technology and, by
the extent of its coverage and the selection of the top authors in each topic,
looks set to become the definitive text in its field.

Brian M. McKenna
Emeritus Professor of Food Science,
UCD - University College Dublin
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1.1 Introduction

Drying is the removal of a liquid from a material (usually consisting of a
macromolecules matrix) and is one of the most important and oldest unit oper-
ations used for thousand years in a variety of materials, such as wood, coal,
paper, biomass, wastes and foods. According to Ratti (2001), drying gener-
ally refers to the removal of moisture from a substance. In the case of food
materials, the application of drying aims to reduce the mass and usually the
volume of the product, which makes their transportation, storage and pack-
aging easier and more economic, but most important is their preservation and
to increase their shelf-life. This is particularly important for seasonal foods, as
they become available for a much longer period after drying. As water content
decreases due to drying, the rate of quality deteriorating reactions decreases as
well or is even suspended, leading to a product that is microbiologically steady.

Drying provides the most diversity among food engineering unit operations
as there are literally hundreds of variants actually used in drying particulate
solids, pastes, continuous sheets, slurries or solutions. Each drying method

Conventional and Advanced Food Processing Technologies, First Edition.
Edited by Suvendu Bhattacharya.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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and the specific process parameters selected can cause undesirable effects
on the product, including shrinkage, case hardening, change of the porosity
and porous size distribution, colour change, browning, loss of aromatic com-
pounds, reduction of nutrient and functional molecules, and others.

The most important and widespread drying methods are discussed in the
present chapter. Emphasis has been paid on the presentation of the effects of
each technique on the properties (structural, nutritional, quality) of the food
undergoing drying.

1.2 Drying kinetics

A convenient way to express the reduction of moisture content of a material
during drying is to use a drying kinetic equation, which expresses the moisture
content or moisture ratio as a function of time. Several drying equations have
been presented in the literature (Estiirk, 2012). The simplest of them is the
exponential model or Lewis equation, which includes a constant, known as
the drying constant. This is a phenomenological coefficient of heat and mass
transfer. Drying kinetics replace the complex mathematical models for the
description of the simultaneous heat and mass transport phenomena in the
internal layers of the drying material and at the interface with the surround-
ing space. It is a function of the material characteristics (physical properties,
dimensions) and the drying environment properties, including temperature,
humidity and velocity of air, chamber pressure, microwave power, ultrasound
intensity and other factors depending on the drying method(s) used. The dry-
ing constant is determined experimentally in a pilot plant dryer based on
drying experiments of the examined material under different values of the
drying parameters.

1.3 Different drying processes
1.3.1 Hot-air drying

Hot-air (or conventional) drying (HAD) is one of the oldest, most common
and simplest drying methods for dewatering of food materials. Thus, it is
frequently used to extend the shelf life of food products. It is one of the most
energy-consuming food preservation processes, but its main disadvantage
focuses on the drastically reduced quality of the hot-air treated foods com-
pared to the original foodstuff. High temperatures during HAD have a great
influence on colour degradation and the physical structure of the product,
such as the reduction in volume, decrease in porosity (shrinkage) and increase
in stickiness. This phenomenon takes place when the solid matrix of the mate-
rial can no longer support its own mass. The phenomena underlying HAD
outline a complex process involving simultaneous mass and energy (mainly
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heat) transport in a hygroscopic and shrinking system. The solid to be dried
is exposed to a continuously flowing hot stream of air or inert fluid (N,, CO,)
where moisture evaporates as heat is transferred to the food (Ratti, 2001).

During drying, evaporation of water desiccates the solid matrix of the food
material and increases the concentration of solubles in the remaining solu-
tion. Changes in pH, redox potential and solubility may affect the structure
and functionality of biopolymers, while in the final stages of drying phase
transitions may occur. Increased concentration of solubles can promote chem-
ical and enzymatic reactions due to higher concentrations of reagents and
catalysts. The removed water is, at least partially, replaced by air and the con-
tact with oxygen is substantially increased (Lewicki, 2006). The mechanisms
related to the water movement include capillary forces, diffusion due to con-
centration gradients, flow due to pressure gradients or to vaporization and
condensation of water, diffusion of water vapour in the pores filled with air
and diffusion on the surface.

One of the most common dryers for many applications, including air drying
of food materials, is the conveyor belt dryer, which is depicted schematically
in Figure 1.1. Dryers of this type usually consist of sections placed in series,
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Figure 1.1 Representation of a one-section two-chamber conveyor belt dryer (F,, dry solids
feed flow rate; F,;, dry air flow rate exiting chamber 7 after the splitter (this is equal to the fresh
dry air flow rate entering chamber 7, where 7 = 1, 2 in the case of the presented dryer), F,/, dry
air flow rate passing through chamber 7; Q;, heat duty in chamber 7; T, initial solids temperature;
T,;, solids temperature exiting chamber 7; T,, ambient air temperature; T, air temperature exiting
chamber 7; T!, initial air temperature feeding in chamber 7; T, air temperature after the mixing
of recirculated and fresh air in chamber 7; T,;, steam temperature in the exchanger of chamber 7;
X,, initial solids moisture content; X, solids moisture content exiting chamber 1; X, final solids
moisture content; ¥,, ambient absolute humidity; Y,;, absolute humidity of air exiting chamber i;

Y., absolute humidity of air feeding in chamber 7)
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each of which includes a certain number of chambers. The conveyor belt is
common for all the chambers of a section. The properties of drying air such
as temperature and velocity in each chamber can be adjusted independently
from the rest of the section’s chambers by means of a heat exchanger and fan
installed in each chamber. Additionally, the air circulation is also independent
in each chamber and through the mixing of recirculated and fresh air to the
proper ratio achieves the desired properties such as that of the air humidity.
The dryer presented in Figure 1.1 is a one-section two-chamber dryer.

1.3.2 Vacuum drying

Vacuum drying (VD) is an efficient technique for reducing moisture content of
heat-sensitive materials that may be changed or damaged if exposed to high
temperature. Characteristics of VD are the high drying rate due to the low
vapour pressure in the drying environment, the low drying temperature as
the boiling point of water reduces with a pressure drop, the oxygen-deficient
drying environment and the reduction of energy consumption. These charac-
teristics contribute to conservation of qualities such as colour, shape, aroma,
flavour and nutritive value of the dried product (Sumi¢ et al.,2013) and induce
degradation of nutritional compounds, oxidation of beneficial substances or
formation of toxic compounds (Dueik, Marzullo and Bouchon, 2013). Due to
molecular transport of evaporated water the process is long and can last up to
24 hours. Dry products are of very good quality but the shelf-life is dependent
on the post-drying processes applied (Lewicki, 2006). VD is ideal in situations
where a solvent must be recovered or when materials have to dry to very low
levels of moisture.

Lee and Kim (2009) studied the drying kinetics of radish slices in a vacuum
dryer at a pressure of 0.1 mPa. They observed the absence of a constant drying
rate period. An increase in the drying temperature and a decrease in slice
thickness caused a decrease in the drying time. The effective diffusivity varied
from 6.92 to 14.59 x 10~ m? /s over the temperature range of 40—60°C and
followed an Arrhenius-type relationship.

Sumié et al. (2013) investigated VD of frozen sour cherries in order to
optimize the preservation of health-beneficial phytochemicals, as well as the
textural characteristics. The optimum conditions of ~54°C and ~148 mbar
were established for VD of the food material considering the maximum
amount of total phenolics content, vitamin C, anthocyanin and maximum
antioxidant activity and the minimum total colour change, a, value and
firmness of the product. Under optimal conditions, the value of the following
quality indicators of dried sour cherry was predicted: total phenolics was
744 mg CAE (chlorogenic acid equivalents)/100 g dry weight (d.w.), vitamin
C 144mg/100g d.w., anthocyanin content 125mg/100g d.w., antioxidant
activity IC50 3.23 mg/ml, total solids 70.72%, water activity a,, value 0.65,
total colour change 52.61 and firmness 3395.4 g.
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1.3.3 Microwave drying

Microwave drying (MWD) results in the dewatering of a food material by
heating it in a microwave oven using microwave energy, which is an electro-
magnetic radiation in the frequency range between 3 MHz and 30000 GHz.
The main factors affecting this method include sample mass, microwave
power level and heating duration. Microwave heating of dielectric materials
is governed by dipole rotation and ionic polarization. When a moist sample
is exposed to microwave radiation, molecules such as H,O carrying dipolar
electrical charges rotate as they attempt to align their dipoles with the
rapidly changing electric field. The resultant friction creates heat, which is
transferred to neighbouring molecules. The internal temperature of a moist
and microwave heated sample may reach the boiling point of water and
the free moisture evaporates inside the product, causing a vapour pressure
gradient that expels moisture from the sample. The internal temperature
remains at boiling point until all free moisture is evaporated, followed by
a rapid increase, which causes losses of volatiles, chemical reactions and
eventual charring. One of the most important advantages of MWD is the
reduction of drying time as heat is generated internally, resulting in a high
rate of moisture removal. However, MWD possesses a few difficulties during
application; these are uneven heating and underdrying or charring.

The food industry is now a major user of microwave energy, especially
in the drying of pasta and post-baking of biscuits. The use of large-scale
microwave processes is increasing and recent improvements in the design of
high-powered microwave ovens has reduced equipment manufacturing costs.
The operational cost is lower because energy is not consumed in heating the
walls of the apparatus or the environment (Vadivambal and Jayas, 2007).
A drawback with microwave heating is that there is no common method to
monitor or control the electromagnetic field distribution and its effect after
the microwave is switched on.

MWD affects most of the product properties. It has shown positive rat-
ings for drying rate, flexibility, colour, flavour, nutritional value, microbial sta-
bility, enzyme inactivation, rehydration capacity, crispiness and a fresh-like
appearance. The rehydration characteristics of microwave dried products are
expected to be better as the outward flux of escaping vapour during drying
contributes to the prevention of structure collapse. The quantum energy of
microwaves is quite low and does not cause extensive chemical changes and
thus helps in the retention of nutrient activity (Vadivambal and Jayas, 2007).

1.3.4 Freeze drying

The food material must be frozen and then subjected to dewatering by ice
sublimation under very low pressure to conduct vacuum freeze drying, known
simply as freeze drying (FD). FD is the result of three discrete stages:
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1. Freezing stage. Initially, the product has to be frozen to achieve a solid
structure that avoids collapse while the drying process is realized by sub-
limation. This stage has a great influence on the whole process because
it sets the structure of the ice crystals (shape and size), which ultimately
affects the heat and mass transfer rates. Attention needs to be devoted
to the control of the uniformity of the cooling gas temperature (Hottot,
Vessot and Andrieu, 2004).

2. First drying (sublimation) stage. Sublimation (solid ice transforms to
water vapour without the conversion into liquid water) requires a large
amount of energy (~2800kJ/kg of ice). The heating of the frozen material
generates a sublimation front that advances gradually inside the frozen
solid and its temperature is practically constant. Mass transfer occurs
by migration of the internal vapour through the solid’s dry layer. Under
the low temperature and with the absence of water transfer through
the pores, the food matrix does not collapse and develops a significant
porosity.

3. Second drying stage. This stage involves the removal of the unfrozen
water by evaporation (desorption) and begins when the ice has already
been removed by sublimation. The bound water is removed by heating
the product under vacuum; as its removal is slower than the removal
of free water it affects significantly the overall drying time. The heat
supplied in this stage should be controlled because the structure of the
solid matrix may undergo significant modification if the temperature of
the product rises. The energy delivered to the solid can be supplied by
conduction, convection and/or radiation (Voda et al., 2012).

FD is a very versatile drying method but its cost is very high due to the need
of freezing the raw materials and operating under high vacuum for dehydra-
tion (Claussen et al., 2007; Ratti, 2001). A significant advantage of FD is the
minimum change of most of the initial food material properties, such as struc-
ture, shape, appearance, texture, biological activity and nutrient compounds,
and the retention of colour, flavour, aroma and taste. This is possible as the
food is processed at low temperatures in the absence of air. Other advan-
tages of FD include the ability of almost complete removal of water, the high
porosity of the final product, which leads to a fast rehydration rate and high
rehydration capacity, and the ability to convert the material to powder with
low mechanical requirements (e.g. by adding it in an extrusion cooking feed
mixture). Chemical (e.g. oxidation and modification) reactions and/or enzy-
matic reactions are significantly limited and vitamin degradation is reduced in
comparison to classical drying techniques.

A major disadvantage of FD is the duration of the process (1 to 3 days).
This is due to poor internal heat transfer inside the product and a low work-
ing pressure as the principal heat transfer phenomenon is radiation. Product
characteristics, such as texture, degree of ripeness and dry matter content, and
processing conditions, such as loading density, height of the product layer,
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specific surface of the product and condenser capacity, are variables that have
a considerable effect on the FD time, but they are also essential for the rehy-
dration ratio and texture of the final product (Hammami and René, 1997).

FD is applicable to pharmaceuticals, biotechnology products, enzymes,
nutraceuticals and other high value and quality materials. In food industry, it
is restricted to high value-added products, such as coffee, tea and infusions,
ingredients for ready-to-eat foods (vegetables, pasta, meat, fish, etc.) and
several aromatic herbs.

Hammami and René (1997) studied the production of high-quality
freeze-dried strawberry pieces. A working pressure of 30Pa and heating
plate temperature of 50°C were the optimal conditions used to maximize
the final product quality, including appearance, shape, colour, texture and
rehydration ratio. Voda et al. (2012) investigated the impact of FD, blanching
pre-treatment and freezing rate on the microstructure and rehydration
properties of winter carrots by uCT (micro-computed tomography), SEM
(scanning electron microscopy), MRI (magnetic resonance imaging) and
NMR (nuclear magnetic resonance) techniques. It was concluded that the
freezing rate determines the size of ice crystals being formed, which leave
pores upon drying. The samples frozen at a lower temperature showed
smaller pores as the ice crystals are expected to grow less under fast cooling
conditions. During freezing, the growth of an ice crystal ruptures, pushes and
compresses cells and this damage is more pronounced in slowly frozen tissue,
which yields bigger ice crystals.

Duan, Ren and Zhu (2012) developed a microwave freeze drying (MFD)
technique to dry apple slices. Nevertheless, MFD is a very sensitive procedure
due to the inherently nonuniform distribution of the microwave field, which
leads to an uneven temperature distribution in the drying material, leading
to overheating and quality deterioration. Based on the dielectric properties
of the material, a changed microwave loading scheme could lead to perfect
product quality and greatly reduce the drying time. MFD took ~6 hours of
processing time, which was ~60% less than that for conventional FD.

1.3.5 Spray drying

Spray drying (SD) is a special process used to transform a feed from a lig-
uid state to a dried particulate form by spraying the feed into a hot drying
medium. The feed can either be a solution, suspension, emulsion or paste. Dif-
ferent types of food materials can be produced, such as powders, granules and
agglomerates at different sizes. In the SD process, the fluid is atomized using a
rotating disc or a nozzle and the spray of droplets comes immediately in con-
tact with a flow of hot drying medium, usually air. During evaporation from a
small liquid droplet, moving through the turbulent body of hot fluid under the
influence of gravity and its own initial kinetic energy, a complicated function of
simultaneous conduction and convection of heat from the fluid to the droplet
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surface, and diffusion and convection of water vapour back into the body of
fluid take place. The boundary layer is separated by the interaction of the fluid
with the droplet surface; its shape changes rapidly and the solute in the droplet
becomes concentrated and finally solid. The rapid evaporation maintains a low
droplet temperature so that a high drying air temperature can be applied with-
out affecting the quality of the product. The drying process may last only a few
seconds. The low product temperature and short drying time allow SD to pro-
cess extremely heat-sensitive materials. The process is continuous and easy to
be controlled, and satisfies aseptic/hygienic drying conditions. Disadvantages
of the method are the relatively high cost, the low thermal efficiency and the
large air volumes at low product hold-up. SD is used in the production of cof-
fee, tea extract, tomato paste, powdered cheese eggs, enzymes (amylase used
in baking and brewing, protease used in brewing, meat and fish tenderizing
and cheese making, glucose oxidase used in carbonated beverages, pectinase
used in coffee fermentation and juice clarification, rennin used in cheese mak-
ing, lactase used in ice cream, dextranase, lipase, pepsin and trypsin), skim
milk, spirulina, soups, maltodextrin, soya protein, sweeteners, etc.

A variation of SD is superheated steam spray drying, which can be used with
no fire and explosion hazards, no oxidative damage, the ability to operate at
vacuum or high operating pressure conditions, ease of recovery of latent heat
supplied for evaporation and minimization of air pollution due to operation in
a closed system. In the past few years, spray freeze drying has received much
attention. It consists of the following stages:

e atomization of liquid solutions or suspensions using ultrasound, one or two
fluid nozzles or vibrating orifice droplet generators,
freezing of the droplets in a cryogenic liquid or cryogenic vapour, and
ice sublimation at low temperature and pressure or alternatively atmo-
spheric freeze drying using a cold desiccant gas stream.

Goula and Adamopoulos (2005) investigated the production of tomato
powder by SD tomato pulp in a modified spray dryer connecting the spray
dryer inlet air intake to an air dehumidifier. It was observed that the moisture
content of the powder decreased with an increase in air inlet temperature
and compressed air flow rate, and with a decrease in drying air flow rate.
Bulk density increased with a decrease in drying air flow rate and air inlet
temperature, and with an increase in the compressed air flow rate. Solubility
increased with a decrease in drying and compressed air flow rate and with
an increase in the air inlet temperature. Without preliminary air dehumidifi-
cation, the moisture content of the powder was higher and its bulk density
and solubility were lower, indicating that the rapid particulate skin formation
improved the product recovery and its properties.

One of the most important applications of SD is the food encapsula-
tion and micro-encapsulation. These techniques are an efficient way of
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raising the shelf-life of food during storage. The most common materi-
als used for micro-encapsulation using SD are gums, like gum Arabic,
low-molecular-weight carbohydrates, such as maltodextrins and saccha-
rose, cellulose, gelatine, lipids and proteins, e.g. soy proteins. Borrmanna
et al. (2012) investigated the shelf-life of vitamin C encapsulated with n-
octenylsuccinate (n-OSA)-derived starch in passion fruit juice produced by
SD. SD proved itself as an inexpensive alternative to freeze drying, capable
of retaining vitamin C during a long time of storage and easily diluted in cold
water in order to reconstitute passion fruit juice for human consumption.
Fazaeli et al. (2012) studied the effects of some processing parameters on
moisture content, water activity, drying yield, bulk density, solubility, glass
transition temperature and microstructure of spray-dried black mulberry juice
powders. The effect of SD conditions revealed that a higher inlet air temper-
ature, increase of carrier agent concentration or decrease of maltodextrin DE
caused an increase in process yield and solubility and a decrease in bulk den-
sity, moisture content and water activity. The blend of maltodextrin 6DE and
gum Arabic proved to be more efficient (drying yield of 82%) than the other
blends, resulting in better physical properties and powder morphology.

1.3.6 Osmotic dehydration

Osmotic dehydration (OD) is a simple and useful technique for removal of
water from fruits and vegetables, realized by placing the solid food in aque-
ous solutions of sugars and salts possessing high osmotic pressure. The cor-
rect term to be used is ‘osmotic dewatering’ since the final product still has a
high moisture content, a lot higher than 2.5%. During OD three simultaneous
countercurrent flows occur:

e a significant amount of water flows out of the food into the solution
(water loss),

e a transfer of solutes from the solution into the food (soluble solids
uptake) and

e aleakage of solute molecules (hydrosolubles), such as sugars, salts, organic
acids and minerals, across the membrane into the solution.

The first two flows take place due to the water and solute activity gradients
across the cell’s membrane, while the third one, which is minor from a quanti-
tative point of view but may be essential as far as organoleptic or nutritional
qualities are concerned, occurs due to the differential permeability of the cell
membranes (Torreggiani, 1993).

Through OD, the introduction of a preservative agent or any solute of nutri-
tional interest, which is capable of giving the product better sensory charac-
teristics and reduced water activity, is possible (Buggnhout et al., 2008). Mass
transfer during OD is affected by several parameters, such as osmotic solution
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composition, concentration, temperature, osmosis duration, pressure and type
and extent of agitation.

OD is usually used as a pre-treatment and not for the production of dried
food materials as a 30—40% reduction of food water is considered to be the
optimum. Thus OD is followed by other dehydration methods like HAD, VD
and FD. OD, which is effective even at ambient temperature, preserves texture
and colour. The amount of water remaining in the material, however, does not
ensure its stability, as water activity is generally higher than 0.9. Nevertheless,
compared to fresh fruits, the osmotic-treated ones present increased microbi-
ological stability for further processing and subsequent storage period due to
sugar uptake, owing to the protective action of the saccharides. The semi-dried
fruit ingredients produced by OD are included in a wide range of complex
foods such as ice creams, cereals, dairy, confectionery and baking products
(Tortoe, 2010). A significant advantage of OD is its low energy consumption
compared to other drying methods such as HAD and FD.

Vasconcelos et al. (2012) studied OD of Indian fig with two binary solu-
tions (sucrose/water and glucose/water) and a ternary solution (sucrose/
NaCl/water). They found that temperature had a greater influence on the
water loss, while concentration had a greater influence on the solid gain in all
three hypertonic solutions investigated. The best conditions for OD of Indian
fig to maximize water loss and minimize solid gain were in glucose solution
of 40° Brix at 40 °C for 165 min. The properties of foods undergoing OD can
be enhanced by combining osmotic treatment with other drying techniques
acting simultaneously.

1.3.7 Atmospheric freeze drying

Atmospheric freeze drying (AFD) is an alternative to vacuum freeze drying
(FD). The most effective method to apply AFD is by using a fluidized bed
dryer. The drying rate depends on the operating temperature, pressure and
material thickness. AFD is a much slower method compared to FD due to
being an internally controlled mass transfer process. The drying time can be
2 to 4 times higher than FD for materials of the same dimensions, depending
on the pressure in the dryer. Lower pressures and smaller dimensions of the
food particles tend to reduce the drying time (Kudra and Mujumdar, 2002).

One way to apply AFD is to use a second material compatible with the food,
such as starch granules or zeolite. The aim of these materials is to transfer heat
for the ice sublimation and to absorb the moisture released. Both materials are
in a fluidized state due to the feed of cold air. The mixture is separated and
the absorbent is heated and regenerated in order to lose the excess moisture
and immerse again in the dryer after cooling. Silica gel can also be used to
entrap the water removed in the form of ice, following its regeneration (Reyes
et al.,2010).
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Another practical and convenient approach is the utilization of a heat pump.
Bantle, Kolsaker and Eikevik (2011) used this method to study the drying
kinetics of different food materials undergoing AFD. The wet air from the
drying chamber was cooled under its saturation point in the evaporator of
the heat pump, which caused water to condense out. The drying air was again
heated up to its working temperature in the heat pump condenser and fed
back into the drying chamber. R404 was used as the refrigerant, which allowed
adjustment of the drying conditions from —10 °C and relative humidity (RH)
of 20-25% to 30 °C and 5% RH depending on the inlet air velocity.

Reyes et al. (2010) studied the drying conditions of Murtilla using AFD
in a pulsed fluidized bed and vacuum FD. They concluded that in the first
drying stage (sublimation) only the rate of freezing was a significant variable,
which can be attributed to the generation of small ice crystals that increased
the rate of drying by increasing the area of sublimation. In the second drying
stage (elimination of bound water), fast freezing with infrared radiation (IR)
allowed a final moisture content to be achieved that was similar to freeze-dried
products in equivalent total drying periods. Slow freezing without application
of IR preserved the polyphenol content better than fast freezing, whereas the
antioxidant activity showed a lesser decrease with the application of IR.

Claussen et al. (2007) developed a simplified mathematical model (AFD-
sim) based on uniformly retreating ice front (URIF) considerations to simu-
late industrial AFD of different foodstuffs in a tunnel dryer. The outputs from
this model were the prediction of drying time, dry zone thickness and average
moisture content versus relative tunnel position.

1.3.8 Sonic drying

Sonic drying depends on the energy generated in the form of sound waves.
Many researchers studied the increase of drying rate in an ultrasonic field and
presented a number of theories. It seems that the effect of sound in mois-
ture removal is quite complex and caused by a decrease in viscosity, reduction
of the laminar sublayer thickness due to an increase in turbulence of the air
stream in contact with the material, increase of moisture evaporation due to
breakage of the boundary layer and an increase in the moisture migration due
to the expansion of vapour bubbles inside capillaries. Gallego Juarez (1998)
concluded that diffusion at the boundary between a suspended solid and a
liquid is substantially accelerated in an ultrasonic field and heat transfer is
increased by approximately 30—-60% depending on the intensity of the ultra-
sound. The mechanism of ultrasound drying (USD) is based on the principle
that ultrasound travels through a medium like any sound wave, resulting in
a series of compression and rarefaction. At sufficiently high power, the rar-
efaction exceeds the attractive forces between molecules in the liquid phase,
which leads to the formation of cavitation bubbles to release energy for many
chemical and mechanical effects.
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Ultrasound techniques are simple, relatively cheap and energy saving, and
thus became an emerging technology for probing and modifying food prod-
ucts. High-power (low-frequency) ultrasound modifies the food properties by
inducing mechanical, physical and chemical/biochemical changes through cav-
itation (Kudra and Mujundar, 2002). In addition, probes that generate high
power ultrasound are cheap, portable and modifiable to suit different pur-
poses in the food industry (Awad et al., 2012).

Kudra and Mujumdar (2002) presented five main sound generators
applicable in the drying industry, which are: piezoelectric, magnetostrictive,
electromagnetic, electrostatic and mechanical. Mechanical generators are the
most common equipment used for the generation of sound in gases at frequen-
cies up to 25 kHz, which include the Galton whistle, Hartman whistle, wedge
resonator, dynamic siren, modified Hartman whistle and Branson sound
generator.

The assistance of air drying with an ultrasound field can reduce drying time
to about half, depending on sound energy and frequency. Sonic-assisted dry-
ing does not create hot areas inside the material and neither does it enhance
moisture vaporization due to temperature increase. This is important for food
drying as heat-sensitive compounds are not deteriorated by sound waves.

Nowacka er al. (2012) investigated the utilization of ultrasound as a mass
transfer enhancing method prior to drying of apple tissue. The ultrasound
treatment caused a reduction of the drying time by 31-40% in comparison
to untreated tissue. Garcia-Perez et al. (2012) tested the feasibility of power
ultrasound to intensify low-temperature drying processes for carrot, eggplant
and apple cubes. The drying time was shortened by between 65 and 70%.
Bantle and Eikevik (2011) used ultrasound in an AFD process of peas and
concluded that the effective diffusion could be increased by up to 14.8%. The
higher effective diffusion is significant for drying at low temperatures (-6 to
0°C), whereas for higher temperatures (10 to 20 °C) the effect of ultrasound
was marginally smaller.

Schossler, Thomas and Knorr (2012) studied the cellular effect of contact
power ultrasound on potato cell tissue with the impact on water removal.
Ultrasound-related cell disruption was limited to a thin layer (< 1 mm)
directly at the sonicated surface of the potato tissue. At deeper tissue layers,
structural changes were attributed to water removal.

1.3.9 Heat pump drying

Heat pump drying (HPD) is a variation of hot-air drying or generally fluid
drying in which, through a mechanical arrangement, heat from the exhaust
drying fluid is recovered and offered again to the moist material or even the
moisture from the exhaust drying fluid is removed and the fluid recirculates in
the dryer. In a heat pump dryer, which is a combination of a heat pump and a
drying unit, both the latent and sensible heat can be recovered, improving the
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overall thermal performance and yielding effective control of air conditions
at the inlet of the dryer. Energy savings of about 40% by using heat pump dry-
ers have been reported as compared to electrical resistance dryers (Queiroz,
Gabas and Telis, 2004). Heat pump dryers used in industrial applications have
been proven as drying systems that ensure the product’s quality in food and
agricultural products and are able to control temperature, relative humidity
and velocity of the drying medium and drying duration. The heat pump has
been modified to a gas engine-driven heat pump, ground source heat pump,
solar heat pump, photovoltaic/thermal heat pump, chemical heat pump and
desiccant heat pump (Goh et al., 2011).
A few limitations of a heat pump dryer include (Daghigh et al., 2010):

e the requirement of an auxiliary heating for high-temperature drying due
to the critical pressure level of some refrigerants,

e the initial capital cost that may be high due to many refrigerant
components,

e the requirement of a period for the system to attain desired drying
conditions,
the requirement of regular maintenance of components, and
the leakage of refrigerant to the environment where there is a crack in a
pipe due to pressurized systems.

A heat pump dryer (Figure 1.2) includes a drying cabinet, a heat pump,
which consists of an evaporator, a condenser, a compressor and an expan-
sion valve, and auxiliary equipment. Moist solids and hot air (or inert gas)
are fed into the cabinet and come in contact with each other. Solids are fed
on a conveyor belt of trays. Fluid circulates with a desirable velocity via an
appropriate fan. Moisture is transferred from the solids to the fluid. Moist
fluid passes through the heat pump evaporator and cools as the refrigerant
vaporizes. The fluid becomes saturated and, as its temperature further reduces,
water is removed from it and is collected as a condensate in a water collec-
tor. Fluid (gas) separates from water in this collector. Refrigerant vapours
are fed to the compressor, and their pressure and temperature increase. The
refrigerant is then fed into the two condensers. Through the internal con-
denser, the refrigerant condensates and heat is transferred to the cold fluid
(gas) coming from the water collector, to be heated again and recirculated
to the drying cabinet. An external condenser is also used for adjustment of
the fluid temperature to the target value. The more refrigerant fed into the
internal condenser, the higher is the drying fluid temperature. The external
condenser usually uses cooling water for heat removal. The refrigerant from
the two condensers passes through an expansion valve and its pressure reduces
to the working pressure of the evaporator. An auxiliary steam heater is also
shown in Figure 1.2. Under steady-state conditions, its heat duty is equal to
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Figure 1.2 Heat pump dryer

zero. Nevertheless, its existence is necessary during the start-up of the unit as
well as for its better control in case of troubleshooting of the heat pump.
Table 1.1 presents the mathematical model of the described heat pump
dryer. In this model, it is assumed that the mass of dry air (or inert gas)
remains constant in the dryer and under steady-state conditions the water
removed from the moist solids and transferred to the drying medium inside
the drying cabinet is equal to the water removed from the moist fluid in
the heat pump evaporator-water collector system. Thus, the recirculated
low-humidity dewatered drying medium is considered as a closed system. In a
real dryer, drying fluid losses are possible and the complete recirculation may
not apply. In these cases, fresh ambient air or stored inert gas also enters the
dryer. The presented model can be easily modified to describe these cases,
by adding the mass and energy (enthalpy) equations for a mixing point of
ambient and recirculated fluid. Further, a mass balance equation should be
included for the drying medium removed from the system. Table 1.2 presents
the process variables of the heat pump dryer for the terms used in Table 1.1.
HPD may use inert gases like N, and CO, for food dewatering. The mois-
ture removed from the material is collected by the inert gas used. Since the
use of inert gases is much more expensive than the use of air, the inert gas
should be recycled to the drying process and not rejected to the atmosphere.
To be able to do this, its moisture has to be removed, as it decreases the drying
rate. This can be easily achieved by cooling the fluid stream in the heat pump
evaporator in order for the moisture to be liquefied and the separated inert
fluid to be recirculated for further moisture removal after heating again in the
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Table 1.1 Mathematical model of a heat pump dryer
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heat pump condenser or/and through a different heating source (Doungporn,
Poomsa-ad and Wiset, 2012). Drying under an inert atmosphere presents mul-

tiple advantages, such as:

higher drying rate due to higher heat and mass transfer,

absence of oxidative reactions, which is especially critical in the drying of
sensitive materials present in food products (Perera and Rahman, 1997),
e reduction of browning and shrinkage, and quick rehydration (O’Neill

etal., 1998),

e very high overall quality, retention of vitamin C and the colour of the prod-
uct similar to products obtained from vacuum or freeze drying (Hawlader,

Perera and Tian, 2006), and

e decrease of temperature increments leading to superior product quality

(Hawlader et al., 2006).

Doungporn, Poomsa-ad and Wiset (2012) studied thin-layer drying charac-
teristics of Thai Hom Mali paddy using different drying gases (hot air, CO,
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Table 1.2 Process variables of a heat pump dryer

Cl3 (_)
Cpu(kJ/kg K)
Cor (kI/kg K)
Cps (kd/kg K)
va(kJ/kg K)
pr(kJ/kg K)
E. (kW)

F, (kg (d.b.)/s)
F. (kg/s)

F; (kg (d.b.)/s)
F, (ka/s)

m (=)

P (atm)

P, (atm)

Qg (kW)

Q. (kw)

Q, (kw)

Q, (kw)

T, (°C)

T °C)

a

Tdf (oc)

. (°0)

T. (°0)

T.(°C)

X; (kg/kg d.s.)

X, (kg/kg d.s.)

Y (kg/kg d.a.)

Y, (kg /kg d.a.)
¥,, (ka/kg d.a.)
AH, (KI/kg)

o

Antoine constant

Antoine constant

Antoine constant

Heat capacity of dry air

Heat capacity of refrigerant

Heat capacity of solids

Heat capacity of water vapor

Heat capacity of water (liquid removed from the solids)

Refrigerant compressor power

Drying air flow rate (d.b. is dry basis)

Refrigerant flow rate

Dry solids flow rate (dry basis)

Rate of water removal from the solids

Air/water molecular weight ratio

Ambient pressure, working pressure of the dryer

Vapour pressure at saturation of the outlet air from the dryer

Heat load added to the recirculated drying air

Cumulative heat duty of the two heat pump condensers

Heat duty of the heat pump evaporator

Heat load removed from the external condenser

Ambient temperature, initial temperature of solid

Heat pump condenser temperature

Dew point temperature of dryer cabinet inlet air, dew point
temperature of air exiting heat pump evaporator

Heat pump evaporator temperature

Dryer cabinet inlet air temperature

Dryer cabinet outlet air temperature

Initial moisture content of the solids (d.s. is dry solids)

Final moisture content of the solids

Saturation absolute humidity of the dryer cabinet outlet air (d.a. is

dry air)
Absolute humidity of dryer cabinet inlet air
Absolute humidity of dryer cabinet outlet air
Latent heat of vaporization of the refrigerant

AH,, (k/kg) Latent heat of vaporization of water (at 0°C, reference temperature)

and N,) at a temperature range 40—70°C in a heat pump dryer. The drying
rate was not affected by the drying medium but increased with the drying
temperature. The Midilli model in the form of the Arrhenius type was the best
model for describing the drying behaviour of the product. Figure 1.3 presents
the flowsheet of the heat pump and Table 1.3 summarizes the flow, composi-
tion and properties of each stream. The phase equilibrium has been calculated
through thermodynamic models. One of the most interesting results of this
simulation is the dilution of a small amount of nitrogen to the cold water
removed from the water collector. An addition of ~5.7kg per day of N, is
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Figure 1.3 Heat pump for the dewatering of nitrogen-water vapour mixture

necessary to cover the losses. Furthermore, the water separated in the water
collector is cold and has to be heated fast before freezing. Table 1.4 presents
some useful performance data.

1.3.10 Infrared drying

Infrared drying (IRD) is an emerging method presenting significant advan-
tages, including a relatively shortened drying time, high energy transfer rate
and therefore high drying efficiency, reduced energy consumption, efficient
transmission through the air or evacuated space, lower air flow through the
product, uniform temperature in the product, superior product quality, space
saving, ease of automation and a clean working environment compared to
other drying methods. IRD is based on the interaction of infrared wavelength
radiation from a source with the internal structure of a food material. IR radia-
tion impinges on the moist material to be dried, penetrates it and the radiation
energy is converted into heat. The increased temperature in the inner layers of
the material results in an increase of vapour pressure, which promotes mois-
ture migration to its surface and the removal by the surrounding ventilating
air (Khir et al., 2012). IR energy is transferred from a heating element to the
product without heating the surrounding air, resulting in a higher temperature
in the inner layers of the product compared to the air. During the first period of



CH1 DRYING AND DEHYDRATION PROCESSES

20

0 0 0 0 0 0 L€2°0 L' T6%€ 26%¢€ 26%¢ 10-0Y1IN
0008T 000 81 0 0 0 0 80°€0T 6’y 80T 801 Y3LVM
0 0 0912 0912 0912 0912 0 0 0 0 10-1ng-N
(4/%) moy ssew
(4/1e2WwW)
L0'89— 6592'89— G8e'1— G8e'1— 960'T— AT ¥6€°0— 6%0°0— €77°0— 1€0— Adyeyug
(4/ ew)
€22°81  220°81 %2794 L8°€ L'6L2 2'6441 10 27992 €992 1°629¢ MO} SWNOA
(u/6%)
00081 00081 0912 0912 0912 0912 €e0t 9°96%¢ 009¢€ 009¢€ MOy ssely
(4/10w)
1°666 1°666 2'Le 2'LE 2'LE 2'LE €L°G 6721 9°0¢T 9'0€T MOy} 910l
(=)
0 0 ¥6€°0 0 1 1 0 T 956°0 1 uotjoeyy unodep
€10°1 €10°1 L0570 9%9°¢ 9%9°¢ L0G°0 €101 €10°'T €10'1 €10'1T (1eq) aunssaug
()
7'1€ 0¢ GLT- 9°L€ 8% WA el 2 el 99 ainjesadwa)
1nomd NIMD %39T443Y IERIREER] [£RILEEL] TI9I¥434  VSNIANOD  AINTdA¥d  NONT4AYA  NINT4AY¥Q JoquAs weang
TN Hurood Burood
19300 P|uL uolsuedxs  Jasuspuod  Jossaudwod  iojeiodend Jaye 21049q
1a3em 193eM buryixa buryixa buyixe buljixa piny piny
funooy  bunooy jJuesabuyey  juessbuyay  juesabuyay  juelsbuyay  ajesuspuo)  pinyy Aug buthiq buthuq weans

¢'1 ainbiy ut dwnd 3eay ay3 jo sweals ay3 jo saipadold  €°T d1qelL



21

1.3 DIFFERENT DRYING PROCESSES

629°0

1€6°0
9'18LE—

0
1°666
0

Al

G14°0

€16°0
1°¢6LE—

0
1°666
0

—

L0T°0

9¢°0
L'829—

10°0

9¢€'0

EITEEG—

VA

o

880°0

849°0
8Y65—

0
0
9r°LE

o

910°0

Y0

€109~

0
0
9T°LE

o

10°0

9¢€'0

1T EEq—

0
0
9T°LE

0
0

2270

€88°0
T'E18e—

800°0
2eLG
0

¢00°0
866°0

220

€88°0
TE18E—

aseyd pinb1q

200 200 %20°0
8%2°0 8%2°0 6520
600%1— 600%1— €00°98—

aseyd unodep

992t 992t 9921
€L2°0 66°G 66"
0 0 0

(y/r0ws) moyy a0

666°0 L6°0 L6°0
100°0 €0°0 €0°0
0 0 0

(=) oeay ssep

(W y/w yeay)
Aj1A30npuo)

(% wh/1ea)
Aj1oeded jesy
(6/1e2) Adreyjuz

(oW y/weay)
Kj1A3onpuo)

(1 wb/1e2)
Aj1oeded jeay

(wb/1e2)
Adjeyju3

10-0Y1IN
Y3LVvM
10-1n4d-N

T0-0Y1IN
Y31VM
10-1n4G-N



22 CH1 DRYING AND DEHYDRATION PROCESSES

Table 1.4 Performance data of the equipment

Condenser

Heat duty (Gcal/h) 0.18902
Logarithmic mean temperature difference (°C) 11.36
Evaporator

Heat duty (Gcal/h) 0.133353
Logarithmic mean temperature difference (°C) 21.91
Compressor

Isentropic efficiency (-) 0.72
Mechanical efficiency (—) 0.75
Indicated horsepower (kW) 64.8
Net work required (kW) 86.4
Isentropic power requirement (kW) 46.6
Power loss (kW) 21.6
Calculated pressure ratio (-) 7
Outlet temperature (°C) 48
Isentropic outlet temperature (°C) 37.6
Head developed (m) 7925
Inlet heat capacity ratio () 1.105

drying when the sample surface is coated with a very thin layer of water, the IR
is extraordinarily energy efficient and speeds up the drying process (Kowalski
and Mierzwa, 2011). The drying takes place from inner to outer layers via both
radiation and convection phenomena. IRD is particularly valid for products
with a significant moisture content, for which long-wave radiation (over 3 pm)
is almost totally absorbed by moisture as there is a very good correlation of IR
wavelengths with the absorption bands of water, while dry material is highly
permeable to such radiation.

Niamnuy et al. (2012) studied the drying of soybean, and the interconver-
sion and degradation of soy isoflavones during gas-fired infrared combined
with hot-air vibrating drying (GFIR-HAVD). The de-esterification is the
predominant reaction of isoflavone changes during drying, and the conju-
gated glucosides have less stability than the aglycones form of isoflavones.
GFIR-HAVD at 150°C gave the highest drying rate and conversion rates
of various glucosides to aglycones. However, the high degradation rates
of all isoflavones occurred at a temperature of 150°C and hence a drying
temperature of 130°C is recommended as the most suitable temperature to
optimize drying rate, conversion rates of various glucosides to aglycones and
degradation rates of all isoflavones. Kowalski and Mierzwa (2011) studied
the hybrid drying of microwave, infrared and hot-air drying and came to the
conclusion that MWD is enhanced for red bell pepper; the process consisted
of eight phases. In phases 1, 3, 5 and 7, the process was enhanced with IR.
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A phase was terminated when the temperature attained a specified level. In
phases 2, 4 and 6, only the microwave (MW) energy was supplied. Shrinkage
and deformation of samples were smaller, the aroma was better preserved
and colour was conserved to a satisfactory degree compared to hot-air-dried
products, while energy consumption was also smaller.

1.3.11 Superheated steam drying

Superheated steam drying (SSD) is an emerging technology, which uses super-
heated steam as the drying medium for heat supply to a product to be dried
and carry off evaporated moisture instead of hot air as used in HAD. This
equipment is more complex than a hot-air dryer. There is no fire or explosion
hazard. The application of low, near-atmospheric (preferable due to reduced
equipment cost) or high pressure (at ~5 bar, referred to as high pressure super-
heated steam drying) operation is possible. Any convection dryer such as flu-
idized bed, flash, rotary, conveyor type, etc., can be transformed into super-
heated steam dryer, while additional heat sources (radiation, microwave, etc.)
can also be combined. The net energy consumption can be low enough (up
to 80% reduction) when integration systems are applied for the heat recovery
(Raghavan et al.,2005). Thermal properties of steam are superior compared to
air at the same temperature, resulting in a higher heat transfer coefficient. Fur-
thermore, vapour transfer is faster than liquid diffusion, thus improving mass
transfer during drying as well. Since the drying medium does not contain oxy-
gen, there is no risk of oxidation of food substances (enzymatic browning and
lipid oxidation) and the product quality is quite good, including the preserva-
tion of nutrients and colour, although heat-sensitive materials may be prone
to damage. Case-hardened skin is unlikely to be formed in this method and
the treatment strips out more of the acids that contribute to an undesirable
taste or aroma of the products. Pasteurization, sterilization, deodorization or
other heat treatments (e.g. blanching, boiling, cooking) of the product may
take place simultaneously with drying and the product presents higher poros-
ity due to evolution of steam within the product as boiling in the interior opens
up the elastic wet solid. This results in lower bulk density and better rehydra-
tion behaviour.

SSD has been applied successfully to many food materials, including potato
chips, tortilla chips, shrimp, paddy, soybean, Asian noodles, pork, chicken, fer-
mented fish, sugar beet pulp, spent grain from a brewery, okara, sunflower
seed, cacao bean and pressed beet pulp after extraction of sugar, where high
pressure superheated steam drying can de used.

A variant of SSD is low-pressure superheated steam drying (LPSSD),
which is used in the cases where products to be dried melt, undergo glass
transition or are damaged at the saturation temperature of steam. This
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method takes place at a pressure of 5S—10kPa, combines the ability to dry
the product at a low temperature with some advantages of SSD and leads in
product quality preservation and an enhanced drying rate. It is suitable for
highly heat-sensitive products such as herbs, fruits, vegetables, edible films,
functional foods and ingredients, as well as other bioactive materials for
which the SSD is prohibited.

Devabhastin et al. (2004) used carrot cubes as a model heat-sensitive mate-
rial to investigate various quality parameters of the dried product undergoing
LPSSD or VD. They recorded that convective heat transfer was poorer under
reduced pressures, leading to lower drying rates, but the quality of the dried
product was superior compared to that obtained using conventional VD. The
effect of the operating pressure was less significant than that of the steam tem-
perature. The shrinkage patterns resulting from LPSSD and VD processes
were quite different even though the values of shrinkage were similar. Steam
drying provided a much better rehydration capability of the food due to the
formation of less dense layers compared to VD.

LPSSD can be combined with other dehydration methods to improve
product quality. Nimmol et al. (2007) studied the effect of LPSSD and
far-infrared radiation (FIR) on drying of banana slices. The LPSSD-FIR
dried banana showed more crispness than the VD-FIR banana, especially
at higher drying temperatures. LPSSD-FIR at 90°C required a shorter
drying time than VD-FIR but the colour was darker. Furthermore, the dried
banana slices had higher values of colour changes compared with those that
underwent LPSSD alone.

1.3.12 Intermittent drying

Intermittent drying (ID) is a drying technique in which the heat is applied in a
noncontinuous way. In the tempering period, moisture is redistributed inside
the material. This produces two effects:

e a quality increase (avoiding cracking of material), and
e an increase in the drying rate when heat application is rebooted
(Holowaty, Ramallo and Schmalko, 2012).

A reduction in energy consumption is expected in the industrial drying of
food materials when this technique is applied.

ID has been successfully applied in the dewatering of many products such
as rice, banana, guava, potato, soybean and wheat. Holowaty, Ramallo and
Schmalko (2012) investigated the dehydration of yerba maté branches in a bed
dryer using two different tempering periods of 15 and 30 min, and concluded
that both periods produced the same effect and the final moisture content of
the product was practically similar to that of continuous drying. Estiirk (2012)
studied the drying of sage herb taking into consideration the thermal damage
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during drying. He used MWD -air drying (AD) (continuous and intermittent)
and convective HAD of sage to determine their effect on colour and essen-
tial oil content. The continuous MWD—-AD had the fastest drying rate. The
drying time of the HAD was about 63.5 to 82.4 times longer than that of the
continuous MWD-AD and about 170 to 31.6 times longer compared to the
intermittent MWD-AD depending on the mode used.

1.3.13 Instant controlled pressure drop drying

Instant controlled pressure drop (DIC, from the French détente instantanée
controlée) is a drying technology from the 1980s as a treatment using a high
temperature (up to 180°C) and short time (usually less than 60 s) followed
by an instant pressure drop towards a vacuum (with a pressure drop rate >
0.5 MPa/s and a pressure of approximately 5 kPa), which allows the water to
abruptly autovaporize, causing controlled expansion of the product. Usually
a first stage of partial drying takes place, decreasing the product moisture
content to 0.2-0.3 kg H,O/kg dry matter (d.m.), before submitting it to DIC
treatment, followed by HAD for 1-2 hours. The DIC treatment usually starts
by creating a vacuum condition, followed by injecting steam to the material,
which keeps in contact for several seconds and then proceeds to apply a sud-
den pressure drop towards a vacuum. The application of DIC with HAD in
fruits and vegetables can lead to lightly or highly expanded products. DIC
treatment has to be applied to low moisture content products in order to act
as closely as possible to the glass transition zone, which allows the expansion
to be maintained. Products undergoing DIC can be of a snack type and can
easily be crushed, leading to expanded granule powders with quality attributes
higher than traditionally dried or spray-dried powders. This method is used for
texturing fruits, vegetables and seaweeds, and presents many advantages such
as reduction of energy consumption and overall production cost, controllabil-
ity, improvement of the quality in terms of sensorial, functional, convenience
and nutritional attributes, increased safety and hygiene, as it causes perfect
decontamination due to its thermal (high temperature) and micromechanical
(instant pressure drop) effects, as well as enhancement of mass transfer as it
creates an open cell structure. The purpose of the texturing step is to modify
the texture of food material, to improve its quality, including physical prop-
erties, and to intensify functional behaviour. Texturing comes in the form of
material swelling, which leads to increased porosity and specific surface area
and reduced diffusion resistance of moisture during the final dehydration step
(Mounir and Allaf, 2008).

1.3.14 Sun drying and solar drying

Sun drying is the most ancient drying method, using the sun radiation to
remove water from a product. It applies mainly in agricultural and farming
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food materials in places where the insolation is high and the outdoor
temperature is higher than 30°C. It is a simple, costless method but drying
time is very high (up to 10 days) and there is a need for extensive land. In
general, the product quality is poor due to enzymatic and Maillard reactions,
pigment degradation, caramelization and ascorbic acid oxidation (Kowalski
and Mierzwa, 2011). Weather conditions often preclude the use of sun drying
because of spoilage due to rehydration during unexpected rains. Direct
exposure to the sun might cause case hardening, while marauding animals
and insects, contamination by pests and the growth of toxic fungi can cause
loss of a product portion.

Solar drying reclaims the sun’s energy by controlling the radiative heat.
Solar drying decreases drying time, increases efficiency due to reduced har-
vest losses, retains more of the nutritional value as drying takes place at an
optimum temperature and produces significant cost savings by reducing con-
ventional fuel demand. It has been applied in grains, fruits, meat, vegetables,
fish, etc. Solar drying can be achieved by direct exposure to the sun’s radiation
or by incorporating external means, such as fans, to transfer solar energy in the
form of heated air from the collector area to the drying chambers. Products
dried by the first technique include banana, pineapple, mango, carrots, etc.,
while the latter is used for drying higher moisture content foodstuffs such as
papaya, kiwi fruits, cabbage and others. A coal stove or agricultural wastes can
be incorporated as auxiliary heating sources, while sometimes wood smoke
can be used for drying (Chua and Chou, 2003).

1.3.15 Supercritical drying

Supercritical drying (SCD) is an emerging drying method which results not
simply in water removal from a food material but, furthermore, in the reten-
tion of its original (micro) structure and the corresponding porous network
functionality (Brown et al., 2010, 2008). When SCD is applied at appropriate
operating conditions, a single homogeneous phase can be formed between
the supercritical fluid and the co-solvent. If used, there are no vapour-liquid
interfaces and the food to be dried does not suffer from surface tension forces
and capillary-induced tensile stresses, which generally damage and cause the
collapse of the structure. CO,, which is the most commonly used supercritical
fluid, has a low critical temperature (~31 °C) and the drying can be realized in
anear to ambient temperature. Supercritical carbon dioxide (scCO,) is a non-
polar solvent and the solubility of water in it is very low. Ethanol, ethyl acetate
and other organic solvents when added in small quantities to scCO, can signif-
icantly increase the solubility of polar substrates in scCO,. The organic solvent
causes a displacement of water and the solvent/water mixture is removed with
scCO,. The equipment for this process is more complicated compared to con-
ventional drying techniques.
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Brown et al. (2008) investigated supercritical carbon dioxide drying
(scCO,D) of carrot by applying X-ray microtomography and light microscopy.
The experiments were carried out at 20 MPa pressure using ethanol as the
co-solvent. Carrots dried in the scCO,—-EtOH environment retained their
shape much better and presented less dense structures compared to air-dried
carrots, which underwent shrinkage. Brown et al. (2010) also examined the
SCD for water removal from agar gels and compared this method to HAD
and FD. They observed that for formulations containing sucrose, which
displayed the best structural retention, voidage was found to increase in the
order: HAD (4% voidage) < scCO, (48%) < scCO,-EtOH (68%) < FD
(76%).

1.3.16 Flash drying

Drying of fruits and vegetables can be realized with the application of another
drying technique, which is the convective multiflash drying (CMFD) process.
This process is based on the application of successive cycles of heating and
vacuum pulses. The product is heated at atmospheric pressure using hot air,
which causes partial dehydration of the product. When the product reaches
the desired temperature, a sudden pressure reduction is applied, which
leads to water evaporation (flash drying) and product cooling. Additional
heating—vacuum pulse cycles can be applied to achieve the desired charac-
teristics of the dried product. During water removal, the product undergoes
texturization. As it is possible to apply many cycles, the heating temperature
can be compatible with the food’s sensitivity to heat treatment. This method
allows the production of dehydrated fruits with moisture content, water
activity and mechanical properties similar to those observed in commercial
freeze-dried fruits. CMFD is an efficient dehydration technique that can
be completed in shorter times (3—4 hours) and at lower capital costs, with
simpler equipment and less energy requirements than FD. Banana and
mango processed by CMFD were at least as crispy as the freeze-dried fruits
and the colour was well preserved due to the use of moderate temperatures
(Zotarelli, Porciuncula and Laurindo, 2012).

1.3.17 Pulse drying

High-temperature—short-time (HTST) pulse drying is a method used to alter
the structural properties of the dried material by changing the values of the
drying parameters used in conventional HAD. Hofsetz et al. (2007) studied the
effect of the HTST pulse on HAD of banana slices and compared the proper-
ties of the material with those obtained with the HAD process. The different
drying treatments led to distinctive structural changes in the food, affecting its
porosity and shrinkage. The combined HTST-HAD process simultaneously
puffed and dried the bananaslices, resulting in reduced shrinkage compared to
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the air-dried samples. For air-dried samples, the increase in porosity reached
a value of 32% while during the HTST-HAD process the porosity increment
reached values of 45-53% at the end of drying, resulting in the formation of
a highly porous structure, which occurred together with an expansion in vol-
ume. The HTST pulse for the puffing of banana ranged from 130 to 150°C
for 23—12 min, respectively, succeeded by HAD at 70 °C. It was observed that
the dehydrated bananas produced by HTST-HAD presented a crust on the
external surface and big pores inside the samples, and it is believed that this
crust offered resistance to shrinkage. The air-dried samples showed no crust
formation and a medium-small pore structure.

The HTST drying pulse combined with HAD represents an alternative to
eliminate the preceding blanching stage and promote better sensory charac-
teristics to the final product, especially those associated with crispness. Fol-
lowing HTST pulse drying, the food must be further air dried to reduce the
water activity to a value that will inhibit the growth of pathogenic and spoilage
microorganisms, and reduce enzyme activity and the rate at which undesirable
chemical and deterioration reactions occur.

1.3.18 Pulse combustion drying

Pulse combustion drying (PCD) is an emerging method based on intermittent
(pulse) combustion of a solid, liquid or gaseous fuel. Such periodic combustion
generates intensive pressure, velocity and, to a certain extent, temperature
waves propagated from the combustion chamber via a diffuser to the dryer.
Pulse combustion intensifies the rates of heat and mass transfer due to the
oscillatory nature of the momentum transfer. The increased drying rates result
from the impact of the sound pressure waves, which separate the surface mois-
ture from the material undergoing drying by breaking the cohesion between
the water molecules and solid particles. This greatly increases the surface area
of the particles and causes rapid evaporation of water. The residence time of
dispersed material is less than 5 milliseconds, which allows the drying of even
thermally labile products. Pulse drying with special modified equipment has
been applied in vitamins, yeast, spices, vegetable protein, fibres, whole eggs,
food colourings, caramel and biopesticides, presenting quality and unit cost
comparable to spray drying (Kudra and Mujumdar, 2002).

1.4 Conclusions

Drying is one of the most ancient and important processes for preservation,
processing and distribution of foods and biological materials. Freeze drying is
the most versatile drying method concerning the final product quality but its
application is limited due to high operating costs. Hot-air drying, one of the
oldest drying methods, still remains the workhorse of the drying technology.
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Traditional methods, like vacuum drying, as well as emerging technologies,
such as infrared drying, sonic drying and atmospheric freeze drying, aim to
improve the quality compared to hot-air drying by keeping the cost at low lev-
els. On the other hand, there are methods such as osmotic drying and instant
controlled pressure drop (DIC) drying that target primarily in the compo-
sitional change or texturization of the product as they reduce the moisture
content. The trend of food drying, as becomes evident from recent studies,
is the development of hybrid methods, which combine advantages of two or
more individual techniques to achieve the best possible quality and the most
efficient energy utilization.

Abbreviations

AFD Atmospheric freeze drying

DIC Instant controlled pressure drop (détente instantanée controlée in
French)

FD Freeze drying

HAD Hot-air drying
HPD Heat pump drying

ID Intermittent drying

IRD Infrared drying

MWD Microwave drying

oD Osmotic dehydration
PCD Pulse combustion drying
SD Sonic drying

SSD Superheated steam drying
VD Vacuum drying
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2.1 Introduction

Raw materials often occur in different sizes, varying from too large to too
small to be used in the food industries. Large size samples must be reduced to
an appropriate size by application of force to meet the end use requirements.
In this unit operation, food is shaped into large or small pieces of certain or
random shapes, or it is reduced to particles down to the micrometre range.
The size reduction operation is classified into two major categories depending
on the state of the material and whether a solid or a liquid. The size reduction
is called grinding and cutting if it is solid. During emulsification and atomiza-
tion, the size of liquid particle globules is reduced. Reaction to shear forces
within solids and liquids decides the type of size reduction. Size reduction may
help in fulfilling objectives like accelerating heat and mass transfer, facilitating
separation of different parts of a material and obtaining pieces and particles
of defined sizes for convenience to consumer and industries.

2.1.1 Size reduction of solids

Compression and shear are the two types of force commonly used in size
reduction of solids, while impact forces are also used sometimes as a third type
of force. Basically, the impact force is a strong compression force applied for a
very short time. These forces can induce elastic and plastic deformations, and
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depend on the type of material. Beyond a certain limit, deformation results
in breaking particles along certain planes. Usually, all these forces are used
to different extents during size reduction, employing several methods of size
reduction. They can be classified based on the final particle size, the kind of
forces applied and the extent of the forces applied.

The classification, based on the final size is:

Breaking: > 0.15cm

Cutting: 0.15cm-8 mm
Crushing: 8 mm-750 pm
Grinding/milling: 750 pm—50 pm
Fine milling: < 50 pm.

SATEER I S

Based on the force applied, the classification is:

Compression (e.g. pressing)

Shear (e.g. attrition mill, cutting)

Impact (e.g. hammer mill)

Bending (combination of compression and tension)

Punching (combination of compression and shear, e.g. gyratory crusher).

SARE R S e

Based on the application of forces, the classification is:

Pressure and/or friction

Shear force on material

Collision between particles or impact between particles and tools
Friction through medium surrounding the particles.

Sl

Size reduction is important in food processing due to (a) an increased sur-
face area, which facilitates heat exchange, chemical and biological reactions
and extraction (e.g. seed oil extraction, blanching, sterilization, freezing and
acidification), and (b) facilitating mixing and blending (e.g. confectionery,
spices, etc.). However, some of the negative features of size reduction process
are (a) energy intensive unit operation (the finer the final particle size, the
higher the expenditure), (b) cutting precision significantly increases the cost
of equipment, (c) heat generated in the grinding zone results in bleach-
ing/oxidation of flour during storage, (d) loss of nutrients due to temperature
rise in grinding excepting cryogenic grinding (e.g. heat-sensitive vitamins),
(e) uneven particle size distribution and (f) the process is often inefficient.

Grinding Mechanical action reduces the size of the solid materials during
grinding by dividing them into smaller particles. Perhaps the most extensive
application of grinding is milling of grains to make flour in food industries.
Also, it is widely used in many other processes, such as grinding of corn in



2.2 APPLICATIONS OF THE GRINDING PROCESS 35

corn milling industries, grinding of sugar in sugar processing and confectionery
plants, and size reduction of dehydrated vegetables for industries processing
vegetables.

Cutting Cutting breaks down large pieces of raw materials and food into
smaller pieces by mechanical action for further processing in vegetable, meat,
fish and fruit processing industries. For example, a large piece of vegetable
like cabbage or potato is cut to a size that fits into the can for the manufac-
ture of canned cabbage/potato or retortable pouches containing cut pieces of
different fruits and vegetables.

2.1.2 Process of grinding

In the grinding process, fracturing of materials reduces size. Even though
grinding processes are widely practised in food industries, the mechanism
of fracture is still not completely understood. In the process, a mechanical
component stresses the materials by mechanical action of the grinding
machine. Initially, the stress is internally absorbed by the material as strain
energy. Fracture occurs along the lines of weakness when the local strain
energy exceeds the critical level. It is a function of the material. Fracture
releases stored energy and the energy is used in the creation of new surfaces,
but the major part of it is dissipated as heat. The material may fracture even
at low stress concentrations when maintained for a longer period. Hence,
grinding is achieved by mechanical stress followed by rupture. The hardness
of the material and its tendency to crack decides the energy requirement for
fracturing and size reduction processes. The factors that affect the grinding
process are the applied force (which may be compression, impact or shear),
the duration of the force application and the magnitude of the applied
force.

A grinding process will be efficient when the energy applied to the material
is marginally higher than the energy needed to rupture the material. Excess
energy is lost in the form of heat and this loss should be as low as possible.
The grinding process is thus characterized by the amount of energy used and
the magnitude of the new surface formed.

2.2 Applications of the grinding process

All three classical laws of grinding (Kick’s, Rittinger’s and Bond’s laws) seem
to be applicable although Rittinger’s law shows better suitability than the
other two, followed by Bond’s law for use with various wet grinding systems
like the mixer grinder, stone grinder and colloid mill. Predominant compres-
sive forces involved in stone grinding are reflected by higher starch damage in
batter, which is also evident in the photomicrographs (Sharma et al., 2008).
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2.2.1 Dry grinding

The energy required for single-stage size reduction is higher when compared
to a multistage size reduction (Dziki, 2011). The specific energy required to
grind a whole wheat kernel is 32.6—79.1 kJ/kg in the single stage while it is
23.1-44.4 kJ/kg for the two-stage process.

Recovery of protein from unclassified primary ground flour of soybean and
okara is much lower compared to their corresponding fine fractions (particle
size about 75 pm) (Vishwanathan, Singh and Subramanian, 2011a). Secondary
grinding of a coarse fraction improves the overall protein recovery to an extent
of 3.3% for okara and to a much larger extent of 6.8% for soybean.

High-energy ball milling has been reported to help in making mesoporous
materials from egg shell (Tsai et al., 2008). The microwave dried samples have
been ground in a hammer mill and Bond’s work index is found to decrease
with an increase in drying time (Velu et al., 2006). Microwave drying prior to
grinding facilitates in reducing energy consumption. Bond’s work index for
microwave-dried gum samples is 0.48 kWh/kg compared to 0.76 kWh/kg for
the control sample having the same moisture content (Walde et al., 1997). The
energy required for grinding dry carrot grits increases as the moisture content
is increased from 10 to 15%; however, it decreases as the moisture content is
increased to 18 % and, again, shows an increasing trend. A moisture content of
18% has been recommended for minimal energy for grinding (Chakkaravarthi
etal., 1993).

Grinding of split legumes to initial coarse grinding and then to fine par-
ticles has been studied by Indira and Bhattacharya (2006). Among various
legumes, lentil (Lens esculenta) is the most amenable to grinding, resulting
in the creation of very high surface areas. In contrast, under the same con-
ditions, Bengalgram (Cicer arietinum) offers the least surface area. Cowpea
(Vigna unguiculata), blackgram (Phaseolus mungo) and greengram (Phaseo-
lus aureus) have similar grinding characteristics. From particle size distribu-
tion, it is evident that grinding characteristics of legumes largely depend on
an inherent property and not merely on the size or shape of the samples.

The sprouting process has a significant influence on grinding characteris-
tics of wheat (Dziki and Laskowski, 2010). The average particle size of the
sprouted kernels is significantly lower than those from the matured whole ker-
nels. Sprouting causes an increase in the fraction of particles below the 200 pm
size and a decrease occurs in the value of specific grinding energy. Specific
grinding energy ranges from 35.5 to 141.6 kJ/kg and from 41.4 to 164.3kJ/kg
for the sprouted and matured whole kernels, respectively.

Muller (2003) has made an effort to correlate the noise made by a mill when
grinding malt to its friability assessment using computer-based digital sample
analysis. The intensity of noise generated by a laboratory disc mill shows an
inverse effect on the friability. In the case of wheat farina, Greffeuille et al.
(2007) have reported that cultivars (cultivated variety) possess an important
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role in particle size distribution of the milled products and the energy required
for milling. Both grain hardness and vitreousness affect the grinding index
(energy required to produce 1kg of flour). In soft wheat grains, phospho-
lipids associated with friable parts and glycolipid-enriched parts offer high
resistances to grinding. While grinding pea seeds, the chemical and physical
characteristics of the size fractions of hulls and kernels seem to have an effect
on different comminution laws (Maaroufi et al., 2000). This phenomenon has
led to a physical separation of botanical constituents like hulls and parietal
constituents in coarse fractions, kernel and cellular constituents to finer frac-
tions and starch granules in the smallest fractions.

Gaete-Garret6n et al. (2003) have reported that ultrasound enhances the
performance of a roller mill. The energy consumption for grinding appears
to be significantly reduced by careful application of an ultrasonic field in the
grinding zone. Also, the use of ultrasound in the grinding zone lowers stress
on the shafts and reduces the torque required. There is a reduction in abrasive
wear of the rolls due to lower mechanical stress. Ozone treatments of wheat
grains before milling is reported to significantly reduce (10-20%) the energy
required without affecting the flour yield (Desvignes et al., 2008). The resis-
tance offered by wheat endosperm to rupture is affected by a reduction of the
aleurone layer extensibility due to ozone treatment, which may explain the
reason for the reduction in milling energy.

2.2.2 Wet grinding

Wet grinding of hydrated soybean has been explored using various grinding
systems (Vishwanathan et al., 2011a, 2011b). Greater particle size reduction
is observed by using a mixer grinder; this is more significant since the pro-
tein recovery depends on particle size. In respect of energy consumption, the
colloid mill is the best. Advantages of continuous operation and energy con-
servation make the colloid mill a preferred system for industrial-scale opera-
tion. The colloid mill (Solanki et al., 2005) has the potential to be used for wet
grinding of rice and blackgram on an industrial scale for the manufacturers
of different traditional Indian foods. The colloid mill can ensure the required
starch damage during wet grinding, which is essential for proper fermentation
of batter during the preparation of traditional products such as idli and dosa.

Various wet grinding systems like the mixer grinder, stone grinder and
colloid mill have been evaluated for wet grinding of raw and parboiled rice
(Sharma et al., 2008). In batch grinders, the duration of grinding has an
inverse effect on the final particle size and direct impact on starch damage as
well as energy consumption. The stone grinder is less energy efficient than
the mixer grinder during size reduction of raw rice. Parboiled rice needs
a longer grinding duration when compared to raw rice. The stone grinder
predominantly employs compressive forces for grinding, which is evident in
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higher starch damage in batter, which is also confirmed by photomicrographs.
Parboiled rice slurry is more viscous than the raw rice sample.

Pan and Tangratanavalee (2003) reported that solid loss increases signif-
icantly as the soaking temperature is increased from 30 to 40 °C. Soaking
conditions do not affect the grinding property while the final moisture con-
tent affects grinding characteristics. High-temperature soaking significantly
reduces the required soaking time. The optimum level of moisture content
for better wet grinding properties is 120% (dry basis).

2.3 Grinding energy laws

The exact power requirement for specific size reduction is difficult to deter-
mine. The type of material, moisture content, fineness of grinding, rate of
feed, type and condition of mill, etc., affect the power requirement. However,
the energy laws may help in a relative comparison for optimizing the process
variables. There are some theories with an assumption to calculate the energy
required for grinding. The assumption is that the energy required is the simple
power function of L (Earle and Earle, 2006):

dE/dL = KL" 2.1)

where dE is the differential grinding energy, dL is the typical change in dimen-
sion, L is the typical length dimension and K and » are constants.

Several energy laws have been proposed to relate size reduction to a single
variable, i.e. the energy input to the mill. These laws are:

Kick’s law (when n = —1) E =Ky f.In(L,/L,) (2.2)
Rittinger’s law (when n = —2) E=Kgf.(/L,-1/Ly) (2.3)
Bond's work index (when n = —1.5) E = E, (100/L,)'/*[1 — (1/q)'/*] (2.4)

where f; is crushing strength, Ky is Kick’s constant, Ky, is Rittinger’s constant,
E; is Bond’s work index, g = L;/L, and L, and L, are the initial and final
particle sizes, respectively.

None of the energy laws apply well in practice (Perry and Green, 1997). The
main use of these laws is in making comparisons between energy requirements
for various degrees of size reduction. Bond’s work index is more realistic in
depicting the performance of commercial crushers and grinders (McCabe,
Smith and Horriott, 1993). Tables 2.1 and 2.2 show the energy-related indices
for different dry and wet grinding processes.
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Table 2.1 Bond’s work index for various food ingredients

Food ingredient Pre-treatment Bond’s work Reference

(dry grinding) index (kW h/kg)

Wheat Microwave dried 2.41 Walde et al. (2002)

Carrot grits Conventionally dried  90.19 Chakkaravarthi et al. (1993)
Gum Karaya Microwave dried 0.36-0.52 Walde et al. (1997)

Gum Karaya Conventionally dried 0.76 Walde et al. (1997)

Cumin Cryogenic grinding 0.053-0.086 Goswami and Singh (2003)
Maize Microwave dried 0.08-0.28 Velu et al. (2006)

Coconut residue - 0.07 Raghavendra et al. (2006)

Table 2.2 Energy expenditure for different wet grinding processes

Ingredient Grinding Energy expenditure Reference
system (kd/kg)
Rice (raw) Stone grinder 22.5 Sharma et al. (2008)
Mixer grinder 10.8
Colloid mill 12.1
Rice (parboiled)  Stone grinder 32.7
Mixer grinder 33.0
Colloid mill 38.4
Soy bean Mixer grinder 132.8 Vishwanathan, Singh and

Subramanian (2011a, 2011b)

Morrell (2004) has proposed an alternate energy—particle size relationship
in a similar approach to Bond’s work index. The proposed relationship for
milling in a ball mill is comparable to those obtained using Bond’s equation
and can offer a more precise prediction of specific power requirements.

2.4 Machinery requirement

Based on the breaking action, size reduction equipments are divided into two
classes: crushers and grinders. Crushers work on the principle of compression
and are used in heavy industries, whereas grinders work on the principle of
shear and impact combined with compression. Even uniform sized particles
are subjected to size reduction and the size of the ground particles produced
will vary from coarse to fine and even to dust. Further on in the process, the
coarser particles are further reduced while finer particles remain less affected.
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The principal types of size-reduction machines are as follows:

A. Crushers (coarse and fine)

1. Jaw crushers
2. Gyratory crushers
3. Crushing rolls

B. Grinders (intermediate and fine)

1. Hammer mills and impactors
2. Rolling—compression mills
3. Attrition mills

4. Tumbling mills

C. Ultrafine grinders

1. Hammer mills with internal classification
2. Fluid—energy mills

3. Agitated mills

4. Ball mills

D. Cutting machines
1. Kbnife cutters, dicers and slitters

2.4.1 Crushers

Jaw and gyratory crushers draw material down into a progressively narrower
space resulting in size reduction. However, they are not extensively used in
the food industries.

2.4.2 Grinders

There are various types of grinders. These are hammer mill, plate/disc mill,
pin mill, roller mill, etc.

Hammer mill A rotor is attached with swinging or stationary hammer heads,
which rotate at a high speed to force the ingredients against a circular screen
or a solid serrated section, resulting in crushing of material inside a hardened
casing (Figure 2.1). The crushed materials are further crushed until they reach
the size of the aperture of a hard metal sieve at the outlet. These mills can han-
dle both brittle and fibrous dry materials. Hammer mills can grind ingredients
up to a maximum size of 75 mm, while larger pieces above 75 mm require a
pre-crusher for initial size reduction.

Two types of arrangement exist in the hammer mill; the common one is
a horizontal drive shaft, which suspends vertical hammers to crush any fri-
able and fibrous dry materials containing less fat. The other one is the vertical
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Figure 2.1 Hammer mill (source: R.L Earle and M.D. Earle. Reproduced with permission of The
New Zealand Institute of Food Science & Technology.)

hammer mill where the drive shaft is positioned vertically while screens and
hammers are positioned horizontally. Materials successfully reach the screen
hole size and are carried by the gravity force outside the mill and then by air
or conveyor to storage. Bigger particles, which still escape the size reduction
process, are allowed to drop through the mill and may be recycled for size
reduction. This facilitates the separation of foreign materials, such as metal
and stones, which can cause screen damage.
The important factors affecting the grinding capacity are:

Number of hammers on a rotating shaft

Speed of rotation

Hammer size

Arrangement of hammers

Sharpness

Wear patterns and

Clearance between the tip and screen or striking plate.

YYYVYYYVYY

The residence time of material inside the grinder and air flow characteristics
in the grinding zone are related to heat generated during the size reduction
process.

Attrition mill Attrition mills are also known as plate mills (Figure 2.2) or
disc pulverizes and are widely used for small-scale milling. These mills use
the working principle of a hammer mill of impact to a certain extent. How-
ever, they also impart the shearing and cutting actions. The material is fed in
between two circular plates with the flute or roughened surface. One of the
plates is fixed while the other one has a rotation facility. Normally, the material
is fed near the axis of the rotation and is sheared and crushed as it makes its
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Figure 2.2  Attrition mill

way out to the edge of the plate. These mills produce a narrow range of parti-
cle sizes. The low clearance and higher speed facilitate the production of finer
size particles. The plate mills led to the development of the colloid mill. The
main difference between them is clearance between the plates and the speed
of rotation. These mills are extremely versatile and can be designed to varied
end purposes like shred, curl, granulate, grind, shear, twist, blend, rub, fibreize,
pulverize, crack, cut, fluff, hull, refine, etc. The various plate designs/styles are
shown in Table 2.3.

Pin mill These mills have two discs with orderly placed pins to impart
high-impact and shear forces for size reduction. One disc is the stator disc and
the other is the rotary disc (Figure 2.3). A consistent and uniform quantity
of material is gravity fed through the centrally located inlet of the stator
disc. Centrifugal forces accelerate the materials in such a way that it reaches
the impact zone. Control of the rotor speed helps to achieve the desired
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Table 2.3 Different plate mills and their characteristics

Type of design Characteristics

Spiral rib plate They are used for general purpose grinding and are versatile for
varied applications

Radial rib plate Applied for refining the moist/sticky materials to milling and

hulling of food products and cellulose. These machines are
available in coarse, medium and fine configurations for
different applications

Oval rib plate Specialized designs are available for curling

Radial undercut rib plate Mainly used for high volume grain, corn cob and other
agricultural oriented milling needs at a low cost of processing

Feed
Feed
4 controller
Mainshatt ||| Feed chute
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Q

Rotating disc
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with pin

T
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Figure 2.3 Pin mill

narrow spectrum of particle size distribution. Variation in the speed of rotor
facilitates the mills to use it for coarse grinding or de-agglomeration as well
as for fine grinding.

Roller mill Smooth or finely fluted rolls rotate at the same speed as for normal
milling and at different speeds for tearing action. These types of mill (Figure
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2.4) are widely used in industries to grind grains like corn (maize), wheat, rye,
barley or malt into flour. The larger surface area in grinding allows more mate-
rial to be ground quickly. The narrow particle size distribution, minimal dust
in the absence of high-speed impact, low temperature rise in the absence of
product recirculation and low energy consumption are the major advantages
of these types of mill. A combination of cutting, attrition and crushing occurs
in roller mills. Roller mill size reduction is economical but limited to materials
that are fairly dry and low in fat.

2.5 Mechanism of size reduction

Most of the food ingredients are brought for size reduction after the unit oper-
ations like grading, pre-cleaning, drying, etc. These unit operations induce
internal stress and initial flaws of different degrees. Flaws are the weakest
point in a particle and facilitate size reduction (Figure 2.5). During the size

b

Minor flaws in Impact causes Additional
particle before cracks and impact leads
size reduction expansion to cleavage

Figure 2.5 Flaws leading to cleavage of materials during processing
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reduction process, the food ingredients are subjected to one or a combina-
tion of basic forces like compression (crushing force), shear (cutting force)
and tension (elongating/pulling force). These forces increase flaws to a critical
value, which is called the yield value, and the material starts breaking down.
The stress—strain relationship (Figure 2.6) indicates that an increase in stress
increases strain, leading to a yield value and subsequent breakage.

2.5.1 Grinding of heat-sensitive and fat-containing
materials

Heat is generated during milling due to the long stay of material inside the
grinding zone, that is until it reaches the aperture openings of a screen fixed in
the delivery side. Such heat can melt heat-sensitive materials like fat, result in
the loss of heat-sensitive nutrients like vitamins, nutraceuticals and bioactive
components. The solution to this heat generation is cooling the grinding cham-
ber surfaces and/or cooling the material prior to milling. This can be achieved
by water-jacketing the grinding zone, injecting cryogen like liquid nitrogen
into the grinding zone and/or exposing the feed to cryogen prior to milling.

Semi-solid materials or fatty materials like cheese, pepper sauce, baby food,
etc., can pose extreme difficulty in grinding, because these materials can stick
to or get trapped in the screen section of mills and can block the screen aper-
tures. These materials can also stick to the surfaces of the grinding chamber.
This problem can be solved by a custom-designed milling system, which facil-
itates positive movement of the ground material from the grinding zone with-
out sticking or clogging. Alternatively, internal air jet or water injectors can
be used to ensure material movement from the grinding zone to the discharge
section. A high-speed impeller with a specialized design ensures that air cur-
rents throw particles away from the grinding zone. Further, the air current
pushes out all the material to exit and ensures cleanliness. Air flow also helps
to minimize heat generation and in turn reduces heat-induced damages.
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Table 2.4 Different cutting operations

Cutting operations Description
Slicing Blade slices by centrifugal force and each slice falls away freely
Dicing Vegetables, fruits and meats are first sliced and then cut into strips

by rotating blades. The strips are then fed to a second set of
rotating knives that operate at right angles to the first set and cut
the strips into cubes

Shredding Commonly they are the modified form of a hammer mill in which
knives are used instead of hammers to produce a cutting action. A
second type of shredder, known as the squirrel cage disintegrator,
has two concentric cylindrical cages inside a casing. They are
fitted with knife blades along their length and the two cages
rotate in opposite directions. Food is subjected to powerful
shearing and cutting forces as it passes between them

Pulping A combination of compression and shearing forces are used for
juice/pulp extraction from fruits or vegetables and for producing
pureed and pulped meats

2.5.2 Cutting of fruits and vegetables

Size reduction of fresh produces like fruits and vegetables before the end use is
normally done by chopping, slicing, shredding, peeling, dicing and sectioning
(Fellows, 2000). Irrespective of the method employed for cutting, the produce
must be uniform in size as nonuniform sized products are not appealing to
consumers. This type of size reduction can be classified in order of decreasing
particle size (Table 2.4).

2.6 Size reduction of liquid

Size reduction of liquid is done by homogenization and atomization and is
mostly targeted for stabilization of the sample and/or for further processing.
In this process, size reduction and dispersion of the solid, liquid or gas phase is
carried out within a continuous phase, which is different from the phase that is
dispersed. Most of the time the fat globules in the formulation are reduced in
size and dispersed uniformly such that the formulation is stable against cream-
ing (Fellows, 2000). Wet grinding produces fine particles directly in a liquid
phase.

2.6.1 Homogenization

The unit operation that prevents fat globules from coalescing into cream is
called homogenization, which is also a way of size reduction in liquids. The
liquid formulation is forced through a small opening at higher speeds for
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breaking down the fat or other globules into smaller ones. The five main
types of homogenizer are as follows.

High-speed mixers Edges and tips of the blades in high-speed tur-
bine/propeller type mixers impart a shearing action on the low viscous
food formulations to homogenize into a smooth homogeneous emulsion.

Pressure homogenizers Pressure homogenization is conventionally done
prior to pasteurization and ultra-high-temperature (UHT) sterilization.
Pressure homogenizers use a high pressure pump, operating at 100—700 bar,
which is fitted with a homogenizing valve(s) (two-stage homogenization) on
the discharge side. When liquid is pumped through the small adjustable gap
(< 300 pm) between the valve and the valve seat, the high pressure produces
a high liquid velocity (80—150 m/s). An instantaneous drop in velocity occurs
as the liquid emerges from the valve. This extreme turbulence produces
powerful shearing forces and the droplets in the dispersed phase become
disrupted. The collapse of air bubbles (termed ‘cavitation’) and impact forces
created in some valves by placing a hard surface (a breaker ring) in the path
of the liquid further reduces the globule size.

Colloid mills Colloid mills are more effective than pressure homogenizers in
creating high shear and are meant for high viscous liquids. They are essentially
vertical disc mills with a narrow gap between stationary and rotating discs in
the range of 0.05-1.3 mm and rotate at 3000—15000 rpm. Numerous designs
of disc including flat, corrugated, conical shapes and even carborundum are
available for different applications. The greater friction created during size
reduction of high-viscous foods may require these mills to be cooled by circu-
lating water in the water jacket.

Ultrasonic homogenizers A high-frequency sound wave in the range of
18-30kHz is used in ultrasonic homogenizers to cause alternate cycles of
compression and tension in low-viscosity liquids. It is also responsible for
cavitation of air bubbles to form emulsions with droplet sizes of 1-2 pm. This
type of homogenizer is used for the production of salad creams, ice cream,
synthetic creams, baby foods and essential oil emulsions. It is also used for
dispersing powders in liquids.

Hydro-shear homogenizers and microfluidizers In a hydro-shear homoge-
nizer, the feed liquid enters the chamber at a high velocity and is made to
spin in increasingly smaller circles and increasing velocity until it reaches the
centre and is then discharged. The differences in velocity between adjacent
layers of liquid causes high shearing forces, which, together with cavitation
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and ultra-high-frequency vibration, break droplets in the dispersed phase and
results in stable emulsion.

2.6.2 Atomization

Atomization is a process of transforming the bulk of a liquid into fine
droplets. The size of the droplets, when sprayed in vacuum or in gas, varies
from submicrometres to several hundred micrometres in diameter. Numer-
ous spray devices like atomizers, nozzles and applicators are used for size
reduction. In all these devices, atomization is achieved by creating a high
velocity between the liquid and the surrounding gas (air). A spray is a system
of droplets immersed in the gaseous continuous phase. Atomization is widely
used in spray drying and surface coating of food products and is also a size
reduction process to increase the surface area so as to facilitate further unit
operations like spray drying, evaporative cooling, encapsulation and spray
coating.

2.7 Conclusions

Even though there are exhaustive developments in the area of dry grinding,
the process of wet grinding has been left unattended as only a few published
papers are available. A large-scale wet grinding system used in mineral indus-
tries possesses limitations for scaling down to suit the food processing sec-
tor. Continuous wet grinding is an urgent need of food processing since wet
grinding can minimize the loss of thermally sensitive constituents in food.
A systematic effort in developing a continuous medium-scale wet grinding
system is the need of the hour and such a system will help the traditional
food sector. An energy-efficient grinding system for both dry grinding and wet
grinding deserves research efforts since grinding is an energy-intensive unit
operation. Development of appropriate models for predicting energy require-
ments for size reduction of specific ingredients by incorporating material prop-
erties like hardness and brittleness apart from particle size will be a greater
challenge.
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Dough Processing:
Sheeting, Shaping,
Flattening and Rolling

B. Patel and 0. H. Campanella

Department of Agricultural and Biological Engineering and Whistler Carbohydrate Research
Center, Purdue University, West Lafayette, Indiana, USA

3.1 Introduction

Baked goods are available in a variety of compositions, shapes, and textures,
which are the determining characteristics leading to consumer purchase.
Forming or shaping of the product during manufacturing involves multiple
unit operations such as rolling, sheeting, and flattening, which are performed
with the aim of attaining the desired portion size of dough, which can be
finally shaped using a shaping or forming operation. Depending on the type
of dough, shaping can be as simple as the stamping of a mold on a thin
layer of dough (e.g., crackers and biscuits) or a complicated operation like,
for example, the ones used for leavened breads and other products such as
croissants and filled pastries.

For typical solids, that is, elastic materials, these processes are well defined,
and conditions such as temperature and pressure can be adjusted to improve
the material malleability/ductility and make them conducive to the process.
However, doughs are viscoelastic materials that exhibit normal stresses, stress
generation, and relaxation, and also strain recovery effects during the many
types of deformation that are prevalent in dough processing operations. Thus,
the complexity of the material behavior during processing makes forming and
shaping operations more difficult to control. In addition to the application of
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stress or deformations, dough processing includes resting steps to allow for
stress relaxation during the shaping of the dough material. It is hypothesized
that if a suitable relaxation time is used during the shaping opreation to permit
the release of the internal stresses generated in the dough during the process,
a better control can be achieved over the final shape of baked goods.

The chemical composition and structure of the dough and how its protein
component reacts to the applied stress determines the choice of technology
to be used in the process. For instance, corn masa, a type of dough used in
the production of corn tortilla and corn chips, exhibits predominantly a vis-
cous behavior with little elasticity; thus it can be sheeted in a single pass.
Conversely, wheat flour dough is more viscoelastic in nature due to the devel-
opment of its gluten proteins. The typical viscoelastic behavior of wheat flour
dough can be described as a viscous flow under stress, but as soon as the stress
is released the dough tends to revert back partially to the starting shape due
to elasticity, a phenomenon known as strain recovery. In addition, it has been
well documented that any work in the form of mixing or any other type of
deformation that is applied to dough, is used for transformation of gluten pro-
teins, which contribute to the development of the dough (Zhen et al., 2000).
Some of that energy also results in the generation of internal stress in the
dough, which must be dissipated by allowing for a proper relaxing time so
that the formed pieces in the shaping operation may retain the final shape.

Among the different operations used in dough processing, it is found that
a few are very relevant and have a large impact on the quality of the final
product. They, among others, include sheeting, shaping, and rolling.

3.2 Dough sheeting
3.2.1 Technology

Sheeting is a process that was initiated to process plastics, where it is also
known as calendering. Calendering is an important process for the formation
of plastic sheets that have been extensively studied and there exist reports
in the academic and industrial arena describing and modeling it. Although
the technology of plastic calendering and dough sheeting differ in many
aspects, principally on the type of the material being processed, there is
a basic common approach to study and model the process. In addition to
the inherent different characteristics on the rheology of plastics and dough,
calendering is generally performed at high temperatures whereas dough is
processed generally at low or room temperatures. The condition of elevated
temperature makes the processed plastic behave as a free-flowing fluid
material. Conversely, a dough is generally processed below or at room
temperatures where it is a semi-liquid viscoelastic material. Plastics usu-
ally have a homogeneous composition formed by macromolecules having
narrow molecular size whereas the composition of dough is far from being
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homogeneous and is composed of macromolecules having large molecular
size distribution. Despite the significant differences in the rheology of the
material being processed, in essence both processes are similar in various
technological aspects. For instance, both are based on the passing of the
material through rotating rolls and, although the characteristics of the raw
materials differ significantly, on certain occasions it is worth looking at the
literature on calendering, which for reasons of space is not reviewed in this
chapter, but for further information the reader could refer to two excellent
and complete references (Pearson, 1985; Middleman, 1977). Instead the
chapter is devoted solely to the processing of dough.

Dough sheeting is an indispensable component in the processing of many
baked products. It provides the final shape and structural identity of the baked
product, irrespective of the type of dough, before it goes to the baking oven.
Most of the baked products can be classified on the basis of the type of dough.
Detailed differences on the types of dough used in the baking industry are
covered in other parts of this book (e.g., refer to the dough mixing section).
Depending on the flour used in its preparation, moisture content, and the addi-
tion of other ingredients, doughs are commonly classified as either soft or hard
doughs. In the case of soft dough, water and flour are the major ingredients,
which after proper formulation and upon mixing result in a cohesive mass
due to the development of the gluten proteins. Dough prepared in this way is
often referred to as being low-fat and low-sugar formulations. Most of the soft
dough formulated with low content of fat and sugar exhibits a dominant elastic
behavior, which plays a vital role in determining the type of sheeting, molding,
and flattening operations to be performed in the process. Typical examples are
doughs used for baked goods such as bread, pizza, and buns.

The other type of dough formulation includes that having high fat and sugar
content to produce the so-called hard dough. For baked products produced
with high fat and high sugar formulations, the formation of a gluten network
is not desired resulting in a dough mass having lower cohesiveness. Due to
the undeveloped gluten network and the absence of a high elastic component,
these doughs exhibit plastic-like behavior. Doughs with a plastic behaviour do
not regain their original shape once the stress acting on the dough is removed,
that is, they can retain the shape of the mold easily during the molding oper-
ation. Typical examples of these doughs are those used in the preparation of
baked goods such as biscuits and cookies.

Once the dough is mixed, with the aim of achieving a relatively uniform
distribution of the ingredients, it is dumped into a hopper where the sheeting
operation begins. Sometimes and for small-scale operations a cutting step to
obtain small pieces of dough that can be handled manually is included, for
example, for the production of artisan pastry making. However, most indus-
trial sheeting machines forming part of a continuous production line compress
the irregular piece of dough coming from the hopper between two rotating
rolls, resulting in the formation of a relatively thick sheet with uniform edges
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and thickness, and having little or no holes. This sheet of dough is then passed
repeatedly through multiple sets of smooth rolls rotating either in opposite
directions with the same speed or in the same direction with a speed differen-
tial. The gap between each set of rollers is gradually reduced to produce thin
smooth sheets at the end of the process line, which can be then molded or cut
into desired shapes before baking. There are many advantages obtained from
the sheeting operations and one of the most relevant reported is the improve-
ment in the final baked good crumb texture, which is the major contributing
factor to the baked product quality. Various hypotheses have been proposed
to explain this quality improvement and are discussed by Kilborn and Tipples
(1974).

Sheeting of dough serves multiple purposes; the main one is the conversion
of a dough mass of irregular shape coming out from the mixer into a sheet
with an even thickness covering a large part of the width of the conveyor in the
baking line. The first sheet of dough formed, typically, has a uniform thickness
and smooth edges with absence of breakages or holes. The latter is important
to ensure a uniform cohesive sheet with no cracks or holes when the dough
is recycled from the line and re-mixed. The type of dough sought determines
the number of passes necessary to attain the final dough thickness.

Depending on the sheeting system, the sheeting operation can be classified
by various manners. For instance, in the classical sheeting pin, the dough is
passed through one sheeting surface and one stationary surface. Conversely,
various configurations can be possible with two moving surfaces, especially for
mechanized systems where two sheeting surfaces are operating either at the
same speed or with a speed differential. For the case of two rollers operating
at different speeds, the roller operating at the faster speed stretches the dough
relative to the slower roller, leading to a better size reduction as well as align-
ment of the gluten network. Thus, the desired size reduction or sheeting can
be achieved in a relatively smaller number of passes, which means savings in
terms of space and energy consumption.

Another major purpose of the dough sheeting operation, in addition to the
thickness size reduction, is the development of the gluten network. Gluten
network development is a major contributor to the final quality of bread, espe-
cially its crumb quality. Typically during sheeting, the dough is passed between
two surfaces, both of which are moving with either different speeds or one is
stationary. As the dough passes through the sheeting station it experiences
input of energy as well as a squeezing action (Moss, 1980; Stenvert et al., 1979)
resulting in improvement of the bread crumb structure. Kilborn and Tipples
(1974) measured the power consumption of rollers during sheeting, in addi-
tion to bread crumb quality, and observed that the mixing and stretching of the
dough during sheeting is not only highly appropriate for good product qual-
ity but also results in an operation that is more energy efficient than mixing.
Typical dough development using sheeting would need about 10 to 15% of
the energy needed to develop the dough at the same extent in a conventional
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Figure 3.1 Effect of the number of sheeting of passes on net energy per pass and loaf volumes.
(The figure is based on data tabulated by Kilborn and Tipples (1974). One sheeting pass is
defined as a pass between two pairs of sheeting rolls with a gap of 7/32 in at the first pair of
rolls followed by a second pair of sheeting rolls with a gap of 5/32in. The resulting dough sheet
was folded in half and turned 90° for the next pass.)

mixing process. Data on baked loaf volume have shown that the baked volume
reaches a peak at 42 sheeting passes and the energy required for sheeting also
peaked at the same number of passes (Figure 3.1). This behaviour is similar to
that observed on the mixing of dough where the power during dough develop-
ment in different mixers also peaks at the maximum of dough development,
measured by a number of rheological techniques (Zheng et al., 2000). In other
words, dough exhibits optimum gluten network development at the highest
power input; overmixing leads to breakdown of the gluten network, resulting
in a lower power input and lower baked loaf volumes. The proved advantage
of mixing and dough development produced by the sheeting process makes
the process suitable for the production of no-time dough, where high levels
of oxidative agents are used. Sheeting has been also practiced for the produc-
tion of bread in different parts of the world, such as Spain, South America,
Southeast Asia, and Africa (Stenvert et al., 1979). However, this advantage is
relatively less prominent for fermented dough where more sheeting passes are
necessary to produce a good quality product. Although no significant saving
in energy has been observed during the development of fermented dough by
sheeting, it has been found that the process is accompanied by an improve-
ment in the bread crumb texture when compared to that of bread produced
from conventionally mixed doughs (Stenvert et al., 1979).

The efficiency of mixing achieved by sheeting over conventional mixing
equipment can be highlighted by a hypothetical calculation applied to an
individual layer thickness. For example, a 12.5 mm thick dough sheet passed
through rollers with a 1.7 size reduction ratio, folding a half-sheet over
itself and rotating it by 90° would yield more than a million layers with an
average thickness for a single layer of approximately 0.6 pm. In terms of
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size comparison a typical starch granule size is approximately 5 pm; hence
the dough structure following extensive sheeting and 20 folds may lead to
a two-dimensional cross-linked gluten network development with starch
granules embedded in it. As shown in Figure 3.1, the number of sheeting steps
applied to the dough sample has a significant impact on the volume and crumb
structure of bread (Morgenstern et al., 1999; Kilborn and Tipples, 1974).

It has been observed during the passing of the dough sheet through sheet-
ing rolls that as the extent of reduction of the sheet thickness, referred to as
‘reduction ratio’, increases the swell and spread of the sheet also increases.
However, the relationship between the dough physical characteristics and the
reduction ratio becomes less predictive as the reduction ratio increases beyond
3.0 (Engman, Peck, and Wilson, 2005). Conversely, sheeting parameters (e.g.
torque, the normal force between the two rollers, and the normal stress gen-
erated at the roller surface) measured on the rollers during the operation
tend to decrease with an increase in the roll speed as a consequence of the
shear-thinning rheological behaviour of dough. It has been demonstrated that
most of these measured parameters can be related to the rheology of the
dough as well as the physical characteristics of the sheet, notably its width
(Reid et al.,2001). Another important advantage of the sheeting operation is
the redistribution of air bubbles, which appears, to impact the crumb quality
(Stenvert et al., 1979). The fine crumb structure obtained as a result of sheeting
or rolling of the dough layer can be explained by the coalesce of entrapped
air bubbles and their redistribution in the dough matrix, which later serve
as nucleation centers for gas bubble formation during the baking stage. Dur-
ing sheeting as the dough is squeezed between two surfaces, the gas bubbles
collapse and coalesce. Redistribution of air bubbles also take place during
rolling due to the high pressure experienced by the dough under the roller
surfaces, leading to partial dissolution of the bubbles and subsequent release
of pressure, which leads to the generation of smaller size air bubbles. These
small air bubbles improve the crumb structure uniformity as well as their fine-
ness/quality.

Typical sheeting or shaping operations for plastic type or soft dough
involves either depositing the dough in molds or shaping is attained during
baking in ovens at high temperatures. Another approach is to use positive
displacement equipment, which pushes the dough through a regular-shaped
orifice and through an oscillating/moving cutting device (typically a metal
wire); it cuts the dough and deposits the pieces into a baking tray. The third
option is to use a roller with sharp edges on its surface to be able to cut
sheets of dough into small individually shaped baked products (cookies); this
technology is also referred to as a rotary molded cookie cutter.

Crackers or biscuits use a somewhat similar type of dough compared to
cookie dough; however, their formulations include more fat and a lower mois-
ture content. Due to the higher fat content there is a need for the formation
of a gluten network that is able to hold the dough together during processing
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as well as to entrap gas bubbles formed during baking. The cracker or biscuit
dough has relatively more gluten development than cookies but it is lower
than that in bread and buns.

Typical dough sheeting for the production of crackers and biscuits begins
with dumping the dough from the mixer into the hopper. Here it is important
to maintain the height of dough in the hopper, which exerts a certain pressure
on the dough located at the bottom, resulting in uniform sheeting that espe-
cially avoids cracks or holes in the case of recycling dough scraps from down
the line.

Depending on the motion of the dough sheet with respect to the roller
motion and the conveyor belt, the dispensing of dough is done using two
typical arrangements, which are named front or back discharge. The front
discharge arrangement (Figure 3.2a) provides support to the dough as it is
sheeted and transferred on to the conveyor belt. This system is helpful in han-
dling short or less viscoelastic dough, which needs to be supported during
its transfer from the sheeting rollers to the baking zone. The back discharge
arrangement is illustrated in Figure 3.2b. It is useful for handling more vis-
coelastic dough, that is, a dough that can be stretched without damaging its
smooth surface. Unlike the front discharge arrangement, the back discharge
one includes a conveyor moving at a speed that is somewhat faster compared
to the bottom roller. This is necessary to avoid a uniform transfer of the dough
sheet to the conveyor band without creasing or crumpling. Conversely, due to
the weak nature and less extensibility of doughs handled by front discharge
arrangements, the conveyor speed runs at a slower speed than the bottom
rollers in order to avoid crack and tear development. Alternate arrangments
with two or four rollers are also available, but the three-roller arrangement is
widely used.

The speed of the conveyor band carrying the dough towards and away
from the sheeting rollers needs to be monitored precisely to avoid tearing or

(a) (b)

Figure 3.2 Three roller configuration delivery of dough from the sheeting equipment to the
conveyor: (a) front discharge dough sheeting arrangement and (b) back discharge dough sheeting
arrangement
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Q.

Figure 3.3 Position of feed and discharge conveyor band ends to dough sheeting rolls

crumpling of the dough sheet. It is advisable to allow some slack at the feed
side as well as at the discharge side. This helps to avoid the development of
internal stress or tear due to tension resulting of pulling effects created by
the rollers at the feed point or by the conveyor band at the point of discharge
(Figure 3.3). For large industrial systems, laser proximity sensors coupled
with feeding and discharge conveyor band motor speed regulators can ensure
continuous monitoring of the sheeting and discharge processes.

Lamination is an important industrial practice during cracker dough sheet-
ing due to its multiple advantages. First, laminating (folding the dough sheet
over itself) can repair cracks or tears developed during the sheeting opera-
tion. Second, by rotating the sheeting direction at a 90° angle after dough
folding ensures uniform redistribution of stresses in two different directions.
Further, repeated folding ensures uniform mixing of dough and development
of the gluten network. Lamination also provides the opportunity of introduc-
ing another material (such as fat or sugar syrup) between dough layers to
impart unique fluffy and layered characteristics to the final baked product. A
manufacturing line of filled pastries can be devised using extrusion of dough
and filling in to a tube, which then is flattened and manipulated to the desired
shape using various configurations of the laminating line (for example, the line
Rheon® for producing pastry dough used in meat pies).

It has been reported that changing the dough sheet orientation by 90° while
passing between successive sets of sheeting rolls does not significantly affect
the sheeting performance in terms of the resulting thickness, roll force, torque,
or normal stress arising during the sheeting operation. However, the lateral
spread of the dough sheet, which is measured as the percent increase in width,
is observed to be negligible. This can be attributed to the viscoelastic nature
of the dough, which tends to minimize stresses in the sheeting direction by
expanding in a direction perpendicular to the sheeting rolls. These observa-
tions can be used to explain the use of folding back the dough sheet by artisan
bakers as well as the use of ‘cross-rollers’ between a set of sheeting rolls in an
industrial sheeting line to minimize the stress on the dough.
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One significant difference between the sheeting and laminating operations
is the presence of mixing as a result of the recirculation flow produced in
the feed section of the rollers. Some degree of mixing is desired during the
sheeting whereas it is considered detrimental during lamination.

Morgenstern and Ross (1998) found that when the dough sheet is passed
through a gap that is larger than a fourth of the sheet initial thickness, there
is a negligible recirculation flow. However, as the gap between the rollers
decreases a recirculation flow is always observed. As a rule of thumb, when
the gap between the rollers is smaller than an eighth of the original dough
sheet thickness, flow recirculation becomes evident (Figure 3.4).

This behavior is not unique to doughs. Pearson (1985) and Middleman
(1977) reported similar observations for polymer materials caused by recir-
culation flows generated near the region of contact between the feed sheet of
the viscoelastic material and the roller.

In addition to the backflow mixing observed in the feeding of the rollers
there are other effects produced by the viscoelasticity of the dough that affect
the thickness of the final sheet. For instance, an increase in the reduction ratio,
the ratio between the gap among rollers and the dough thickness, results in an
increase in the sheet thickness due to the snack back effect produced by the
viscoelastic dough after passing the rollers (Ren, Walker, and Faubion, 2008).
One of the common drawbacks encountered during high size reduction in sin-
gle pass sheeting is likely to be produced by the viscoelasticity of the dough,
which generates the rippled surface of the rolled sheet. In a series of articles
describing the flaking process, a process having some similar features to sheet-
ing, Levine et al. (2004, 2003, 2002a, 2002b) demonstrated the changes in the
properties of the final product as a consequence of the dough viscoelasticity.

Scale-up of sheeting operations is an important task in the design of new
processes and products. Levine (1985) used an empirical approach to describe
the sheeting operation and applied a dimensional analysis to the experimen-
tal data to generate a mathematical model that relates the final dough sheet

Figure 3.4 Schematic illustrating the recirculation of dough generated at the nip of the rollers
when the dough sheet enters between the rollers for conditions of small gaps between the rollers
(source: Love 2003, p. 4. Reproduced with Permission of R. Love)
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thickness to the roll gap and roll diameter:
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Here ¢, is the final dough sheet thickness, 7, is the gap between rollers, and D
is the diameter of the rollers. Calculations based on this model are reported
in Table 3.1, where the final dough thickness was calculated by assuming an
initial thickness of the sheet of 1/8. Based on these calculations, it is possible
to estimate the percentage of spring-back as the increase in dough sheet
thickness from the sheeting operation expressed as a percentage value of
the roller gap. The table clearly illustrates that as the sheeting roll diameter
increases, the percentage of spring-back also increases. This is supported by
the fact that as the sheeting roll diameter increases the amount of energy
input also increases, which in turn induces larger residual stresses in the dough
promoting spring-back. As the dough sheet comes out of the sheeting roll,
the stresses developed in the dough sheet are relaxed and can be measured in
terms of spring-back. Based on the percentage of spring-back values reported
in Table 3.1, it can be safely concluded that the use of sheeting rolls with
smaller diameters produces doughs with smaller residual stresses, which is
likely to require less residence time. The practical advantage of having doughs
with these characteristics is that shorter conveyor belts are required between
two sheeting stations as well as the length of the conveyor belt going to the
baking oven.

The percentage spring-back does not change significantly with the strain
rate, as illustrated in Figure 3.5. Sheeting operations for viscoelastic dough
differs from plastic dough because the elastic component of the viscoelastic
dough promotes the recovery of the shape once the force is removed. Thus,
recovery of the material after the applied strain or stress needs to be con-
sidered when designing the process line such that the desired final product
shape is achieved. This tendency of regaining the shape makes the handling
of the viscoelastic dough more difficult to process compared to a plastic-like
dough where a simple wire cutter, pressing on to the mold, or depositing in

Table 3.1 Spring-back percentage calculated from data generated by the simulation model
(source: Levine 1985. Reproduced with permission of John Wiley & Sons, Ltd)

Diameter (inch) Roller gap (inch) Final dough sheet thickness Spring-back (%)

3 0.085 0.125 47.1
4 0.079 0.125 58.2
6 0.070 0.125 78.6
8 0.062 0.125 101.6
12 0.052 0.125 140.4
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Figure 3.5 Percentage of snap-back of the dough sheet after passing through the sheeting
roll as a function of the strain rate at the sheeting roll (source: Adapted from Kempf 2005.
Reproduced with permission of AACC International)

the mold serves the purpose of portioning the dough into an individual item
before baking.

In addition, for viscoelastic doughs one of the major considerations is
releasing the internal stresses generated during shaping/sheeting before it
goes for baking. This is important to avoid losing the shape of the dough
piece. As the dough temperature rises during the initial stages of baking,
the consistency of the dough is reduced and it could easily happen that any
residual stresses could alter the shape of the dough piece before crumb
development and setting of the structure. This is the reason when handling
viscoelastic doughs for using longer conveyor belts and allowing time for
relaxation of internal stresses developed during sheeting/shaping before the
individual product enters the baking oven. An alternate approach to improve
the shape retention is to use sheeting/shaping operations that do not result
in high internal stress development. For example, some companies advertise
lines with zero stress applied to the dough.

Other recent developments in sheeting equipment available in the market
rely on this principle where small deformations are applied to dough over
numerous steps rather than large deformation and fewer passes between the
sheeting rollers. One example of the gentle sheeting dough handling process
is the stress-free rolling process offered by RONDO. The patented ‘Smartline’
system by RONDO (Figure 3.6) applies multiple small rollers over small
distances, which avoids larger strains and larger stresses developing in the
dough mass as a result. Thus, the dough is spread/sheeted with multiple
smaller rollers working over small distances. To achieve stress-free stretching
of the dough sheet, a set of smaller diameter rollers at a suitable angle comes
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Figure 3.6 Schematic drawing for the ‘Smartline’ sheeting system from RONDO (source: Repro-
duced with permission of RONDO)

in contact with the top dough surface, while the bottom part moves over a
relatively larger roller. The speed of the top rollers and bottom roller can
be set depending on the type of dough handled by the system. The resulting
sheet of dough has low residual stress development due to gentle stretching
of the dough. This approach fits well with the typical rheological behavior of
the dough.

During sheeting the dough sheet undergoes deformation with respect to the
height, which is easily visible as a change in dough sheet thickness. However,
changes in length and width are difficult to visualize, especially in continuous
operations at the commercial level. Love (2003) showed experimentally how
these changes in width and length become manifest in a dough sheet during
sheeting (Figure 3.7). This visualization promotes the need to gain an under-
standing of the origin of undesirable changes due to deformation during the
sheeting operation.

Since pressure and shear forces have been associated with de-aeration and
quality of dough products it can be safely assumed that the properties of the
sheeted material may differ between the center and the edge. Levine et al.
(2002a) proposed a numerical approach to simulate dough behavior during
sheeting, similar to the calendering of finite width sheets between two rollers.
Simulating the spread of the dough sheet as a function of the ratio W,/H,
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Figure 3.7 Deformation in the dough sheet during the sheeting operation showing damage
to the dough surface as well as changes in the shape of the sheet (source: Love 2003, p. 3.
Reproduced with Permission of R. Love)

(W, and H,, are the initial width and the thickness of the sheet, respectively)
showed that the edges of the sheet exhibit high pressure gradient regions. The
presence of high gradients would stretch the material near the edge leading
to dough sheet tearing. This type of tearing can be reduced by laminating the
dough in a typical cross-crossing direction, as mentioned above.

3.2.2 Rheological studies on dough behaviour

Dough rheology helps to determine various parameters relating the viscoelas-
tic behavior of dough, such as storage and loss moduli, and viscous param-
eters, such as flow consistency and the flow behavior index, with character-
istics of the dough process (defined below). Two types of tests have been
used to characterize doughs, which are classified in terms of the magnitude
of the applied strain or stresses as small and large deformation tests. Small
strains/stresses in small deformation tests are generally applied to find inter-
actions among the components of the dough, notably the moisture content
and type of flour, whereas large deformation tests are used to characterize
the properties of dough and how they interact with the process (Kim et al.,
2008; Zheng et al., 2000). Thus, rheological studies provide tools to character-
ize various types of dough as well as ability to simulate the performance of
dough under various processing conditions or for developing quality control
methods (Dobraszczyk and Morgenstern, 2003).

Most food materials are viscoelastic and therefore their properties depend
on the time under which the stress or the strain is applied to the material. This
is important in many aspects of dough processing; for instance, if the dough
is deformed quickly, such as in mixing or sheeting, then the rheological prop-
erties of dough will be very different in magnitude than those observed when
the dough material is deformed or stressed continuing to produce any sort
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of steady flow. The inherent viscoelasticity of doughs adds complexity to the
design and optimization of dough processing because, depending on the mag-
nitude of the deformation and the deformation rate, the rheological properties
of the dough may impact differently on the process. This is important espe-
cially when using values measured at lower strain rates to model the behavior
of the dough at higher strain rate operations, which can lead to an increase
of up to a couple of orders of magnitude. That has been observed when no
traditional mechanically and shear-based techniques are used to characterize
the dough material, especially ultrasound techniques that are characterized by
significantly higher frequencies and type of deformation (Campanella, 2010;
Leroy et al., 2010; Mert and Campanella, 2008; Lee, Pyrak-Nolte, and Cam-
panella, 2004; Ross, Pyrak-Nolte, and Campanella, 2004; Létang et al., 2001).
Other novel rheological methods, such as the impulse technique, are related
to ultrasonic measurements of dough properties during processes in which
the mechanical properties of the dough can be significantly affected by the
extent of the deformation, notably fermentation (Lee and Campanella, 2013).
Although ultrasound frequencies are much higher than those used in mechani-
cal rheometry, the ultrasonic characterization of doughs has provided relevant
and key data on dough properties. It also offers the potential to be used as an
online rheological technique to characterize the material during processing.

The other aspect to be taken into account in dough rheology is the type
of deformation under which the dough sample is tested. During processing,
dough is subjected to either shear (e.g., in a mixer) or extensional strains
(sheeting, fermentation) or a combination of both deformations. Thus, if a
relationship between rheological properties and their impact on processing is
sought, it becomes necessary to use rheological tests that use these types of
deformations. Zheng et al. (2000) reviewed and applied a variety of rheologi-
cal tests, including shear and extensional deformations, to monitor changes of
dough during dough development.

As discussed above, another important area in dough rheological testing is
the large deformation test. Large deformation tests employ relatively higher
strain levels and explore the rheological behavior of dough in the nonlin-
ear viscoelastic region. The data generated from large deformation tests are
of practical importance, that is, it can explain and model the dough behav-
ior under commercial processing conditions encountered by dough on bak-
ing lines. These tests help to characterize the dough for various baked goods
objectively rather than by using subjective descriptors, such as soft and hard
dough for breads and biscuits or nonsticky and sticky dough for crackers and
cookies. These tests can help to incorporate science in addition to the baking
process to elevate it from just being a form of art and at the same time help-
ing to open the possibility for other applications, including the design of the
baking system such as sheeting, rolling, and flattening (Bhattacharya, 2010;
Castell-Perez and Steffe, 1992). The potential of better process control is also
closely associated with a correct characterization of the dough material. Large



3.2 DOUGH SHEETING 65

deformation tests as well as recoil and relaxation behavior tests of dough can
help to describe the rheological behavior of the dough material when it moves
from the mixer to the baking oven.

Many researchers have attempted to simulate the dough flow behavior
using a number of rheological models. Early attempts were made using the
Newtonian model, which was found to be inadequate to account for the
nonlinearity in the flow behavior of dough. One of the most widely used
rheological models is the power law model given by the following equation:

n=ky"! (3.2)

where 7 is the apparent viscosity, 7 is the shear rate, & is the consistency index,
and n is the flow behavior index. The consistency index has a unit of Pa s”
whereas the flow index is unitless. Values of consistency and flow indexes
reported range from 2000 to 50 000 Pa s” and 0.25 to 0.5, respectively. They
depend on the dough formulation including moisture content, the type of
flour, and the presence of a plasticizer. Although this variation can be the
result of different formulations it clearly demonstrates the wide range of
behaviour exhibited by dough and the impact these properties may have on
dough processing. The role of water as a plasticizer in dough is critical in
modeling dough behavior (Faubion and Hoseney, 1990). It is also possible to
develop a rheological model to accommodate specific formulation attributes
such as salt and fat content (Raghavan ez al., 1995). Launay (1990) reported
the use of the Kelvin-Voigt model (a dashpot-liquid element representing
liquid behavior in parallel with a spring representing elastic behavior) for
describing the nonlinear and power law behavior of dough. However, the
Kelvin-Voigt model is a solid viscoelastic model and dough has properties
that resembles more the properties of a liquid. Thus, the most widely used
technique to model dough rheological behavior is the Maxwell (Bagley,
Christianson, and Martindale, 1988) or generalized Maxwell model (Wang
and Kokini, 1995). These approaches involve the use of Hookean (spring)
and Newtonian (dashpot) elements in series configurations to accurately
represent the observed rheological behavior of dough. The models provide
information on the behavior of dough under a small deformation but fail to
describe the behavior of dough at large deformations. Other models, like, for
instance, models such as those described by Wang and Kokini (1995), and
more recently by Carriere, Thomas, and Inglett (2002) and Lefebvre (2006),
are necessary to describe the behavior of dough under nonlinear viscoelastic
conditions. Regardless of the rheological method, the understanding of
dough rheological behavior under large deformations can be very useful
in explaining the typical behavior of dough under processing. Amemiya
and Menjivar (1992) analyzed the response of dough by comparing the
behavior with that of filled elastomeric systems. The rheological response was
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Figure 3.8 Typical characterization of a dough material (source: Amemiya and Menjivar 1992.
Reproduced with permission of Elsevier)

divided into four distinct regions named pre-yield, yield, strain hardening,
and post-fracture (Figure 3.8). The pre-yield behavior is observed over very
small strain levels below 3.0% strain where starch-starch and starch-protein
interactions dominate the dough response to a shear deformation. Beyond
the pre-yield region, as the strain increases, the dough exhibits typical yield
behavior, that is, a decline in the stress-strain curve slope is observed. The
yield region of the stress-strain curve can be explained by dough overcoming
the short-range interactions as larger deformation is experienced. The yield
region is followed by a strain hardening region where the level of stress starts
to increase with strain typically observed between 0.25 to 13. With the increase
in strain above 0.25, the short-range interactive forces are overcome and plas-
tic flow is initiated. However, other long-range forces may come into play at
this strain level (i.e., the deformation is moving from microscopic or microm-
eter displacement to macroscopic or larger than a millimeter displacement)
that are the result of the well-developed protein network that exists at the
macroscopic level. These long-range protein-protein interactions appear to
give rise to a typical strain hardening effect encountered during processing of
the dough, where the gluten network is well developed during dough mixing,
for example, for breads. Conversely, for baked goods where gluten develop-
ment is not desired, for example biscuits and cookies, the dough often does
not exhibit the strain hardening effect since the biscuit dough does not have
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large-scale protein-protein interaction due to a poorly developed gluten net-
work.

Finally, as the strain increases beyond ~13 the stress reaches a peak and
decreases, which can be due to breaking of the protein network. Typically at
such high strain levels the dough starts to break, which is not desired, espe-
cially for any operations involving rolling, sheeting, shaping, or flattening of
the dough. These tests have been used to characterize the behavior of differ-
ent types of doughs, like, for example, those used in the manufacture of breads
and biscuits (Figure 3.9). In this test the viscosity of the dough sample was
measured at a low shear rate of 1/s and the evolution of the shear and normal
stresses were followed over time. Values of normal stresses measured on the
rotating plate (in parallel plate geometries) or the rotating cone (in cone and
plate geometries) are indicative of the dough elasticity; the largest is the nor-
mal stress, the largest is the elasticity of the sample. Asillustrated in Figure 3.9,
the shear stress evolution follows the general trend described in Figure 3.8. It
also illustrates that bread dough is more elastic than biscuit dough.

Xiao, Charalambides, and Williams (2007) were able to generate numer-
ical models to follow the dough behavior during sheeting at relatively low
reduction ratios (lower than 1.7). They generated a numerical model simi-
lar to the one proposed by Goh, Charalambides, and Williams (2005, 2003)
using the finite element numerical method and using material and rheological
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Figure 3.9 Different types of dough behaviors as a function of strain level (source: Amemiya
and Menjivar 1992. Reproduced with permission of Elsevier)
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parameters gathered from various rheological tests, such as uniaxial compres-
sion, the loading-unloading test, and the stress relaxation test. The model was
found to predict successfully the dough behavior during the two-step rolling
processes provided the volume flow rates between the steps of rolling were
the same. The difference in the volume flow rate between two rolling stations
led to the generation of significant amounts of compressive or tensile stresses
between the rolling stations, which were not included in the numerical model.

3.3 Shaping

Typical shaping operations for less viscoelastic doughs (e.g., cookie, short-
bread, crackers, etc.) consist of the molding of the sample. The dough is either
forced into the mold to achieve the desired shape or sheeted in a desired
thickness and then shaped by cutting with a rotary or pneumatic mold cut-
ter. Mechanical devices can also be used to punch out the final shape, which
is the case for cookies, crackers, and biscuit processing.

Depending on the type of dough, the shaped pieces can be removed pneu-
matically from the conveyor band or the baking sheet by using either pres-
surized air to blow out the pieces on to another conveyor belt or by using a
partial vacuum so that the individual pieces can be lifted and transferred to
the next conveyor band. Once the shaped dough is transferred to the bak-
ing tray or conveyor band to the baking oven, the excess dough left behind is
collected as scrap and mixed with new dough before the sheeting operation.
When using recycled dough, it is important to keep in mind that the scrap
dough generated has already been processed. Thus, it is important to estimate
properly how re-mixing it with new dough will influence the dough behavior
during processing.

Regarding the cutting of the dough piece to achieve the desired shape, it
has been demonstrated that ultrasonic vibrations of the cutting blade help to
obtain clean cuts of dough, which is very helpful, especially when dealing with
sticky doughs. Ultrasonic knives vibrating up and down about 20 000 times
per second are able to slice a product as it comes out of an oven or down a
conveyor, or slit the product into bar-shaped portions. This high-frequency
vibration creates a nearly friction-free surface between the tool (e.g., knife,
diverter fence, or transfer bar) and the product, so problems with sticking and
pinching simply disappear. With the greatly reduced friction, there is virtually
no knife abrasion. Tools stay sharper longer, reducing annual maintenance
costs. It also increases productivity by minimizing the production time previ-
ously lost during cleaning the machinery. It has been also demonstrated that
this technology can totally eliminate procedures strictly necessary when using
conventional cutting technology, such as pre-cooling or heating the product
before the cutting operations, or realigning the product after cutting prior to
the packaging operation.
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For a typical viscoelastic dough (e.g., breads and buns), as discussed earlier,
the residual stress arising from the dough elasticity becomes a critical factor in
retaining the shape imparted, so a period of stress relaxation may be necessary
prior to cutting. Another important factor to consider is that the dough is well
mixed due to work input imposed by the mixing operation as well as during
sheeting. Hence, work input during the shaping operation needs to be min-
imized to avoid undesirable effects of overmixing and weakening the gluten
network, in particular when the dough has been fermented. A typical example
is just before the baking operation when dough pieces are portioned as indi-
vidual pieces of the desired weight/volume and the next step gives the piece
the desired shape of the product.

Rounding is one form of shaping operation where a portion of dough hav-
ing an irregular rough surface with a well-developed gluten network must be
transformed into a regular desired shape for subsequent baking steps. The
purpose of the rounder is to provide a smooth and dry-appearing thick skin
around the pieces; it closes the open gas cells on the cut surface and stops
gas diffusing out of the dough. Depending on the size and shape of the prod-
uct bowl, umbrella or drum rounders are used in the baking industry. In the
bowl-shaped rounder the dough piece is rounded by sliding it up along a spi-
ral path or rail around the inside of a rotating bowl. The rounded piece finally
emerges at the top where it has a smooth skin and a round shape. Another
important function of the rounder is to align the randomly organized gluten
network in the well-mixed dough in a regular pattern, which later emerges as
an appealing grain structure in the finished product crumb.

For the umbrella-type rounder the bowl is inverted and the dough piece
travels up the outer surface of the cone and enters at the base; the rounded
dough piece exits at the apex. These two types of rounders are widely used
in the baking industry; however, there are various other types of rounder less
popular or used for specific product applications, for example, the drum style,
where the conical bowl surface is replaced with a drum. Rounders also exist
with concave sides where the dough piece is moved through multiple passes
inside the cavity, resulting in a piece with a round shape. Typical examples of
a product-specific rounder is the drum-type rounder for round or long buns.
Here the dough is placed in a cavity on the outer drum and the concentric
inner drum forms the bottom surface of the cavity, which rotates and gives
shape to the dough portioned in the cavity. To provide grip in the dough, the
inner drum surface can have rough surfaces or small flutes/corrugations along
the length of the shape.

For viscoelastic dough with a dominant elastic behavior (e.g., tortilla, flat
bread, naan, etc.) imparting a final desired shape is a very different process
compared to that of typical bread or cookie shaping operations. The most com-
mon practice is to portion the dough followed by shaping and flattening before
the baking or frying operation. The typical portioning operation involves the
use of a combination of the metering auger with a reciprocating wire cutter.
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The most common practice to control the portion size is to control the speed
of the reciprocating arm that portions the dough. It is possible to increase the
auger speed by pushing the dough through the cutter; however, due to the vis-
coelastic nature of the dough an uneven pressure buildup can be created due
to these changes in the auger speed, which makes it difficult to control the por-
tion size. Instead, changing the cutting mechanism speed is a better option. At
this stage the portioned dough piece will have roughly a spherical shape, with
two relatively flat ends where the cutting element separates it from the bulk of
the dough. To achieve a spherical shape, the dough pieces are transferred to
a conveyor where a top surface moving in circular motion comes into contact
with the dough pieces and finishes the spherical shape (Figure 3.10).

An alternate arrangement of relatively solid doughs and semi-continuous
operations can be achieved by using two plates, one of which is moving in
circular motion while the other plate remains stationary. To shape more than
one dough piece, a number of compartments can be designed to contain indi-
vidual dough pieces. In this case the dough sheet, thick enough to give the
individual piece of dough a desired weight, is loaded on to the bottom plate
and is divided into individual pieces by a spring-loaded compartment pattern
that serves a dual purpose that includes cutting. Then one of the plates com-
presses the dough piece a little further to apply a slight pressure and starts a
circular motion to make the spherical dough ball mimick the motion of man-
ually rolling the dough ball between two hand palms.

The flattening operation typically follows the dough-shaping operation
where the dough piece is rounded into spherical or cylindrical shapes, which
is necessary to get the circular flattened dough. This operation is typically for
tortilla or flat bread making where the elastic behavior dominates the viscous
behavior. Consideration of the dough spring-back is also important at this
stage, which is the same as during sheeting. To maintain the uniformity on
the dimension for individual product portions, both the extent of pressure
applied and the time duration of the pressing are important parameters. Here,
it is possible to use insights gained from the dough rheology to determine
both the pressure and the time of the flattening operation. It is important to
know the rate of stress relaxation and strain recovery of the material, which
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Figure 3.10 A conveyor band and a top plate for rolling dough into a spherical ball
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can be obtained from experiments that resemble the operation. To allow the
dissipation of internal stresses, the flattening can be achieved in two steps
with some relaxation time in between. This two-step flatting gives better
shape control compared to the single-step flattening process.

Flattening of softer dough with plastic/viscous behavior is very difficult
using the above described setup. Interestingly there are few patents and
commercial devices available to flatten soft doughs. One typical example is
pizza dough, which is very delicate due to extensive fermentation during the
dough making, which is very critical in flavor development. To flatten the
piece of dough coming from either the divider or the rounder, it is positioned
in a flattening station below two or more than two conical rollers positioned
with the apex in the center and free to rotate. The typical flattening station
operation involves lowering the cone assembly slowly on the piece of dough
while it is rotating in a circular motion. Each roller is rotating while moving in
a circular motion and gradually compresses the dough piece to the final shape
of the circular flattened pizza dough. One such process line from Rheon
Automatic Machinery GmbH can handle pizza dough from 5 to 12 inches in
diameter in various shapes, like round, rimmed, or oval. Further, specialty
pizzas like calzone or Stromboli can also be stretched on this pizza spinner
with additional accessories. The Stress Free® pizza dough stretcher machine
from Rheon can shape dough portions into a pizza base. The portioned dough
from either the divider or rounder is transferred to the conveyor where the
dough is pressed against two or more cones rotating with the apex at the
center. These cones virtually duplicate the hand-tossing technique to create
high-quality pizza crusts with even thickness. The rotation can be either in
a single direction, that is, clockwise/counterclockwise, or in both directions.
This equipment can shape pizzas in round, rimmed, and oval shapes from 5
to 12 inches in size, as well as specialty pizzas like calzone or Stromboli.
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4.1 Introduction

An extruder is a machine that houses an Archimedes screw that rotates in
a tightly fitting stationery barrel. Several applications in metal and polymer
processing systems have encouraged the food professionals to look into this
technology carefully and apply for processing food materials. The slow start
in food extrusion technology in the 1970s has flourished and now has applica-
tions in various processing systems and commercial products. Application of
the extrusion system for forming pasta products by manual means is more than
100 years old technique. However, heating the raw materials during extru-
sion opens the possibility of manufacturing several ready-to-eat (RTE) or
ready-to-cook (RTC) foods. The heating of the product can be accomplished
in several ways. These are the dissipation of mechanical energy by high-speed
rotation of the screw inside the tightly fitting barrel and thermal input through
steam injection and by using heating systems mounted on the external sur-
face of extruder barrels. In practical terms, the present day extruders work
on the principle of thermomechanical and external thermal inputs that cook
the moist raw material and thus the name ‘extrusion cooking’ is widely used
by technologists and applied efficiently for the manufacture of several food
products on a commercial scale.

The advantages of extrusion cooking are the high production capacity, per-
forming a number of unit operations together, energy efficiency, processing of
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relatively dry ingredients of foods, reduced manpower requirement and floor
space, and a continuous processing facility — all these factors decrease the cost
of production to make the processing system economically pragmatic. Further,
as extrusion technology operates with the principle of a high-temperature
short-time (HTST) processing system, the nutritional damage is minimized
while the inactivation of microbes and undesirable enzymes are maximum to
make the product safer.

Several books are available that deal with food extrusion and extrusion
cooking of foods. The contributors are Maskan and Altan (2011), Guy
(2001), Riaz (2000), Chang and Wang (1998), Steven and Covas (1995),
Frame (1993), Benbow and Bridgwater (1993), Kokini, Ho and Karwe (1992),
Mercier, Linko and Harper (1989), Jowitt (1984), Harper (1981a, 1981b) and
Janssen (1978, 2004). Further, a number of review articles are available con-
cerning specific aspects of food extrusion. These describe nutritional aspects
of extruded foods (Camire, 2000), quality aspects of extruded foods (Riaz,
2000), the raw material used for extrusion (Bhattacharya, 2011), newer appli-
cations of extrusion (Jorge, Alvarez and Rao, 2011), mathematical treatments
(Barron et al., 2002) and structural features of the products (Moscicki and
Wojtowicz, 2011).

A number of nutritional intervention programmes are linked with the appli-
cation of extrusion technology wherein the overall target is to provide low-cost
nutritious high-protein cooked foods. The corn-soy-skim milk (CSM) is just
one example of the product to offer a balanced food for people with nutri-
tional deficiencies (Harper, 1981b). In earlier days, an extruder cooker has
been a costly machine but at present it is manufactured in several countries
and the price has reduced drastically. However, with continuous improvement
in the design of an extruder and the development of new products, this tech-
nology is still young and it is early to feel its presence, but it is competing
well with other similar technology, including baking, roasting and different
wet processing systems.

4.2 Application of extrusion technology

Extrusion cooking technology is being increasingly applied worldwide to man-
ufacture an ever expanding list of food products and feed materials, including
snacks, breakfast cereals, pastas, texturized vegetable proteins (TVPs), pet
foods, animal foods, instant beverage products and meat analogues and exten-
ders (Table 4.1).

Moreover, an extruder can be operated with a low-moisture containing feed
such that post-extrusion drying is optional or minimized. Furthermore, an
extruder is a versatile machine; for example, an extruder can manufacture a
breakfast cereal in the morning shift production, a meat analogue in the day
shift, and expanded snacks in the night shift if appropriate hardware changes
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Table 4.1 Brief list of extruded products

Product group

Product example

Reference

Grain products

Texturized plant
protein

Modified starches

Flavours

Dairy products

Breakfast cereals

Drinks
Muscle foods

Spice products and
flavours

Confections

Snacks

Animal feed

Baked goods
Pasta products

Fats and oils

Baby food, weaning food, cereal
bar, bread crumb, instant
porridge

Meat substitute, soy granules

Speciality foods, raw material for
convenience foods,
enzyme-resistant starch foods

Encapsulated flavours

Sodium caseinate

Corn/rice/wheat flakes, puffed
products

Beverage powder

Restructured fish/meat mince

Sterilized/encapsulated spice
powder
Chocolate, fruit gum liquorice

Ready-to-eat co-extruded and
filled products, expanded
flavoured snacks

Aquaculture feed, pet food,
poultry feed

Flat bread, bread crumb

Oriental/quick cooking noodles,
macaroni

Stabilization of rice bran

Gopalakrishana and Jaluria
(1992); Pinkaew, Wegmuller and
Hurrell (2012)

Moscicki (2011); Bhattacharya
et al. (2009)

Smith (1992); Nehmer, Nobes and
Yackel (2007)

Camire (2000); Kollengode, Hanna
and Cuppett (1996)

Queguiner, Salou and Cheftel
(1992); Manoi and Rizvi (2009)

Bouvier, Clextral and Firminy
(2001)

Kazemzadeh (2001)

Noguchi (1990); Choudhury and
Gautam (2003)

Schay (1975); Wojtowicz et al.
(2010)

Muliji et al. (2003); Moscicki
(2011)

Guy (2001); Altan, McCarthy and
Maskan (2009); Meng et al.
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(2012); Pilli et al. (2008)

Williams (2000); Muthukumarapan
(2011)

Moscicki (2011)

Moscicki and Wojtowicz (2011);
Zardetto and Rosa (2009)

Kim et al. (1987)

are made in addition to adjusting the extrusion operating conditions. It can
also be operated with different types of raw materials, such as cereal/pulse
flour, protein concentrates and oilseed cakes. It is thus expected that some
more innovative extruded products having improved nutritional status and
consumer acceptability will be available in the near future.

4.3 Description of an extruder

An extruder is a screw pump that contains a screw with flights and is encased in
a barrel. The rotation of the screw inside the barrel makes the moist powdery
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or granular material move forward and finally comes out of the die. The die
can be considered as a restriction that is placed at the end of the extruder,
having a diameter much small than that of the barrel. During the process of
extrusion, the food material undergoes several unit operations such as mixing,
conveying, shearing, heating and compaction. However, all these unit opera-
tions depend on several factors, such as the type and design of the extruder, the
level of the operating variables (temperature at different regions of the barrel
and at die, rotational speed of the screw, feed rate, etc.) and the characteris-
tics of the feed (particle size, moisture content of the feed, protein/fat content,
etc.). Nevertheless, the hardware of the extruder plays an important role in
deciding the characteristics of the finished products. Details on different types
of extruders and the components are available (Yacu, 2012; Harper, 1981a).

Extrusion of foods can be divided into two general categories, forming and
cooking (Yacu, 2012). In the forming extrusion system, low-shear extruders
are employed just to mix and shape to desired features. A marginal increase
in temperature is expected while cooking is not the objective. The product
application includes pasta, cold-formed snacks and other unexpanded or
marginally expanded pellets. The forming extruder screw typically has a deep
channel and is operated at a low speed. The forming extrusion is sometimes
wrongly termed as ‘cold extrusion’. Cold extrusion actually means a process
when the whole operation is conducted at a low temperature (say 10°C)
while also maintaining a low die temperature for extrusion of muscle foods
(Zuilichem, Janssen and Moscicki, 2011; Noguchi, 1990).

On the other hand, cooking extrusion applications normally utilize the
medium and high shear single/twin-screw extruders. The source of energy is
through viscous dissipation of mechanical energy, heat transfer through the
barrel and by direct steam injection. The gap between the tip of the screw and
barrel is kept at a minimum for improved shearing and heating. Both single-
and twin-screw extruders have significant advantages and disadvantages; the
specific advantages of a twin screw are better control of the extrusion process
and product, and operation at lower pressures, while the disadvantages
include the higher cost of the machine.

4.3.1 Type of extruder

Many kinds of extruders are used in the food industries and several designs
are possible for a food extruder. The commonly used extruder consists of
the flighted screw(s) or worm(s) rotating within a sleeve or barrel. Schematic
drawings of the screw of a single- and a twin-screw extruder are shown in
Figures 4.1 and 4.2, respectively. On the basis of the number of screws, extrud-
ers can be classified as single-screw or twin-screw extruders.

Single-screw extruder A single-screw extruder usually consists of three
sections: feed, transition and metering zones (Figure 4.1). The extruder
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Figure 4.2 The screw profile of a twin-screw extruder (SK, SKN, conveying elements; IGEL, KB,
mixing elements; L, left-handed elements; 42/42 = pitch/screw length; 45/5/14 = staggering
angle of discs/number of discs/element length) (source: Moraru et al., 2002. Reproduced with
the permission of John Wiley and Sons, Ltd.)

screw sequentially conveys the foods forward (in the feed section) and heats
the food ingredients to work them into a continuous plasticized mass (in
the transition and metering sections) while rotating inside the barrel. The
screw can be designed either as a single piece or as several small segments.
The single-screw extruders are usually of five types, such as collet extruders
(which operate with high shearing forces to induce rapid viscous dissipation
of mechanical energy input for the production of crisp, expanded curl or
collets), pasta extruders (having a deep flighted screw and operate at a low
screw speed to produce pasta and macaroni), high pressure forming extruders
(having a grooved barrel to prevent slip at the wall for the production of
ready-to-eat snacks), high-shear cooking extruders (possessing a significant
range of operating ability and being able to accept a wide range of feed
moisture and ingredients with an ability to control the desired processing
conditions for the production of pet foods, expanded cereals and snacks) and
low-shear cooking extruders (operating with a moderate shear, high com-
pression ratio and grooved barrel to enhance mixing for handling material
with relatively low viscosity).
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Twin-screw extrudes Twin-screw extruders are generally categorized accord-
ing to the direction of screw rotation and the extent to which the screws
intermesh. On the basis of rotation, these are known as counter-rotating and
co-rotating twin-screw extruders. Twin-screw systems are considerably more
complex in design than that of the single-screw extruder (Martelli, 1983).
Twin-screw extruders are 1.5-3.0 times as expensive for a given throughput
as compared to single-screw extruders. The food industries prefer co-rotating
fully intermeshing twin-screw extruders because of several technological
advantages, including ease of extruder operation and better control of the
quality of the product.

4.3.2 Components of an extruder

Extruders are unique pieces of food processing equipment and a typical
extruder consists of six major components. These are:

1. Feed assembly. This section invariably feeds to the extruder while optional
functions are pre-conditioning, blending and moisturizing. The hopper bin
is accompanied by a vibratory or screw feeder for continuous flow of the
raw material to the extruder cooker, either by the principle of volumetric
feeding or gravimetric feeding.

2. Extrusion barrel. The hollow cylindrical barrel is normally segmented for
ease of assembly and disassembly. The interior surfaces of the barrel of
a single screw contain small grooves and channels to increase friction.
A removable sleeve, called the barrel liner, is often inserted within the
barrels, which resist wear and can be replaced easily, if required. Heating
elements are placed on the external barrel surface in addition to a jacket to
allow the circulation of a medium for heating or cooling for temperature
control. A venting facility for a twin-screw extruder may be used along
with temperature probes at selected locations; inlet for water or steam is
also provided in the barrel.

3. Extruder screw. The screw of a single-screw extruder can be divided into
feed, compression and metering sections. The feed section has deeper
flights and/or flights of a greater pitch. After moving away from the feed
section, the material is compressed in the transition or the compression
sections due to the presence of a tapered screw. The last zone (metering
section) of the screw has shallow flights for increasing the shearing action
leading to temperature increases.

In the case of a twin-screw extruder (Figure 4.2), the root diameter of
the screw(s) does not change in the barrel, unlike single-screw machines.
The pitch of the screw here decreases towards the die and several elements
including reverse pitch screw elements (RPSEs), mixing desks (MDs) or
paddles, kneading block (KB) (a few mixing discs form a kneading block)
and cut flights (or windows) are included in the screw profile primarily to
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increase the residence time and/or shearing action. It is possible that the
screws may be double- or even triple-start screws.

4. Extruder drive. An electrical motor, operating with a gear reduction facil-
ity, is employed to rotate the screw to provide the possibility of variation
in the screw speed by using magnetic, electrical or mechanical controls.
The ease of screw (or barrel) removal during jamming is also an essential
feature.

5. Extrusion discharge. A number of shaped holes are provided in the die
assembly or discharge section where the extrudates emerge from the
extruder. It comprises a die or die insert, cutter, takeaway device and
dryer/cooler. A variable-speed rotating knife is used to shape or cut the
extruded product. The cut extrudates are taken away, usually by a belt or
pneumatic conveyor for drying/cooling. A multipass belt-conveyer dryer
or rotating drum dryer can cool or dry the sample to deliver a product to
the post-extrusion system or packaging section.

6. Sensing, control and safety features. Sensors are provided to show the
temperature at different barrel sections and die, pressure at die and torque
during extrusion. Control of temperature is mandatory during extrusion.
Safety cut-off levels are set on torque and pressure to avoid any potential
damage to the extruder.

4.4 Selected extrusion technology

The technology of extrusion cooking has been applied for the production of
many food products, of which pasta products, breakfast cereals, texturized
vegetable protein (TVP), baby foods, confectionery products and expanded
snacks are highly common. A generalized flowchart for the production of
extruded products is shown in Figure 4.3 and some of the important extruded
products (shown in Figures 4.4 and 4.5) are discussed.

4.4.1 Pasta products

Pasta products (e.g. dry macaroni, spaghetti, vermicelli and noodles) are now
produced by employing high-capacity forming extruders. The target is to
obtain a shaped product while a marginal temperature rise offers only a little
cooking. Conventional pasta products need cooking for several minutes in
boiling water while pre-cooked or instant pasta reduces the time of prepara-
tion at the consumer’s end. The raw materials for pasta products are milled
wheat (Kruger, Matsuo and Dick, 1996), water, egg (optional), salt and some-
times vegetable pieces/powder, protein rich sources, emulsifier (lecithin),
glycerol monostearate, vitamins and minerals. The raw materials, after mixing
and adjusting to a moisture content of about 30%, are shaped into various
forms (thin round/rectangular cross-section, wheels, hollow tubes, curls, etc.)
followed by drying in a controlled manner and packaged for market.
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Figure 4.4 Pasta product in dried form (left) and after hydration (right) prepared from rice
flour

Some improved pasta presses are equipped with a vacuum chamber to
remove air bubbles from the pasta before extruding. If air is present in the
mix prior to extrusion, small bubbles may be formed in the pasta, resulting in
reduced mechanical strength of the finished product, increased oxidation of
pigments and an undesirable white and chalky appearance. The traditionally
employed bronze dies are now replaced with Teflon inserts, which improve
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Figure 4.5 Various extruded products like expanded corn balls (top), extruded-toasted corn
chips (middle) and texturized vegetable protein (TVP) (bottom). See plate section for colour
version

the quality of the pasta and offer a smooth surface. Post-extrusion drying is a
critical step affecting the quality of pasta; the reduction in moisture content
to about 12% needs to be achieved with controlled conditions of drying
temperature and relative humidity wherein too fast or too slow drying is
to be avoided. The dried pasta product should be smooth without cracks
and should have sufficient strength to retain integrity after cooking. The
colour should be creamish or white, and not brownish. The solid loss during
cooking should be minimum.
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The price of pasta presses/extruders is much lower compared to extruder
cookers of similar capacity. The design of such a pasta extruder, a control sys-
tem and its maintenance are also simpler.

4.4.2 Breakfast cereals

Ready-to-eat (RTE) breakfast cereals are processed grain formulations suit-
able for human consumption without requiring further processing or cooking.
Corn flakes are possibly the most common form of breakfast cereals (Fast,
1990). An increasingly wide range of breakfast cereals in attractive shapes are
now available that are coated with various sweet formulations, enriched with
additives such as filling (co-extruded pillows), food fibres like bran, micronu-
trients and other health benefiting ingredients.

The technology of extrusion cooking has been successfully applied since the
1970s to manufacture several breakfast cereals. The advantages of extrusion
technology over the conventional method of corn flake production are the
possibility of different shapes and uniformity of product size and shape.

Breakfast cereals can be categorized into traditional (hot) cereals that
require further cooking or heating before consumption and ready-to-eat
(cold) cereals that can be consumed directly or with the addition of milk.
The steps in extruded flake production are pre-processing, mixing, extrusion
cooking to obtain less expanded pellets, drying, cooling, tempering, flaking,
toasting and packaging. For nonflaked breakfast cereals like balls/rings/curls,
low-density expanded products are desirable instead of less expanded pellets.
Variables that influence the extrusion process include screw speed, feed rate,
barrel temperature, screw configuration, die geometry, moisture content of
feed, die exit pressure and the residence time of feed inside the extruder. An
appropriate modification of these process variables results in the required
texture, density, size and shape of the product. Extruded breakfast cereals
with multicereals, nuts and dry fruit pieces are gaining popularity. The
products are usually fortified with minerals (iron, calcium, phosphorous,
magnesium, zinc), fibres (bran, soluble dietary fibre), water-soluble and
fat-soluble vitamins and sweet flavourings to improve the nutritional status.
Actual processes in the production of breakfast cereals may vary to some
extent depending on the type of cereal used. The cereals mostly used for
the manufacture include corn, wheat, oat and rice. Different aspects of the
manufacture of breakfast cereals employing conventional and extrusion
cooking technology are available (Moscicki and Moster, 2011).

Extruded flakes differ from traditional flakes in that the extruded pellets
are flaked in contrast to flaking of cooked grits. The extrudates leaving the
extruder in a tube form are simultaneously filled with cream for developing
cream-filled breakfast cereals. Later, they are flattened between two rollers
followed by cutting into pieces in such a way as to seal both open ends. The
post-extrusion treatments like toasting offer a crisp texture that stays longer
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in milk while sweet coating using sugar, honey, chocolate and maltodextrin
improves consumer acceptability. Corn flakes are toasted by placing them sus-
pended in a hot air stream rather than using a baking surface. Carefully toasted
breakfast cereals have the desired colour, moisture content and the attractive
surface crispness due to the formation of a dry crust.

One or more of the cereal grains or milled fractions thereof are the major
constituents of all breakfast cereals. The breakfast cereal ingredients may be
classified (Caldwell and Fast, 1990) as (a) grains or grain products, (b) sweeten-
ers, caloric or otherwise, (c) other flavouring or texturizing macroingredients,
(d) microingredients for flavour and colour and (e) microingredients for nutri-
tional fortification and extending shelf-life.

4.4.3 Texturized vegetable protein (TVP)

Several researches on the application of extrusion cooking and expander
cooking technology of vegetable/oil seeds/legume protein-rich materials
have made possible the manufacture of texturized vegetable protein (TVP),
texturized plant protein (TPP) or meat analogue. Extrusion processing offers
inactivation of the antinutritional factors contained in soybeans and legumes
and improves product taste and denaturation of protein (Matyka et al., 1996).
Extrusion of texturized proteins is one of many successful applications of
this unique cooking process. Extrusion-cooked texturized proteins include
meat extenders in the form of chunks or small granular pieces. TVP serves
as a protein-rich source for many people who wish to avoid meat and meat
products due to religious and health reasons.

The textured vegetable proteins (TVPs) are produced through an extrusion
system using slightly toasted defatted soy flour. This defatted soy flour usually
meets the required characteristics of 45% protein content (minimum), 3.5%
fibre (maximum), 1.5% fat (maximum) and protein dispersibility index (PDI)
between 60 and 70. Soy flour allows controllable production of textured
proteins in chunks. Other vegetable protein sources can also be used as raw
materials for texturizing, and these include glandless cottonseed flour, rape
seed or canola concentrates, defatted peanut flour, defatted sesame flour and
soybean grits/flakes/meal/concentrates/isolates. The use and development of
twin-screw extrusion cookers in the field of texturized proteins has increased
the raw material specification range to include raw materials that include
lower PDI ranges, higher fat and fibre levels and larger particle sizes (Kearns,
1988). The particle size requirements of defatted soy flour are of intermediate
size. Very fine flour (below 40 pm) offers lumping during wetting while a very
coarse sample (over 180 pm) requires the additional step of pre-moistening
or pre-conditioning, and there is a chance that whole granules are visible in
the finished product.

Calcium chloride (CaCl,) between 0.5 and 2.0% is an effective additive
in improving the textural integrity and surface smoothening of a TVP.
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The addition of sodium alginate has also been reported to increase chewiness,
water-holding capacity and density of a TVP. The other useful additives
are soy lecithin (up to 0.4%), cysteine (between the 0.5 to 1% level) and
bleaching agents such as hydrogen peroxide (between 0.25 and 0.5%) and
titanium dioxide (between 0.5 and 0.75%).

Pre-conditioning before extrusion cooking considerably helps deactivation
of growth inhibitors and significantly increases the efficiency of the process.
Frequently, water or steam is directly injected into the barrel during the pro-
duction of TVPs.

Extruded meat analogues in the form of soy steaks, cutlets and other meat
analogues have proved successful in the market owing to their fibrous struc-
ture and nutritional value, similar to that of meat products. Textured proteins
of vegetable or animal origin can be processed into meat-like extruded com-
pounds by two methods: dry and wet texturization (Moscicki, 2011). A spongy
texture is the characteristic of the dry texturization process. The dried product
is rehydrated prior to final use. Wet extruded products do not need any rehy-
dration as they are processed near the final moisture content of the product.

The processing of texturized protein can be done on both single- and
twin-screw extruders. The mechanism of texturization includes cross-linking
and alignment of proteins at die (Harper, 1981b); it is a function of the time,
temperature, and shearing and moisture history (Harper et al, 1978). The
meat extenders, when ground to a particle size simulating hamburger, are
used at 25-30% levels in dishes such as pizza, hamburgers, meat loaf and
meat sauces. Chunk-style products are effectively used in soups, stews, meat
pies, dry soup mixes and oriental dishes.

4.4.4 Snack foods

Extruded snacks have the greatest potential for growth among the snack food
category as the extrusion technology can provide the opportunity to process a
variety of products by changing a minor ingredient and processing condition
on the same machine; different shapes, sizes, structural, textural and sensory
attributes and colour of snack foods are possible to manufacture by using an
extruder. The consumer demand for ‘good for health’ snack foods leads to
the elusive search for something unique that attracts the consumer, and extru-
sion technology can meet these requirements to produce healthy snacks from
health benefiting ingredients.

The corn curls/balls are expanded using a collet extruder, followed by dry-
ing/baking/frying and flavouring. The filled snacks require special attachments
like the co-extrusion facility wherein twin-screw extruders are better suited.

There are many ways to classify the snacks. Snack manufacturers use three
main terms to identify the snacks (Seker, 2011). The first-generation snacks
are all the natural/conventional products; examples include ready-to-eat nuts,
potato chips and popped popcorn. The second-generation snack is based on
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the single ingredient snacks and simple shaped products like corn tortilla chips
and other directly expanded snacks. The third-generation snacks (also called
half-product or pellets) comprise multi-ingredient formed snacks and pellets,
and include cheese balls, corn curls, corn sticks, etc.

The extrusion cooked pellets are the semi-finished products that are for-
mulated from a variety of mixtures of starchy materials like wheat, rice, oat
and corn flour, pulses, oilseed meals and processed potato. It is desirable that
the formulation recipe contains a minimum of 60% starch in order to obtain
snacks with a crispy texture (Keller, 1989). The various type of additives that
can be included in the formulation are thermally/chemically modified starch
and fragmented protein products of animal origin (shrimp, fish, poultry, beef,
cheese and powdered milk) and vegetable origin (seeds of leguminous plants,
meals and concentrates), basically used to increase the protein content and
raise the nutritional value of the products.

A two-stage extrusion process is sometimes used to manufacture the
half-products. The first extruder (called as a gelatinizer or G extruder)
performs the gelatinization or melting of the crystalline structures in starch
granules along with an adequate quantity of moisture and raised temperature.
The hot fluid expands at the die, flashes off some water and is rapidly partially
cooled. Tt then enters the feed port of the forming extruder (called as the F
extruder). After extrusion, the half-products lose some water vapour and may
have moisture contents of 20—-25%. They are dried further to around 10%
moisture content. They can be expanded into low-density foam structures
at a later time. However, this process can be substituted by employing a
pre-conditioner for the initial cooking (gelatinization) followed by a forming
operation by a twin-screw extruder. The example of such products includes
flaked flavoured snacks.

4.5 Post-extrusion treatment

The purpose of post-extrusion treatment is primarily to bring the product to
a safe moisture level, thus improving the sensory acceptance with particular
reference to texture, flavour and taste. The other objectives are the avoidance
of an undesirable flavour and a change in the size and shape so that the fin-
ished product is improved from the technological point of view and consumer
liking. On some occasions, the extrudates are converted to a ready-to-eat
form by employing the post-extrusion treatment from the ready-to-cook
form. The post-extrusion treatment may include roasting/toasting, drying,
frying, baking, flavouring and coating, or a combination of these unit oper-
ations. For example, the texturized vegetable protein, made from extrusion
cooking of defatted soy flour, is dried to a safe moisture content of about
6% by employing a rotary inclined drum dryer or a multipass continuous
belt dryer. The purpose of baking, frying or roasting/toasting is to improve
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the product in terms of texture, flavour and taste while reducing the moisture
content of the finished product; a good amount of cooking is also performed
in these processing steps. The processing involving flaking, flavouring and
coating improves the acceptance of the product. Batch and continuous
flavour applicators, sprinklers and coating devices can be employed. This
is the crucial step for the acceptance of expanded ready-to-eat snacks. The
process of toasting/roasting is especially important for breakfast cereals
wherein the crisp surface texture, improved integrity in milk and appealing
flavour are developed. Several ingredients are used during post-extrusion
processing (Bhattacharya, 2011; Seighman, 2001). These are salt, sugar,
spice, colour, oleoresin, oil, protein isolates, honey, maltodextrin, malt,
chocolate, edible gum, corn syrup, liquid glucose, organic acid (e.g. citric
acid), antioxidant, wax, fruit and vegetable powders, minerals and vitamins,
and different flavours (e.g. cheese, fruit, fish, spice, vanilla, rock salt and
monosodium glutamate).

The extruded pellets are passed through a small distance between a pair of
counter-rotating rolls at a temperature of approximately 45 °C to produce thin
extruded flakes. The slight roughness of the roll surface and the hard or dry
surface of the pellet provide friction and flow between the rolls without frac-
ture of the pellet (Maskan and Altan, 2011). Gelatinization, moisture content
and strength of the pellet also provide flow between the rolls and integrity of
the pellets during passage through the rolls. High moisture causes sticky flakes
that adhere to the rolls. After the pellets pass through the rolls for flaking, the
resulting flakes may curl up (Fast, 1990).

Crispness and blister of flakes are provided by drying and toasting of flakes;
this is particularly important for flaked breakfast cereals. Flakes are held at a
temperature of about 150 °C to reduce the moisture content further and then
held at a temperature of 200—300 °C, depending on the types of cereal toasting
for a short duration (Miller, 1994). Flakes are toasted in a rotary toasting oven
or in a continuous hot-air oven followed by cooling of the products.

Products can be coated with syrup and flavour additives. Hot and con-
centrated sugar solution is pumped to be sprayed through a nozzle on to
extrudates. Replacing some part of sucrose with invert sugars reduces the
crystallization of sugars. The coated extrudates are re-dried after coating.
Extruded products are frequently coated or flavoured with various liquid
or powdery ingredients to improve their appeal to consumers. The use of
encapsulated flavour seems to be an alternative (Yuliani et al., 2004). Dry
additives like nuts and dry fruits can be added and then the final products are
packaged to be transported to stores.

Starch with a high amylose content causes harder and denser extrudates
that absorb milk slowly, but starch with a high amylopectin content provides
expanded extrudates. On the other hand, the modification of starch with
cross-linking reduces with water absorption and a solubility index of starch
extrudates (Seker and Hanna, 2006, 2005).
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4.6 Quality characteristics of product

The quality of extruded products is difficult to define precisely, but refers to
the degree of excellence of a food and includes all the characteristics that have
a significance in determining the degree of acceptability. Different methods
and measurements are used for quality control of foods, which includes shape
and size, sensory characteristics, expansion indices, colour, texture, density,
physicochemical properties and structural characteristics. These quality fac-
tors depend on the composition of the product, process variables, expected
deteriorative reactions, packaging used and shelf-life of the product. The qual-
ity characteristics of extruded products can be broadly grouped into the fol-
lowing categories:

(a) During extrusion: torque, specific mechanical energy (SME) input and
rheological status (Hsieh. Peng and Huff, 1990).

(b) Physical, physicochemical and sensory characteristics of the product:
expansion ratio, water absorption and water-holding capacities, rheolog-
ical status of the product in water, bulk density, textural attributes (Ravi,
Roopa and Bhattacharya, 2007), porosity, moisture content, extent of
gelatinization and retrogradation, mechanical acoustic attributes,
sensory evaluation, flavour and appearance/colour.

(c) Nutritional characteristics: nitrogen solubility index (NSI), protein and
fat contents, anti-nutritional factors, enzyme activity, protein digestibil-
ity index, amino acid balance, microbial status and starch digestibility
(Harper, 1981b).

(d) Structural/microstructural features: type/number/size and shape of air
cells, thickness of the cell wall and their alignment (Agbisit ez al., 2007),
fibre formation and alignment in meat analogues (Ranasinghesagara
et al., 2009). The microstructure of an expanded corn ball is different
from corn-soy extrudates in terms of cell size and wall thickness.

The intensity and extent of changes after extrusion treatment may be
defined by various quality determinants. The selection of appropriate quality
attributes depends on the final product. For example, when evaluating the
pasta, a number of parameters are taken into account including the minimum
preparation time (cooking time), water absorption index, water solubility
index, degree of starch gelatinization, cooked weight, the amount of organic
ingredients passing into the water during cooking (cooking loss), and texture
and sensory characteristics (Li and Vasanthan, 2003; Smewing, 1997). On the
other hand, physical properties (like density and expansion) and textural,
sensory and microstructural features are more important for the ready-to-eat
extruded snacks. In general, for a starch-rich product, the extent of gelatiniza-
tion determines the intensity of heat treatment in a given material and degree
of cooking achieved. The extruded food products may not display 100%
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gelatinized starch because a small part reacts with other food ingredients and
creates insoluble and unavailable complexes (Pagani, 1986).

The nutritional aspects are of general interest in all extruded products.
The effects of extrusion cooking on nutritional quality are ambiguous.
Beneficial effects include inactivation of antinutritional factors, undesirable
enzymes and microorganisms, gelatinization of starch and increased soluble
dietary fibre contents. However, Maillard reactions between protein and
sugars reduce the nutritional value of the protein, decrease in heat-sensitive
vitamins and changes in proteins and amino acid profile also occur due to
extrusion cooking (Singh, Gamlath and Wakeling, 2007).

4.7 Equations related to food extrusion

The unit operation of extrusion cooking has been modelled using sev-
eral equations; a significant portion of them is based on an empirical
approach.

Several extrusion processing systems are judged by torque during extrusion.
Further, the operation of extruders is often limited by a cut-off torque value;
this acts as a safety parameter. The torque (7 %) during extrusion is usually
obtained from the digital display of the extruder. The total specific mechanical
energy (SME) input during extrusion can be estimated using the following
equation (Hsieh, Peng and Huff, 1990):

Rpm ofscrew (run) % Torque (run)

SME =
Rpm ofscrew (rated) 100

Motor power (rated)

4.1
Production capacity (4.1)

The rheology of dough is an important index that affects the process of
extrusion. The apparent viscosity of dough () during extrusion is shown by
the following equation (Harper, Rhodes and Wanniger, 1971).

n=Cy el eCaM (4.2)

Here, T is the temperature of the sample (K), 7 is the shear rate (s™!), M is
the moisture content and C;, C,, C; and C, are empirical constants.

The net volumetric flow rate (Q) from an extruder can be expressed as fol-
lows (Das, 2005):

Q=0p— Op— Qo (4.3)



4.7 EQUATIONS RELATED TO FOOD EXTRUSION 91

where Q) is the contribution from drag flow, Qp is the pressure flow and Q;
is the leakage flow; the last two parameters oppose the drag flow and hence
possess negative signs. The drag flow is caused by the rotation of the extruder
screw, which carries the material towards the die end. The pressure and leak-
age flows should be as minimum as possible. The pressure flow is caused by
the development of high pressure at the die end and the leakage flow is the
flow that occurs between the tip of the screw and the barrel.

The flow rate from the extruder is also equal to the flow rate from the die.
Assuming that the flow through the die is laminar, the value of Q can be
obtained from the Hagen-Poiseulli equation as follows (Das, 2005):

nd P
Q= 128 1 (44)
Here, d and / are the diameter and length of the die, respectively, P is the gauge
pressure at the die and p, is the apparent viscosity at the die.

As an extrusion cooking system is frequently approached in an empirical
manner (black box modelling), a second-order polynomial is used to relate
extrusion variables (moisture content of feed, screw speed, feed rate, temper-
ature, etc.) with product characteristics or response functions (such as density,
expansion ratio, etc.). Usually, an experimental design in the coded (x) levels
of variables is employed to reduce the number of experiments. The response
functions (Y ) are shown as

ik =bo+ D bixi+ 2 bixix; + e (4.5)
i=1 i=l. ]:=1

<)

In Equation (4.5), the number of variables is denoted by n while i, j and k are
integers. The coefficients of the polynomials are represented by by, b; and b,
and g is the random error. When i < j, b;; represents the interaction effects
of the variables x; and x; (Myers, 1971).

In addition, modelling studies are available that relate to the wear of
an extruder, flow in different screw profiles, residence time distribution,
scale-up and changes in physical/chemical/thermal/nutritional properties due
to extrusion cooking.

The extruded product quality (target product parameters) is dependent not
only on the raw material used for extrusion but also on the design of the
machine and on the operating conditions of the extruder. Thus, extrusion pro-
cessing of foods is a complex system, mostly due to the presence of a large
number of process, system and design variables; the use of an artificial neural
network (ANN) appears to be useful.
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4.8 Present status

Extrusion cooking of food is now more than 40 years old and continues to
grow with new areas of application, use of nonconventional raw materials,
changes in the design of machines and the development of new products. It
is also expected that extrusion technology can thus offer itself as an alterna-
tive processing method of some of the traditional products (appearing to be
difficult to mechanize at present) in a better hygienic way.

The other expected specific technological advancement includes dual extru-
sion and co-extrusion technology, where the flow rate of the two extruders has
to be matched. Conventional extruder cookers are used in food industries for
producing extruded snacks, breakfast cereals, texturized proteins and confec-
tionery products. However, lower equipment costs, lower maintenance costs
with lower wear costs, higher throughput, better control of the process, eas-
ier dismantling and cleaning of the extruder and the extrusion of feed with
higher levels of fat and sugar are the targets of producers and equipment pro-
ducers. A turbo-extruder as a special pump working on the basis of friction
has been developed and patented to achieve some of the targets (Heinz, 1996).
The turbo-extrusion process operates with an extremely low residence time of
8s compared to a convectional twin-screw extruder, which operates at a res-
idence time of 20-60 s. It has been claimed that the turbo-extrusion process
can provide better product stability and texture and can handle feed material
with higher fat and sugar contents (Seker, 2011).

Extrusion with supercritical fluids is another promising area for future
application. The injection of a supercritical fluid like carbon dioxide into an
extruder has been attempted by Ferdinand, Clark and Smith (1992). The
production of expanded extrudates is possible by eliminating the effect of
steam as carbon dioxide can act as a blowing agent instead of using a process
to flush off moisture (Seker, 2011). Hence, it is possible to achieve expansion
of extrudates at lower temperatures. Smaller cells with thick cell walls are
possible for supercritical fluid-assisted extruded products.

Existing areas with added research can also provide the industrial pro-
duction of (a) high moisture extrusion of muscle protein, (b) development
of biodegradable products, (c) use of an extruder cooker as a continuous
reactor, (d) replacing commonly used processing systems (such as baking
and frying technology) by extrusion technology, (¢) developing traditional
foods through extrusion, and (f) creating new foods with unique sensory
features. Mathematical modelling of the changes during extrusion cooking
and automation in extrusion processing are also the areas of interest to
researchers and machinery manufacturers. It is expected that this proven
technology will bring some more new food products having innovative
features and nutritional superiority.
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5.1 Introduction

A liquid material called ‘sol’ becomes a solid material called ‘gel’ by the pro-
cess known as ‘gelling’. The diversified applications of gels for convenience are
available in several fields, including various products belonging to the food
and pharmaceutical industries. However, common examples of natural gels
start from the cytoplasm of cells to the soft pulpy part of a tender coconut,
while man-made gels include jam, jelly and a number of gelled food prod-
ucts. A typical structured or textured product like a gel is a preferred form of
use compared to the liquid-like ‘sol’ behaviour. Indeed, the process of gelling
is unique and needs a proper understanding to obtain a gel of the required
attributes.

The commercial importance of gelled products is undeniable in a world
where convenience of use is a critical factor. The other factor is the creation
of a specialized texture in the so-called gelled products; its importance lies
in developing different analogues like fruit/meat/crab/shrimp imitation prod-
ucts, some of which are already popular while others are expected to be a
commercial success in the near future.

Gels are created out of ‘sol’; the latter contains selected ingredients, which
on further processing (called the gelling process) forms the solid-like ‘gel’,
which is a typical semi-solid or viscoelastic substance exhibiting both solid
and liquid characteristics. The ingredients for developing food gels are usually
from proteins or hydrocolloids, which possess the gel-forming ability under
appropriate conditions. The important factors for gelling are concentration of
the gelling agent, pH, temperature and time of thermal processing, the pres-
ence of cations and co-solutes, etc.
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The general raw materials that possess the gelling ability are proteins
(gelatin, albumin, soy and whey protein isolates/concentrates, etc.) and
hydrocolloids (pectin, gellan, agar, xanthan, carrageenan, etc.). Each of these
materials requires specific conditions to form a gel; the formed gels from
different raw materials have typical characteristics, such as texture, syneresis,
appearance, chewing ability, colour, opacity/transparency and taste. Thus, the
success of a good gelled product depends on careful selection of the gelling
agent and subsequent processing conditions.

A number of commercial gel products are available off the shelf. The
examples are various traditional products like jam/jelly/marmalade/jujube,
confectionaries, different imitation products like mock meat, etc. A few
book chapters (Foegeding, 2005; Walstra, 2003), several reviews on food gels
and the gelling process (Banerjee and Bhattacharya, 2012; Oakenful, 1987)
and many research articles and patents are available. The structural and
functional characteristics, and applications of hydrocolloids have also been
discussed (Laaman, 2011; Phillips and Williams, 2009; Hoefler, 2004). The
present chapter thus focuses on the diversified process of gelling along with
examples, processing conditions, characterization and the possibility of new
type of gels.

5.2 C(lassification of gels

Gels may be classified in several ways, of which classification based on ther-
moreversibility (Figure 5.1a) and on the source of gelling agent (Figure 5.1b)
is convenient for understanding. Many formed gels such as gelatin, agar,
xanthan and gellan show thermoreversibility, meaning that these gels can
be converted to the ‘sol’ state by increasing its temperature, and vice versa.
On the other hand, only a few gels, like alginate and high methoxy pectin
gels, are thermoirreversible in nature, indicating that once they are formed,
they cannot be brought back to the liquid state by heating (Williams and
Phillips, 2000). However, both thermoreversible and thermoirreversible
gels have certain advantages/drawbacks and hence their applications are
different.

Gels may be categorized based on the source of the gelling agents. The
major sources are plant, animal, algal and microbial sources of which pectin,
gelatin and starch are the oldest gelling agents that are still in use for
developing different traditional products and commercially important items
in several countries (Table 5.1). The high-protein-containing gelling agents
are derived from soy bean, gelatin, alginate, caseinate and whey protein in
the form of powder, concentrate and isolate. Several applications of these
gels are possible, starting from the conventional gels like jam, jelly, coated
products to unique items like a dehydrated film.
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(a) Gels
(Based on reversible nature)

A 4 A

Thermoreversible gels Thermoirreversible gels
(e.g. gelatin, agar, low methoxy (e.g. alginate, high methoxy
pectin, gellan, xanthan, methyl pectin)

cellulose, kappa and iota
carrageenan)
Gels

(b)

(Based on source of gelling agent)

A A v A
Plant source Seaweed/algal Microbial Animal
(e.g. pectin, (e.g. agar, alginate, (e.g. xanthan, (e.g. gelatin, egg
cellulose, starch) carrageenan) curdlan, gellan) white, caseinate)

Figure 5.1 C(lassification of gels based on (a) thermoreversibility and (b) source of the gelling
agent

Based on temperature dependence of the elastic modulus, polysaccharide

gels may be classified into four categories (Nishinari and Zhang, 2004):

1.

2.

Cold set gels like agarose, carrageenan and gellan, which form a gel on
cooling the dispersion.

Heat set gels like some cellulose derivatives [methyl cellulose (MC) and
hydroxy propyl methyl cellulose (HPMC)], curdlan and konjac glucoman-
nan, which form a gel on heating the dispersion.

Re-entrant gels like xyloglucan, which form gels at intermediate specific
temperature ranges and remain in the sol state at higher and lower tem-
peratures outside this temperature range.

Inverse re-entrant gels like a mixed dispersion of methyl cellulose and
gelatin, which form a gel at higher and lower temperatures and stay in the
sol state in the intermediate temperature range.

Gels belonging to the first class are mostly thermoreversible and have been

studied extensively, although the gelation mechanism has not completely
been clarified at the molecular level. The other three classes have not been
elucidated so well. Some polysaccharides like MC, HPMC or curdlan form
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a gel on heating; however, konjac glucomannan (KGM) forms a gel on
heating only in the presence of alkali, which removes acetyl groups. Some
of these heat-set gels are thermoreversible (MC or HPMC gel and low-set
gel of curdlan) while others (KGM gel and high-set gel of curdlan) are
thermoirreversible (Nishinari and Zhang, 2004). In addition, based on their
composition, gels are also categorized as polysaccharide gels (such as those
formed by alginate, carrageenan, pectin, agar, gellan, starch, etc), protein
gels (like those formed by ovalbumin, casein, soy protein and gelatin) and
mixed gels (protein-polysaccharide). Mixed biopolymer gels, especially
protein-polysaccharide combinations, provide a wide range of textural prop-
erties and hence are extensively used in food formulations. The best known
example is k-carrageenan-milk protein gel, which is used in the preparation
of various dairy desserts (Puvanenthiran et al., 2003). Depending on the
number of gelling agents used, gels can be single-component or multicom-
ponent gels. Multicomponent gels often offer the advantage of synergistic
interactions thereby improving the gel properties. Various multicomponent
gels are in use in foods like carrageenan-starch-milk proteins in dairy desserts
(Verbeken et al., 2006, 2004), gellan-gelatin in dessert jellies (Sworn, 2000)
and gellan-modified starch in glazed bakery products (Sworn, 2000).

Another type of gel is the sheared gel/fluid gel. Many polysaccharides
like agar and k-carrageenan form a microgel sample if a suitable shear
field is applied to the sample during gelation. Such microgels are called
sheared gels or fluid gels (Norton, Frith and Ablett, 2006). Several traditional
products are available where the usage of hydrocolloids has been known for
several decades.

5.3 Gelling process

The process of gelling usually has four steps, such as (a) hydration of the
gelling agent, (b) mixing with other ingredients, (c) heating of mixed ‘sol’ and
(d) cooling of the ‘sol’ in moulds to allow the gel to set (Figure 5.2). How-
ever, the process varies depending on the gelling agent and the ingredients
to be added. Temperature plays an important role which needs to be carefully
monitored and controlled to get gels of the desired size, shape, texture and sen-
sory attributes. It is obvious that these gels contain high levels of moisture so
their shelf-life is short. Refrigeration/freezing of the formed gels can, however,
increase their shelf-life to some extent. On the other hand, if the formulations
are appropriately selected and/or final gels are dried to a safe value of water
activity, the products can be converted into a ready-to-eat form having a mod-
erate shelf-life of 3 to 6 months without requiring low-temperature storage.

To make the gels on a commercial scale, the required machineries are
mixing devices and heating equipments to obtain ‘sol’ and moulding. Several
unique shapes such as a candle, stick, animals, fruits, etc., are possible
depending on the mould employed.
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Figure 5.2 Flowchart for the production of jelly candy

5.4 Mechanism of gel formation

The stability of the gel is mainly influenced by the intermolecular forces
between the gelling agents in the presence of a dispersion medium. The inter-
molecular forces may be weak in nature, such as hydrogen bonds, electrostatic
forces, Van der Waals forces, hydrophobic interactions, etc. On the other
hand, a strong force like the disulfide bond (covalent bond) is responsible for
the formation of protein gels (Oakenfull, 1987). However, a combination of
weak intermolecular forces gives a stable gel by cross-linking the molecules
together. Two or more polymeric molecules are cross-linked to form a ‘junc-
tion zone’ and many such zones give rise to a gel. Thus, the gelation process is
controlled by the formation of junction zones and the intermolecular forces
involved in it. It is also worth noting that these cross-linkages are permanent
until a stress is applied externally (Oakenfull, 1987).

The structural and conformational changes occurring during gelling are
complex in nature and are affected by various factors like temperature, the
presence of ions, pH, the inherent structure of gelling agents, the presence of
other additives and co-solutes, etc. The dispersion medium (mainly water)
is held in the three-dimensional polymeric network of the gelling agent(s).
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The basis for the three-dimensional network of the gel is the formation of
‘junction zones’ by aggregation of primary interchain linkages. The three
important proposed mechanisms for explaining the phenomenon of gelation
of hydrocolloids are ionotropic gelation, cold-set gelation and heat-set
gelation (Oakenfull, 1987).

In ionotropic gelation, the cross-linking of polymeric chains with ions
(mostly cations) leads to gel formation or gelation. This can be carried out
by two main techniques such as (a) diffusion setting, in which the diffusion
of ions into the hydrocolloid dispersed medium leads to gelation, and (b)
internal gelation, in which the inactivated ions are dispersed initially in the
hydrocolloid dispersion followed by its activation by changing the pH, leading
to gel formation. The latter technique is advantageous as in the diffusion
setting the gels formed are inhomogeneous in nature with a soft core and
firm surface (Oakenfull, 1987).

Cold-set gelation is characterized by the formation of polymeric networks,
initially by heating the hydrocolloid dispersed sample and later by cooling it.
Interchain helices are formed from the segments of individual chains on cool-
ing the dispersion, leading to the formation of the three-dimensional network
in the gel. Examples include agarose, gellan, etc. (Banerjee and Bhattacharya,
2012).

Heat-set gelation occurs by unfolding or expansion of the native structures
of the hydrocolloid (like starch) on heating. The native structures undergo
subsequent rearrangement to form a stable network in the presence of heat
(Burey et al., 2008).

An agar gel and a gellan gel are shown in Figure 5.3. The significant differ-
ence in the physical parameter like transparency/opacity is worth mentioning.

Gels can also be prepared by aeration, where the physical properties and
the material characteristics vary significantly after aeration. Figure 5.4 shows
the conventional and aerated gellan gels; the transparent nature of the gellan
gel is considerably lost on aeration.

5.5 Methods for characterization of gels

The process of transformation of sol to the state of gel can be monitored
by various methods, such as heat flow data, structural features including
microscopic observations, physical characteristics like opacity/transparency,
sensory attributes and mechanical and rheological properties (Banerjee and
Bhattacharya, 2012). Among these methods, the rheological properties of
sol as well as gel are of prime importance. Table 5.2 shows the rheological
measurements while Table 5.3 indicates the other type of tests; both of these
tests need to be linked with a sensory assessment of the samples.

The sensory scores of trained panelists are equally important because it is
the consumer or the end user who ultimately decides the use and/or role of



106 CH5 THE PROCESS OF GELLING

Figure 5.3 Agar (top) and gellan (bottom) gels

Figure 5.4 Conventional (left) and air-incorporated (right) gellan gels. See plate section for
colour version
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Table 5.2 Methods for the rheological measurement of gel characteristics (source: Banerjee
and Bhattacharya 2012. Reproduced with permission of Taylor & Francis Ltd.)

Nature Type of Instrument Measurement  Applications References
of test measure- used parameters
ment
Fundamen- Compression Texture Modulus of Surimi gel Kim et al. (2006);
tal tests measuring  elasticity, Hamann and
system Poisson'’s MacDonald
ratio (1992); Walstra
(2003)
Stress Texture Residual stress, Gellan gels Morris (1986)
relaxation ~ measuring  relaxation
system time
Creep Controlled  Shear modulus, Soy and gelatin Kamata and
stress creep gels Kinsella (1989);
rheometer  compliance Chronakis et al.
(1995)
Oscillation  Controlled  Storage modulus Viscoelastic Jena and
stress (6"), loss characteriza- Bhattacharya
rheometer  modulus (G”),  tion of rice, (2003); Kim
phase angle soy gels, et al. (2006);
(6), complex mixed gels Bhattacharya
modulus and and Jena (2007);
viscosity Keogh et al.
(1995)
Empirical  Puncture Texture Puncture char-  Characteri- Jena and
force measuring  acteristics zation of rice  Bhattacharya
system gel (2003); Kim
et al. (2006)
Compression Texture Peak force, Measurement of Kim et al. (2006);
measuring  firmness, gel quality Smewing (1999)
system compression and gel
energy strength
Imitative  Texture Texture Hardness, Food gels Pons and Fiszman
profile measuring  fracturability, (1996)
analysis system adhesiveness,
(TPA) springiness,
cohesiveness,
chewiness

these types of products in everyday life. Sensory parameters such as hardness,
cohesiveness, springiness, stickiness and overall acceptability can be assessed
and used for evaluating the commercial feasibility of the product.

Common instruments, capable of measuring fundamental and empiri-
cal rheological properties of fluid and semi-solid foods, are commercially
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Table 5.3 Other methods for the measurement of gel characteristics (source: Banerjee and
Bhattacharya 2012. Reproduced with permission of Taylor and Francis Ltd.)

Type of Instrument Measurement Applications Reference
measurement used parameters
Structural Differential Heat flow Gellan and polyvinyl Sudhamani
character-  scanning alcohol blend film et al. (2003)
ization calorimeter
(DSC)
X-ray diffraction Particle size analysis Nano delivery system Luykx et al.
in food (2008)
Colorimeter Colour measurement  Gellan edible films  Leon et al.
(2008)
Microscopic  Light microscope  Area of the granules Tapioca starch gel Vittadini et al.
character-  (LM) (2006)
ization
Scanning electron  Structural The number, area and Moritaka et al.
microscope arrangement of location of (2003)
(SEM) components particles in gel
Transmission Structural Characteristic studies Aguilera and
electron distribution of of mixed gel Stanley
microscope constituents (1999)
(TEM)
Atomic force Structure of the Structural Luykx et al.
microscope molecules characteristics of (2008)
(AFM) nanoparticles
Molecular Nuclear magnetic ~ Conformational Structural features of Saito et al.
character-  resonance (NMR)  changes on the constituents (1995)
ization gelation
Fourier transform  Molecular structure  Infrared spectra of ~ Sudhamani
and the components et al. (2003)
infrared(FTIR)
FT-Raman; Molecular Functional Wilats et al.
near-infrared characterization characteristics of (2006)
resonance pectins
Proximate ~ Vacuum oven Moisture Moisture estimation Leon et al.
analysis (2008)
Atomic absorption  Mineral content Chitosan and whey  Laplante,
spectroscopy protein isolate Turgeon and
based model Paquin
system (2005)
Kjeldhal apparatus Protein Whey Aguilera and
protein - cassava Stanley
starch gel (1999)
DNS method Carbohydrate Sugar content of the Aguilera and
gel Baffico

(1997)
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available. Costs vary tremendously from the inexpensive glass capillary
viscometer to a very expensive rheometer capable of measuring dynamic
properties like oscillation, creep recovery and normal stress characteristics.
The formed gels are often tested in compression (between parallel plates),
shearing or torsion. The common routine empirical/imitative tests include
puncture or penetration and texture profile analysis.

Some liquid foods at a high concentration of solids and food doughs show
both viscous and elastic properties. The measurement of viscoelasticity is usu-
ally complex in nature and can be divided into two broad classes. The first,
generally termed ‘fundamental tests’, measures properties that are inherent
to the material and do not depend on the geometry of the test sample, the
conditions of loading or on the apparatus. Examples of these properties are
modulus of elasticity, Poisson’s ratio, relaxation time and shear modulus. The
other class, the empirical or imitative tests, is used to determine properties
such as puncture force, stress relaxation and texture profile analysis (TPA).

The elastic modulus is the ratio of stress to strain on a material, wherein
stress is equal to the force per unit area and strain is the observed deformation
divided by the original length of the material. The fundamental tests measure
well-defined rheological or specific viscoelastic properties. Fundamental tests
are usually time consuming and need more sophisticated and costly instru-
ments. However, they offer universally acceptable values and conventionally
assume (a) a small applied strain, (b) the material is continuous, isotropic
(exhibiting the same physical properties in every direction) and homogeneous
and (c) the test sample is uniform and of regular shape. The parameters deter-
mined from fundamental tests are Young’s modulus of elasticity, shear mod-
ulus, bulk modulus, Poisson’s ratio, creep compliance, storage modulus, loss
modulus, phase angle, etc. Though complicated, the fundamental tests are
considered as one of the best techniques for quality control and product devel-
opment purposes, particularly for viscoelastic or semi-solid materials like sol
and gel.

5.6 Mathematical models

The rheology of gels can be characterized by different methods. Among them,
the axial compression of a cylindrical-shaped sample between parallel plates is
very common. During compression, the height of the sample decreases and its
diameter increases. Thus, the commonly used engineering or apparent com-
pressive strain (eg) can be calculated by

Ah

where A is the height of the sample at time ¢t = 0 and A/ represents the change
in height due to compression. If the cylindrical shape of the sample is retained
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during compression, the true, natural or Hencky’s compressive strain (ey) is

_ hy
€r = In <m> (52)

The engineering or apparent compressive stress (o) can be obtained from
the force (F(¢)) and the initial cross-sectional area (A,) of the sample:

F@)

Op = A—O (5.3)

The true compressive stress (o) is calculated from the following equation,
where rj is the initial radius of the sample:

_ F@)(hy-Ah()

2
nrghy

(5.4)

oT

Young’s modulus is equal to the ratio of the true stress and true strain (up
to the elastic limit) and is an important index to judge the elastic property of
the gel samples. The relation between true strain and true stress can be given
by a power law model:

or =k(ep) (5.5)

The empirical constant k represents the stiffness and the power index 7 is
called the degree of concavity; it is the deviation from linearity as indicated by
Hooke’s law. If the degree of concavity is > 1, this indicates strain hardening
while strain softening/weakening is expressed for values < 1.

In addition, when dealing with structured materials as gels and colloidal sys-
tems, the useful theory is probably the ‘gel theory’ or Winter theory (Gabriele,
de Cindio and DAntona, 2001), dealing with the evaluation of the sol-gel
transition point. It is worth mentioning here that the critical concentration
of the gel forming ingredient as well as the gelling temperature and time are
important factors that dictate the gelling process. This theory characterises
the gels, and gives some useful tools to evaluate with good approximation the
‘gel point’, where the liquid—solid phase transition occurs, by using simple
rheological tests. The relaxation modulus follows a power law type equation:

G(@t) =A™ for ) <t < (5.6)

where m is the relaxation exponent, A represents the gel strength and 4, is a
characteristic shortest time for the crossover to small-scale dynamics.

Gels, being a typical semi-solid material, also follow the general principles
of viscoelastic materials. Thus, the spring-dashpot models have been used to
characterize the solid (represented by a spring) and liquid (represented by
a dashpot) properties of gel samples, or several combinations of spring and
dashpot, connected in series or parallel.
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5.7 Conclusions

Gellingis a unique process where complex phenomena like interactions within
a hydrocolloid and water molecule, simultaneous changes in molecular struc-
ture and the effects of pH and temperature play the vital roles. The process of
gel formation and the various hydrocolloids used have a wide scope of study
considering the development of newer products with unique sensory and func-
tional characteristics. The multicomponent gel systems, where more than one
hydrocolloid are used to form a gel, is gaining more interest in recent times.
In addition, nutrients carrying gels and air-incorporated gels possess a good
future. The available mathematical models prove to be useful in predicting the
process parameters and product characteristics. The use of gel-forming ingre-
dients like proteins and hydrocolloids and their combinations in food systems
is of significant importance to obtain a product that satisfies the end users. At
the international level, the regulations in the use of gelling agents in food are
governed by the Codex Alimentarius Commission (CAC) and Joint Expert
Committee on Food Additives (JECFA). The conclusions that can be derived
from these legislations are that these agents are safe for use in food products
under permitted limits while it is also mandatory to follow the laws of the
country where such foods are expected to be consumed.
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6.1 Introduction

The use of heat for thermal processing to inactivate microorganisms has been
one of the most widely used methods of food preservation for more than a cen-
tury and has contributed significantly to the nutritional well-being of much of
the world’s population. The processing technologies most commonly used in
the food industry consist of in-line pasteurization and sterilization of liquids
through the use of heat exchangers and hold tubes prior to filling into con-
tainers, and in-container pasteurization or sterilization (canning) consisting
of heating filled and sealed food containers in pressurized retorts (autoclaves
or ‘pressure cookers’). Blanching is a relatively mild form of heat treatment
applied to fresh foods prior to preservation processes to release entrapped air
and inactivate enzymes. This chapter is intended to describe the processing
technologies used in the food industry to accomplish these different types of
heat treatments.
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6.2 Pasteurization and sterilization

Thermal processing in the food industry covers the broad area of preservation
technology in which heat treatments are used to inactivate microorganisms
to accomplish either commercial sterilization or pasteurization. Sterilization
of foods is normally accomplished by what is commonly called ‘canning’
to preserve the safety and wholesomeness of ready-to-eat foods over long
terms of extended storage at normal room temperature. These are known
as shelf-stable foods. Pasteurization is normally used to extend the limited
shelf-life of refrigerated foods. Both processes make use of heat treatments
to inactivate microorganisms. However, they differ widely with respect to the
classification or type of microorganism targeted, the range of temperatures
that must be used, and the type of equipment systems capable of achieving
such temperatures.

6.2.1 Pasteurization

Purpose of pasteurization Thermal pasteurization is a relatively mild heat
treatment given to foods with the purpose of destroying selected vegetative
species of microorganisms, such as the many pathogens that cause food-borne
illness, as well as to accomplish inactivation of enzymes. Pasteurization
does not eliminate all vegetative microorganisms, nor does it eliminate
more heat-resistant spore-forming bacteria. Therefore, pasteurized foods
are not shelf-stable and must be stored under refrigeration and/or with
modified-atmosphere packaging, which slow the growth of microorganisms
that still remain viable in the product and will ultimately cause spoilage.
Depending on the type of product, the shelf-life of pasteurized foods could
range from several days (milk) to several weeks or more (fruit juices).
Because only relatively mild heat treatment is involved, the sensory quality
and nutritive value of the food are minimally affected. The severity of heat
treatment used (time and temperature) and the length of shelf-life achieved
depends on the nature of the product, pH, heat resistance of the target
microorganisms, sensitivity of the product quality to heat damage, and the
method of heating.

Pasteurization equipment systems Liquid products that are capable of
being pumped through tubular pipe lines, like milk and fruit juices, are
thermally pasteurized by heating/holding/cooling while the products are
flowing through a system of heat exchangers and hold tubes. These systems
deliver a high-temperature short-time (HTST) process sufficient to inactivate
target microorganisms while causing minimal heat damage to product quality.
Unpasteurized liquid products are held cold in ‘raw product’ refrigerated
tanks until ready to be pasteurized. As raw product is pumped through the
heat exchanger system, the product temperature is quickly raised to the
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required pasteurization temperature as it flows through the ‘heating’ heat
exchanger, sent through an insulated holding tube to receive the required
length of time at the pasteurizing temperature, and quickly cooled and chilled
through the ‘cooling’ heat exchanger to the refrigerated temperature for
storage in a ‘pasteurized product’ refrigerated tank until ready for filling.

Pasteurizing temperatures fall in the range of 60—80 °C, well below the boil-
ing point of water at atmospheric pressure. Since water is typically used as the
heat exchange medium in these systems, there is no need to operate under
pressure. Either plate heat exchangers or tubular heat exchangers can be used
for relatively thin (low-viscosity) liquids. For viscous liquids, a scraped surface
heat exchanger can be used to promote faster heat transfer and minimize sur-
face fouling problems. These different types of heat exchangers are illustrated
in Figure 6.1. Solid or semi-solid foods are first filled and sealed in containers,
which undergo a canning process at atmospheric pressure. A more detailed
description of the equipment systems used for canning is given later in Section
6.4 on canning.

6.2.2 Sterilization

Sterilization implies the destruction of all viable microorganisms. The term
is commonly used in reference to the food canning process because canned
foods are shelf-stable and seem never to experience microbial spoilage. Yet
these foods are far from being sterile in the medical sense of the word. The
success of the canning process (referred to as ‘thermal processing’ in the food
industry) does not lie in destroying all viable microorganisms, but in the fact
that, together with the food chemistry (pH) and microenvironment within
the container (partial vacuum), hermetic packaging, and storage temperature
less than that required for growth of thermophililic bacteria, the given ther-
mal process prevents the growth of microorganisms of spoilage-causing and
public health concern. In essence, it is a thermal process in which foods are
exposed to a high enough temperature for a sufficiently long time to render
them ‘commercially’ sterile.

Determining the time and temperature for a thermal sterilization process
takes into account the thermal inactivation kinetics (heat resistance) of the
target microorganism, as well as its sensitivity to oxygen, pH, and tempera-
ture. The absence of oxygen in the container prevents the growth of aerobic
microorganisms and if the storage temperature is kept below 25 °C, highly
heat-resistant spore-forming thermophilic bacteria pose little or no problem.
From the public health perspective, the microorganism of greatest concern in
low-acid foods with pH > 4.5 is Clostridium botulinum. This is a heat-resistant,
anaerobic bacterium. If it survives processing, it can potentially grow and
produce deadly botulism toxin in a canned food. Clostridium botulinum is a
spore-forming bacteria and, like most spore-forming bacteria, cannot grow
at pH< 4.5 (acid and acidified foods). The target microorganisms in acid or
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Figure 6.1 (a) Plate heat exchanger with product flow schematic, (b) schematic of tubular

heat exchangers, and (c) cutaway section of the swept surface heat exchanger (source: Singh
and Heldman, 2009. Reproduced with permission of Elsevier)
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acidified foods consist of yeasts, molds, and vegetative microorganisms with
relatively low heat resistance. These foods can be made shelf-stable when
processed at pasteurization temperatures below the boiling point of water.

In contrast, spore-forming bacteria that can grow in low-acid foods are far
more heat resistant and require temperatures well above the atmospheric boil-
ing point of water for thermal inactivation. Therefore, low-acid foods must
be processed with equipment systems that operate under pressure, such as
pressurized retorts or autoclaves used in canning for in-container steriliza-
tion, or ultra-high-temperature (UHT) processing of liquid products in heat
exchanger systems through which the product flows under pressure controlled
by a back-pressure valve. A preferred alternative to heat exchanger systems
for UHT processing is the use of steam injection or steam infusion. In these
systems pressurized live steam of culinary quality is injected directly into the
liquid product just prior to entering the hold tube. This causes the temperature
of the resulting mixture of steam condensate and liquid product to rise instan-
taneously to the sterilizing temperature. Instantaneous cooling is achieved
when the mixture exits the hold tube into a pressure-controlled flash chamber.
Steam injection is accomplished with the use of a nozzle that injects steam
directly into the product. Steam infusion is accomplished when the product
enters a pressurized steam chamber prior to entering the hold tube, as shown
in Figure 6.2.

The UHT process is used to produce long shelf-life refrigerated low-acid
liquid products, such as UHT milk or cream. Shelf-stable low-acid liquid prod-
ucts require aseptic processing, in which the cool UHT sterilized product is
filled into sterile containers within a sterile atmosphere to avoid post-process
contamination from air-borne microorganisms. A more detailed description
of aseptic processing of sterilized shelf-stable liquid products is given in the
following section. Equipment systems used for in-container sterilization, such
as pressurized retorts or autoclaves, are further described in Section 6.4 on
canning.

6.3 Aseptic processing

Among the first commercially successful aseptic canning systems was the
Dole Engineering system. It was designed to fill conventional steel cans
aseptically and made use of superheated steam chambers to sterilize empty
can bodies and covers as they were slowly conveyed to the filling chamber.
The filling chamber was also maintained sterile by superheated steam under
positive pressure and received cool sterile product from the heat exchangers
in the product UHT sterilizing system. The entire system was sterilized
prior to operation by passing superheated steam through the can tunnel,
cover and closing chamber, and filling chamber for a prescribed start-up
program of specified times and temperatures. The UHT sterilizing system
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Figure 6.2 Schematic of steam infusion heat exchanger (source: Singh and Heldman, 2009.
Reproduced with permission of Elsevier)

was pre-sterilized by passing pressurized hot water through the cooling heat
exchanger (with the coolant turned off), product filling line, and filler heads.
This start-up procedure had to be repeated every time a compromise in
sterility occurred at any system component. Obviously, careful monitoring
and control by skillful and highly trained operators is a must for such an
intricately orchestrated system.

Regulatory approval for the use of chemical sterilizing agents, such
as hydrogen peroxide, to sterilize the surfaces of various paper, plastic,
and laminated packaging materials opened the door to a wide array of
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commercially available aseptic filling systems to produce shelf-stable liquid
foods in a variety of gable-topped, brick-packed, and other novel package
configurations. Filling machines designed for these packaging systems are
usually based on the use of form-fill-seal operations. Packaging material is
fed from either pre-cut blanks or directly from roll stock, passed through a
chemical sterilizing bath or spray treatment, are formed into the final package
shape while being filled with cool sterile product from the UHT product
sterilizing system, and then sealed and discharged, all within a controlled
aseptic environment.

Another important commercial application of aseptic processing technol-
ogy is in the storage and handling of large bulk quantities of sterilized food
ingredients, such as tomato paste, fruit juice concentrates and purees, and
other liquid food concentrates that need to be purchased by food processors
or institutional end users for use as ingredients in further processed prepared
foods. The containers for such applications can range in size from the classic
55-gallon steel drum to railroad tank cars or stationary storage tanks. Specially
designed aseptic transfer valves and related handling systems make it possi-
ble to transfer sterile products from one such container to another without
compromising sterility. The filling of pre-sterilized fermentation reactors with
in-line UHT-sterilized liquid substrates is a long-standing classic example of
aseptic filling of large bulk containers.

6.4 Canning

Food canning is most often referred to as thermal processing within the food
industry. Thermal processing consists of heating food containers in pressur-
ized retorts (autoclaves or ‘pressure cookers’) at specified temperatures for
prescribed lengths of time. These process times are calculated on the basis
of achieving sufficient bacterial inactivation (lethality) in each container to
assure food safety to the consuming public and to ensure that the probability
of spoilage will be less than some minimum. Associated with each thermal pro-
cess is always some degradation of heat-sensitive vitamins and other quality
factors that is undesirable. Because of these quality and safety factors, great
care is taken in the calculation of process times and in the control of time
and temperature during processing to avoid either under- or overprocessing.
The methods by which these process times and temperatures are calculated
and the scientific principles upon which they are based can be found else-
where (Teixeira, 2007a, 2007b; Lopez, 1987; Stumbo, 1965; Ball and Olson,
1957). This section describes some of the commercial retort equipment sys-
tems that are used in the food canning industry to accomplish thermal process-
ing efficiently on a production scale. Just as with most industrial processing
operations, both batch and continuous systems are available. As the name
implies, batch systems are made up of individual batch retorts that operate
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intermittently. Scheduling of the retorts is skillfully staggered so that work-
ers move from retort to retort, manually unloading and reloading each retort
as its scheduled process cycle comes to an end. In continuous systems, cans
are automatically fed into and out of retort systems that operate continuously
over one or more working shifts.

6.4.1 Batch retort systems

Batch retorts are large pressure vessels in which baskets or crates of food
containers are sterilized with saturated steam or water under pressure. These
retorts can be either vertical or horizontal in configuration. The vertical
still-cook batch retort is perhaps the grandfather of all batch retorts. Hardly
any food science pilot plant or laboratory is complete without one. A typical
production vertical unit will measure nearly 4ft in diameter by 8 or 9ft
in height. Cans are loaded in baskets that are handled by chain hoist for
lifting and lowering into the vertical retort. In the case of horizontal retorts,
cans are loaded into wheeled carts that roll on rails into and out of the
retorts. Most retorts are designed to hold either three or four crates or carts,
with a total capacity of more than 2000 pint-size cans or 400 gallon-size
cans. Although the basic design of these retorts has changed little since the
turn of the twentieth century, they are still quite popular and can be found
operating in many food canneries today. Part of the reason for this continued
popularity is the simplicity of their design and operation and their versatility
to accommodate virtually all can sizes and shapes.

Although the unloading and reloading operations are labour intensive, a
well-managed cook room can operate with surprising efficiency. The cook
room is the room or area within a food canning plant in which the retorts
are located. Some cook rooms are known to have more than 100 vertical still
cook retorts operating at full production. Although each retort is a batch cook
operation, the cook room as a whole operates as a continuous production line,
in that filled and sealed unsterilized cans enter the cook room continuously
from the filling line operations and fully processed sterilized cans leave the
cook room continuously. Within the cook room itself, teams of factory work-
ers move from retort to retort to carry out loading and unloading operations,
while retort operators are responsible for a given number of retorts. These
operators carefully monitor the operation of each retort to make sure that the
scheduled process is delivered for each batch.

For convection-heating products that benefit from mechanical agitation
during processing, agitating batch retorts are available. A modern-day hori-
zontal batch retort is shown in Figure 6.3, with a battery of several such retorts
making up a large cook-room operation, shown in Figure 6.4. Batch retorts
designed for flexible or semi-rigid retortable packaging systems require
overriding air pressure to protect packages from bursting during processing.
These operate with water spray, water cascade, or steam—air mixtures with
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Figure 6.3 Modern-day horizontal batch retort (source: Photo courtesy of JBT FoodTech, for-
merly FMC FoodTech, Madera, CA). See plate section for colour version

Figure 6.4 Batch retort system showing battery of retorts in a large cook room operation
(source: Photo courtesy of JBT FoodTech, formerly FMC FoodTech, Madera, CA). See plate section
for colour version

overriding air pressure, and are capable of delivering end-over-end agitation
when desired.

6.4.2 Continuous retort systems

Continuous retort operations require some means by which filled, sealed
containers are automatically and continuously moved from atmospheric con-
ditions into a pressurized steam environment, held or conveyed through that
environment for the specified process time, and then returned to atmospheric
conditions for further down-stream handling operations. The best-known
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commercially available systems that accomplish these requirements are the
crateless retort, the continuous rotary cooker, and the hydrostatic sterilizer.

Crateless retorts A crateless retort system is, in a sense, an automatic cook
room in that the system is made up of a series of individual retorts, each
operating in a batch mode, with loading, unloading, and process scheduling
operations all carried out automatically without the use of crates. When ready
to load, the top hatch opens automatically and cans fed from an incoming con-
veyor literally ‘fall’ into the retort, which is filled with hot water to cushion
the fall. Once fully charged, the hatch is closed and steam entering from the
top displaces the cushion water out of the bottom. When the cushion water
has been fully displaced, all valves are closed and processing begins. At the
end of the process time, the retort is refilled with warm water and the bot-
tom hatch, which lies beneath the water level in the discharge cooling canal,
is opened to let the cans fall gently on to the moving discharge conveyor in
the cooling canal. After all cans are discharged, the bottom hatch is reclosed
and the retort is ready to begin a new cycle. A commercial system of crateless
retorts would consist of several such retorts in a row sharing a common in-feed
and discharge conveyor system to achieve continuous operation of any chosen
capacity.

Continuous rotary cookers The continuous rotary pressure sterilizer or
‘cooker’ is a horizontal rotating retort through which the cans are conveyed
while they rotate about their own axis through a spiral path and rotating reel
mechanism, as illustrated in the cutaway view and schematic in Figure 6.5.
Residence time through the sterilizer is controlled by the rotating speed of
the reel, which can be adjusted to achieve the required process time. This,
in turn, sets the line speed for the entire system. Cans are transferred from
an incoming can conveyor through a synchronized feeding device to a rotary
transfer valve, which indexes the cans into the sterilizer while preventing the
escape of steam and loss of pressure. Once cans have entered the sterilizer,
they travel in the annular space between the reel and the shell. They are held
between spines on the reel and a helical or spiral track is welded to the shell.
In this way the cans are carried by the reel around the inner circumference
of the shell, imparting a rotation about their own axes, while the spiral track
in the shell directs the cans forward along the length of the sterilizer by one
can length for each revolution of the reel. At the end of the sterilizer, cans
are ejected from the reel into another rotary valve and into the next shell for
either additional cooking or cooling.

Most common systems require at least three shells in series to accomplish
controlled cooling through both a pressure cool shell and an atmospheric
cool shell following the cooker or sterilizer. For cold-fill products that require
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Figure 6.5 Cutaway view of continuous horizontal rotary cooker/sterilizer (top) and schematic
of helical path of travel through each rotary cooker (bottom) (source: Photo courtesy of JBT
FoodTech, formerly FMC FoodTech, Madera, CA)

controlled pre-heating, as many as five shells may be required in order to
deliver an atmospheric pre-heat, pressure pre-heat, pressure cook, pressure
cool, and atmospheric cool. By nature of its design and principle of operation,
a continuous rotary sterilizer system is manufactured to accommodate a
specific can size and cannot easily be adapted to other sizes. For this reason
it is not uncommon to see several systems (filling lines) in operation in one
food canning plant, each system dedicated to a different can size.

Hydrostatic sterilizers Hydrostatic sterilizer systems are so named because
steam pressure is controlled hydrostatically by the height of a leg of water.
Because of the height of water leg required (over 10 meters), these steril-
izers are usually installed outdoors adjacent to a canning plant. They are
self-contained structures with the external appearance of a rectangular tower,
as shown in Figure 6.6. They are basically made up of four chambers: a hydro-
static ‘bring-up’ leg, a sterilizing steam dome, a hydrostatic ‘bring-down’ leg,
and a cooling section.
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Figure 6.6 Exterior view of a continuous hydrostatic sterilizer (source: Photo courtesy of JBT
FoodTech, formerly FMC FoodTech, Madera, CA). See plate section for colour version

The principle of operation for a hydrostatic sterilizer can be explained with
reference to the schematic diagram in Figure 6.7. Containers are conveyed
through the sterilizer on carriers connected to a continuous chain link
mechanism that provides positive line speed control and, thus, residence-time
control to achieve a specified process time in the steam dome. Carriers are
loaded automatically from incoming can conveyors and travel to the top of
the sterilizer, where they enter the bring-up water leg. They travel downward
through this leg as they encounter progressively hotter water. As they enter
the bottom of the steam dome, the water temperature will be in equilibrium
with the steam temperature at the water—steam interface. In the steam dome,
the cans are exposed to the specified process or ‘retort’ temperature for the
prescribed process time, which is controlled by the carrier line speed. When
cans exit the steam dome, they again pass through the water seal interface at
the bottom and travel upward through the cool-down leg as they encounter
progressively cooler water until they exit at the top. Cans are then sprayed
with cooling water as the carriers travel down the outside of the sterilizer on
their return to the discharge conveyor station.
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Figure 6.7 Schematic diagram of a hydrostatic sterilizer, illustrating the principle of operation
(source: Photo courtesy of JBT FoodTech, formerly FMC FoodTech, Madera, CA)

6.5 Blanching

Blanching is a relatively mild form of heat treatment consisting of a few
minutes of exposure to boiling water or atmospheric steam, and is not a
food preservation process. It is normally applied to fresh foods (fruits and
vegetables) prior to further processing. In food processing, blanching is
usually the last step in the sequence of raw material preparation (washing,
sorting, cutting, chopping, dicing, slicing, etc.). It is often needed to release
entrapped air and inactivate enzymes prior to down-stream preservation
processes such as drying, freezing, and canning. In the food process industry,
blanching is normally accomplished by having the prepared raw food material
travel on a conveyor through an atmospheric steam tunnel or hot water bath.
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In the context of food preparation in cooking, blanching is an alternative
term for par boiling. It is a heating process wherein the food is plunged into
boiling water for just a few minutes and then quickly immersed in cold water
(shocked) to immediately halt the cooking process. The meaning of blanching
is ‘to whiten’, but this is not always the purpose of blanching in cooking. Food
is often blanched to soften it, or to partly or fully cook it, or to remove a strong
undesirable taste (for example, of bacon, cabbage, or onions).
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7.1 Introduction

Extraction is a separation technique employed in several food industries. It
is essentially the process of moving one or more compounds of interest (ana-
lytes) from one phase or their original location (usually referred as the sample
or matrix) to another phase or physically separated location where further
processing and analysis occurs (Bicking, 2000). The extraction can be from
solid to liquid, liquid to liquid and so on. The use of a convenient type of
extraction not only influences the accuracy of the results but also determines
the total analysis time and in this way affects the sample and the analysis.
The extraction process can be categorized into two classes — conventional and
advanced techniques.

7.2 Conventional extraction

The process of separation of compounds is carried out by vapour phase
enhancement, partition with solvents involving phase separation and also the
combination with vapour phase enhancement based on distillation.

7.2.1 Separation of steam volatiles

This is possibly the oldest extraction method used for the separation of essen-
tial oils from plant materials. It is based on the partial pressures in a mixture
and the enhancement of the vapour phase of the components in a mixture by
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increasing the temperature of the mixture. A mixture is heated in water; the
resulting steam is composed of components based on the relative vapour pres-
sure of the components at the steam temperature. When the steam condenses,
the organic compounds separate out as a water-insoluble phase. Heat energy
is used to convert the organic compounds in the mixture or solid matrix to
the vapour phase. The plant material is subjected to a temperature of 100°C
by steam at atmospheric pressure. The limitation of this method is the alter-
ation of the chemical constituents of the essential oils due to the thermolabile
nature of the natural components. This process is limited to volatile organic
compounds as they are insoluble in water.

7.2.2 Solvent extraction

A compound soluble in another compound that is chemically similar is the
principle behind the process of solvent extraction. It is used to extract a wide
range of compounds from the plant materials using different organic solvents.
The selection of the solvent is based on the nature (polar or nonpolar) of the
compound to be extracted.

This extraction apparatus was developed by the German chemist Franz
von Soxhlet in 1879. In the conventional Soxhlet system, the plant material
is placed in a thimble-holder and is filled with condensed fresh solvent from
a distillation flask. When the liquid reaches the overflow level, a siphon
aspirates the solution of the thimble-holder and unloads it back into the
distillation flask, carrying extracted solutes into the bulk liquid. In the solvent
flask, the solute is separated from the solvent using the process of distillation.
The solute is left in the flask and fresh solvent passes back into the plant
solid bed. The operation is repeated until complete extraction is achieved.
Some of the disadvantages of the Soxhlet system is that (a) the different
solvents should be used to extract the different nutraceuticals compounds,
(b) it requires a large amount of solvent, and (c) it takes a longer time for
complete extraction.

Conventional extraction techniques require a longer time and larger
amounts of solvent for the extraction. The possibility of thermal degradation
of the target compound cannot be ignored as the extraction usually occurs at
the boiling point of the solvent for a long time. To overcome these problems,
some advanced techniques have been designed.

7.3 Advanced extraction processes
7.3.1 Ultrasound assisted extraction

Sound waves that have frequencies higher than 20kHz can travel in a
material, and involve expansion and compression cycles during travel in the
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medium. These expansions and compressions create a bubble and collapse
at a solid surface, which has a greater impact on the yield and extraction
kinetics. This increases the penetrating power of the solvent into cellular
materials and improves mass transfer. Ultrasound in the extraction process
can also disrupt biological cell walls and facilitate the release of the inner
contents. Compared to other extraction techniques like microwave assisted
extraction, ultrasound assisted extraction (UAE) is cheaper and its operation
is easier (Wang and Weller, 2006).

7.3.2 Microwave assisted extraction

Microwaves are electromagnetic radiations with a frequency from 0.3 to
300 GHz. Microwaves can penetrate biomaterials and interact with polar
molecules such as water in biomaterials to generate heat. Microwave assisted
extraction (MAE) offers a rapid delivery of energy to a total volume of solvent
and solid plant matrix. It heats the solvent and solid matrix efficiently and
homogeneously. Because water within the plant matrix absorbs microwave
energy, cell disruption is promoted by internal super heating, which facilitates
the desorption of chemicals from the matrix and improves the recovery of
nutraceuticals. Like UAE, MAE also reduces the time of extraction, solvent
usage and increases the extraction yield. The disadvantage of this technique
is that an additional filtration or centrifugation step is necessary to remove
the solid residues during MAE. Generation of microwaves is, however, a
costly processing step.

7.3.3 High pressure extraction

High pressure extraction (HPE) is the process of extraction of bioactive
components using high pressure solvents like supercritical fluids. Conven-
tional processes are limited by numerous disadvantages: decomposition of
thermally labile bioactive compounds because of high temperature and long
duration of heat treatment, nonselective extraction of bioactive compounds
and the need to reduce the toxicity of the solvents. Even though the solvating
power of supercritical fluids has been demonstrated (Hannay and Hogarth,
1879) more than a century back, supercritical fluid techniques are widely used
in analytical as well as on an industrial scale since the commercial success
of decaffeination of coffee (Zosel, 1978). A fluid heated to above the critical
temperature and compressed to above the critical pressure is known as a
supercritical fluid. It has the unique ability to diffuse through a solid matrix
like a gas and dissolves materials like a liquid. Additionally, it can readily
change its density upon minor changes in temperature or pressure. Carbon
dioxide and water are the most commonly used supercritical fluids. Carbon
dioxide has a low critical temperature and moderate pressure of 31.1°C and
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73 bar, respectively. Water has a critical temperature of 647 K and a critical
pressure of 220 bar due to its high polarity.

Supercritical fluids (SCFs) such as water and carbon dioxide are substances
that are compatible with the Earth’s environment. However, several other
supercritical fluids can be used, but the final choice would depend on the
specific application and additional factors such as safety, flammability, phase
behaviour and solubility at the operating conditions and the cost of the fluid.
The basic principle of SCF extraction is that the solubility of a given compound
(solute) in a solvent varies with both temperature and pressure. At the ambi-
ent conditions (25 °C and 1 bar), the solubility of a solute in a gas is usually
directly related to the vapour pressure of the solute and is generally negligi-
ble. In a SCF, however, the solute solubility is up by 10 orders of magnitude
greater than those predicted by the ideal gas law behaviour.

The critical point is positioned at the end of the gas—liquid equilibrium
curve where the supercritical fluid region is also placed. It can be shown that
by using a combination of isobaric changes in temperature with isothermal
changes in pressure, it is possible to convert a pure component from a liquid
to a gas (and vice versa) via the supercritical region without incurring a phase
transition.

Physical properties of supercritical fluids Above the critical temperature of
a compound, the pure gaseous component cannot be liquefied regardless of
the pressure applied. In the supercritical environment only one phase exists.
The fluid, as it is termed, is neither a gas nor a liquid and is best described as
an intermediate of the two extremes. The physical properties of SCFs are in
between those of a gaseous and liquid state. Different physical properties like
density and viscosity of SCFs are available (Martinez, 2008). Thermal conduc-
tivities are relatively high in the supercritical state and have very large values
near the critical point (CP) because, in principle, the heat capacity of a fluid
tends to infinity at the CP. Interfacial tension is close to zero in the critical
region. In general, the physical properties in the critical region enhance the
mass and heat transfer processes.

The basic principle of supercritical fluid extraction (SFE) is that when the
feed material is contacted with a supercritical fluid (SCF), then the volatile
substances will partition into the supercritical phase. After the dissolution
of the soluble material, the supercritical fluid containing the dissolved
substances is removed from the feed material. The extracted component is
then completely separated from the SCF by means of a temperature and/or
pressure change. The SCF may be recompressed to the extraction conditions
and recycled.

In the last decade, new trends have emerged in the food industries.
These trends include an enhanced concern for the quality and safety of
food products, increased preference for natural products over synthetic
ones and broadened regulations related to nutritional and toxicity levels
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of active ingredients. Consumers are more educated and health conscious
than ever before and are demanding higher quality products for consump-
tion. Hence, alternative extraction methodologies complying with both
consumer preference and regulatory controls, as well as cost effectiveness
are becoming popular. One such major technology that has emerged over
the last two decades, as an alternative to the traditional solvent extraction
of natural products, is the SFE technology. Though the solvent properties
of supercritical fluids (SCF) were recognized over 100 years ago, their com-
mercial applications are relatively recent, possibly due to the requirement
for sophisticated and expensive high pressure equipment and technology.
SFE is a relatively new separation unit operational to solve some of the
problems of conventional separation techniques, like distillation and solvent
extraction. SFE uses a clean, safe, inexpensive, nonflammable, nontoxic,
environmental friendly and nonpolluting solvent like carbon dioxide and the
energy costs of this novel extraction technique are lower than those for the
traditional solvent extraction methods. It also displays a wide spectrum of
solvation power as its density is strongly dependent on both temperature and
pressure—temperature swings. This unique feature facilitates solute recovery,
the ‘fine-tuning’ of solution power and the fractionation of mixed solutes.
SFE is thus increasingly gaining importance over the conventional techniques
for extraction of natural products.

Solvents used as SCFs The choice of the SFE solvent is similar to the reg-
ular extraction processes and depends on what type of compound is to be
extracted. The principle considerations are the good solvating property, inert
to the product, easy separation from the product and cheap. Critical data on
some supercritical solvents are available in different handbooks.

Carbon dioxide is the most commonly used SCF primarily due to its low crit-
ical parameters (31.1 °C, 73.8 bar), low cost and nontoxicity. However, several
other SCFs have been used in both commercial and developmental processes.
Organic solvents are usually explosive so a SFE unit working with them should
be explosion proof; this fact makes the investment more expensive. Organic
solvents are mainly used in the petroleum chemistry. CFCs (chlorofluorocar-
bons) are very good solvents in SFE due to their high density, but the industrial
use of chlorofluoro hydrocarbons are restricted because of their effect on the
ozonosphere. Therefore, CO, is the most widely used fluid in SFE. Beside
CO,, water is the other increasingly applied solvent. One of the unique prop-
erties of water is that, above its critical point (374 °C, 218 atm), it becomes an
excellent solvent for organic compounds and a very poor solvent for inorganic
salts. This property gives the chance for using the same solvent to extract the
inorganic and the organic components, respectively.

Solubility of SCFs with analogy to liquids Supercritical fluid extraction (SFE)
is a separation technique that exploits the solvent power of supercritical fluids
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Figure 7.1 A generalized phase diagram for a pure liquid

(SCFs) at temperatures and pressures near and above the critical point of the
fluids. A supercritical fluid is the state of a substance above the critical tem-
perature (7,) and critical pressure (P,).

Figure 71 presents a generalized pressure—temperature (P-T) phase dia-
gram for a pure fluid, in which the regions solid (s), liquid (1) and gas (g) are
demarcated. The lines indicted the coexistence of two phases. T is the triple
point, where all three phases exist, and C is the critical point, where the prop-
erties of the liquid and vapour become identical. The supercritical region is
shown as the hatched region, which is of importance to industries.

If a gas like carbon dioxide or ethylene is compressed at temperatures above
its critical point, it is not possible to liquefy the gas no matter however high the
pressure is applied. The critical temperature (7,) is defined as the temperature
just above where it is impossible to liquefy the gas. The critical pressure (P,)
may be defined as the pressure required to liquefy the vapour at the critical
temperature (7). In brief, the critical pressure is the highest vapour of the
liquid of that substance. The reduced pressure (P,) is the ratio of the pressure
of the fluid to the critical pressure, the reduced temperature (7,) is the ratio
of the temperature to the critical temperature and the reduced density (p,) is
the ratio of the density to the critical density.

The solvent power of supercritical fluids can be understood by analogy with
the solubility of substances in liquids/solvents. This can be better explained by
considering the density pressure isotherms for a typical gas solvent. The dia-
gram is plotted in terms of the reduced variables like the reduced temperature
(T,), reduced pressure (P,) and reduced density (p,).

The solvent power is attributed to the intermolecular forces resulting
from the close packing of solvent molecules around the solute molecules,
which is generally related to the density of the liquid. At temperatures
just above the critical temperature (1.067,), the densities close to liquid
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densities can be achieved. Therefore the supercritical fluids having densities
of the liquid can solubilize materials. SCF extraction is generally carried
out at temperatures less than 7, =2; as 7, increases, it needs a very high
pressure to keep the density of the fluids reasonably close to that of liquids.
Further, the density of the SCFs can be varied by varying the pressure and
temperature. Thus, it can affect the variation of solvencies by changing the
system pressure and temperature. This high sensitivity of SCFs to the system
pressure and temperature makes supercritical fluid extraction a potential
economic process. Thus, the region of interest is the SCF region, shown by
the hatched area in Figure 71.

At constant pressure, the solvent power of the supercritical fluid increases
as the temperature is reduced, whereas the solubility increases with the pres-
sure at constant temperature. With increasing temperature, relatively higher
pressures are needed to have a better loading of the solute in the solvent. At
supercritical temperatures and subcritical pressures, the solubility is low. As
the supercritical phase is isothermally compressed (say 0.5 Pr), the dissolved
material would be precipitated. By suitable variations of process conditions
like temperature and pressure, SCFs can be used for extraction of specific com-
ponents that can be separated easily from the fluid, allowing it to the recovered
and reused.

A brief theory of SCFs At low pressures the solubility of a solid in a gas is
very small. At equilibrium, the partial pressure of the solute in the gas phase
equals the vapour pressure of the pure solid. The assumption of ideal gas phase
behaviour of the solubility is given by

S
Vs = i (71)
P

neglecting the solubility of the gas in the solid. As the temperature and pres-
sure approach and exceed the critical temperature and pressure of the solvent
gas, the situation changes. As indicated earlier, the gas becomes more lig-
uid like in its solvent properties and the solubility of the solid may increase
markedly. A solubility enhancement factor (E)

- E-2 72
b%) P ( )

represents the ratio of the actual solubility to the ideal gas solubility. Here, P}
is the vapour pressure of the solid and P is the total pressure of the system.
This enhancement factor of solubility provides the basis for the supercritical
extraction processes. Enhancement factors of the order 10* are common and
systems having enhancement factors of 10'” are known.
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Enhancement factors can be calculated thermodynamically using the
equation of state. An example using the virial equation of state is illustrated

low:
below PV_,,B. C_ D
RT vV vz o y3

Here B, C, D, etc., are the virial coefficients. The terms P, V, R and T are
the terms of the ideal gas law. Rowlison and Richardson (1959) derived the
relationship

oo (73)

V5 —-2By,

In E=
n %

(74)
where B, is the cross-virial coefficient and represents the interaction between
the molecules of gas solvent 1 and solute 2. The greater the interaction, the
more is the negative value of B, and the greater the enhancement factor and
hence the solubility. Here, V is the molar volume and V,° is the molar volume
of the solid or solute.

The second virial coefficient (B) for the pure gases can be estimated from
the corresponding status relationship. Pitzer and Curl (1957) gave the follow-
ing most successful relationship:

BP,
RTC :fO(Tr)+wfl(Tr) (75)

where w is the eccentric factor, a measure of the complexity of molecules with
respect to both its nonsphericity and its polarity. The terms P,, T, and 7, are
critical pressure, critical temperature and reduced temperature, respectively.
The tabulated values of these fractions are given by Reid, Prausnitz and Sher-
wood (1977):

1
T =Ty Ty) /2(1 — kip) (76)
1 V.
Verr = (Vd/ P+ Vf) (77)
Z -RT.
sz — ( Ll‘Z/ c12) (78)
cl2
Zi+7Z
Zop = GatZa) 5 2) (79)
w + o
0 = ——— (710)

where Z_ is the critical compressibility factor, V., is the critical volume and
ki, is a binary constant. Lists of these constants are published for a variety
of binary systems (Chueh and Prasunitz, 1967). These relations are probably
reliable for molecules that do not differ markedly in size or chemical structure.
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Equations (72) and (73) can be plotted for nonpolar gases. This shows
that B;, and hence B;,, is negative for most values of 7, in which case, from
Equation (73), E is positive.

Some general conclusions can be drawn from above. These are:

1. For a gas of given T, reducing the extraction T will decrease V and make
B, more negative and hence will increase E. However, reducing 7T will
also reduce the solute vapour pressure P;. As a result, the solubility of
the solute will also reduce the vapour pressure P5. Therefore the solu-
bility of the solute is expected to have a maximum value at an optimum
temperature, representing a compromise between the two effects.

2. For a given extraction temperature, gases of high 7. should have large
negative values of B, and hence are better solvents than those of low T..

3. Anincrease in the extraction pressure (P) will decrease the molar volume
of the solute (V) and hence there is an increase in E and the solubility.
However, if V2S — By, and Pg are small, for example if the temperature is
too high or the solute has a too low volatility, excessive high pressure will
be required to achieve adequate solubility.

In general, these conclusions are satisfactory as a rough guide as certain
approximations are taken in deriving the equations. The virial equation has
been truncated to the second virial coefficient. The solubility of the gas in
the solute has been ignored. However, these general guidelines can safely
be extended to the general systems. A more comprehensive thermodynamic
approach will be dealt with in the subsequent sections.

Critical data The SCF exhibits physico-chemical properties intermediate to
those of a gas and a liquid (Table 71), which enhances its role as a solvent.
Its relatively high density gives a good solvent power, while its relatively low
viscosity and diffusivity values provide appreciable penetrating power into the
solute matrix. These properties give rise to higher rates of mass transfer of
solutes into a supercritical fluid than into a liquid.

Some of the supercritical solvents that can be used in SFE are available.
These solvents cover a wide range of critical temperature, molecular size and
polarity. Many of these are abundant and low in cost. It is often convenient to
use mixtures rather than pure compounds.

Experimental data illustrating general principles of enhanced solubility
in supercritical fluids The solubility of p-iodochlorobenzene in ethylene
at 298 K is close to the critical temperature of ethylene (282 K). At low
pressures, the gas phase solubility is difficult to measure, while with an
increasing pressure of ethylene above the critical temperature of 5 MPa, the
gas phase concentrations of p-iodochlorobenzene increases by three orders
of magnitude (Ewald, Jepson and Rowlison, 1953).
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Table 7.1 Mass transfer equations (for extraction through fixed bed solids)

Relationship Remarks Reference

Re =90 — 4000, J, = General Treybal (1986)
2.06/£Re™0575 Sc = 0.6

Re = 5000-10 300, J, = General Treybal (1986)
20.4/ERe081 Sc = 0.6

Re = 0.0016-55, General Treybal (1986)
J, =1.09/& Re™?/3 Sc =
168 — 70 600

Re = 5-1500, General Treybal (1986)
J, =0.250/& Re™%3! S¢c =
168-70 600

3 < Re < 3000, Applied for rapeseed Treybal (1986)
Sh =24 1.15c/3 Re=06 oil extraction using

SCF

Symbols: J,, is the dimensionless mass transfer constant as defined in Equation (7.27) and
£ is the void volume.

It is important to carry out the extraction process near the critical temper-
ature of the gas for phenanthrene in nitrogen, methane, carbon tetraflouride,
carbon dioxide and ethylene at 313 K and 40 MPa (Eisenbeiss, 1964). Those
having the critical temperatures well above the extraction temperature, that is
nitrogen (126 K), methane (191 K) and carbon tetraflouride (222 K), did not
extract phenathrene, whereas the gases with a critical temperature near the
extraction temperature were ethylene (283 K), carbon dioxide (304 K) and
ethane (305 K), which proved effective as solvents.

The solubility of naphthalene in supercritical ethylene as a function of
temperature at different pressures has been studied (Tsekhanskaya, Tomter
and Muskina, 1964). At moderate pressures, a rise in temperature causes a
decrease in solubility of the solid component. At high pressures, on the other
hand, a rise in temperature causes an increase in the solubility. This contradic-
tory behaviour of solubility with an increase in temperature can be interpreted
in terms of the density of the gas. A rise in temperature at constant pressure
leads to a decrease in gas density while offering an exponential increase in the
vapour pressure of the solid. As illustrated earlier, slightly above the critical
temperature, gas density at moderate pressures is lowered by a temperature
rise to such an extent that the concentration of the solute in the supercritical
phase decreases considerably. At high pressures, the decrease in density
caused by the temperature rise is so small that the increase in the vapour
pressure of the solid leads to higher concentrations in the supercritical phase.

Classification of phase behaviour of binary systems Phase diagrams are of
considerable interest since they give pressure and temperature ranges of
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complete mutual solubility and partial solubility. The simplest of the systems
is a binary system consisting of component 1, the supercritical solvent, and
component 2, the solid to be dissolved. These phase diagrams give qualitative
insight into the solubility relations for the solids or liquids in equilibrium
with the supercritical solvent. It is helpful to recall the Gibbs phase rule
(F = C—P+2) in interpreting the phase diagrams, where F is the number
of degrees of freedom, C is the number of chemical components and P is
the number of phases in equilibrium. For a binary system, C = 2 so that the
maximum number of degrees of freedom is three for a single-phase system. A
three-dimensional diagram is therefore required for a complete presentation
of the phase relationships. The most commonly used independent variables
in this diagram are pressure (P), temperature (7)) and composition (x).
However, various two-dimensional projections of this three-dimensional
system are available.

The solid—fluid equilibrium is classified principally into two groups (Young,
1978; Schneider, 1978) depending on the shape of their critical curves. A more
complete discussion and explanation of these phase relationships is given else-
where (Street, 1983; Rowlison, 1969).

More complex phase diagrams occur where insoluble liquids appear and
where more components are present. The basic ideas are similar; however,
a similar opportunity for supercritical extraction exists. Now, a discussion on
the binary phase behaviour of liquid—fluid systems is included. These are
broadly classified as four types of the simplest kind of binary system phase
behaviour.

Many other types of phase behaviour exist for the possible extraction of lig-
uids. Simple binary diagrams can illustrate the behaviour that can find possible
applications in different extraction processes.

Ternary systems For the simultaneous extraction of two components A and B
with carbon dioxide, the phase diagram of the ternary system A + B + carbon
dioxide is of interest, especially when the concentrations of A and B are rel-
atively high. The available ternary systems are for carbon dioxide + heptane
+ methanol, carbon dioxide + water + acetic acid, carbon dioxide + water +
glycerides and carbon dioxide + butyl benzene + 2-methyl naphthalene.

Mass transfer phenomena Engineering design of the SFE process requires
knowledge of equilibrium solubility used for the selectivity of components (i.e.
thermodynamic constraints) as well as mass transfer rates. The mass transfer
is influenced by a driving force and resistance in analogous fashion to the heat
transfer process. The driving force is mainly due to the concentration gradient
for the material being transported and the resistance is due to the medium
through which material is being transferred and any interactions between that
medium and the material.
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In general, the mass transfer rate is equal to the driving force/resistance:
N, =kAAc (711)

where N, is the mass transfer rate (kg/s), A is the interfacial mass transfer
area (s m?), Ac is the concentration difference (kg/m? or kg/kg) and k is the
mass transfer coefficient (m/s or kg/m? s). Equation (711) may also be written
in terms of the diffusion coefficient:
dc
N,=-D, a—;‘ (712)
where D , is the diffusion coefficient and dc 4 /0x is the concentration gradient.
Equation (712) is called Fick’s law of diffusion. D is the characteristic of the
component A and its environment (temperature, pressure, concentration and
nature of other components in the material).

For the purpose mass transfer, it is assumed that the supercritical solvent
flows through a fixed bed extracting the soluble components from the bed of
solid material. Mass transfer phenomena in such a case occur in the following
steps:

(a) external diffusion of solvent in the boundary layer,

(b) transfer of solvent into pores,

(c) solute-solvent interaction and solubilization of the solute,
(d) diffusion of solute into the pores, and

(e) external diffusion of the solute.

In most cases, the first three factors are not associated with the system
design. These factors can also be improved by solvent viscosity and tempera-
ture. If the mass transfer rate is limited by the rate of diffusion of the solute
into the pores, then the process is called ‘internal mass transfer controlled’. If
the rate of diffusion of the solute in the external gas phase controls the mass
transfer, then the pressure is called ‘external mass transfer controlled’.

Steady-state mass transfer When the concentration gradient remains
unchanged with the passage of time, the rate of diffusion is also constant.
Then Equation (712) for the flat slab of thickness x becomes

Ac
N,=D— 713
A =DEs (113)
For other shapes,
W=N,S, =DAC (714)
av Ax

where S,, = 2z(a,—a,)/In(a,-a,) for a solid cylinder and S,, = 4 za,a, for
spheres, where a; and a, are the internal and external radii for spheres.
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Mass transfer in a steady-state manner occurs when the solute concentra-
tion in the material is sufficiently high or during the initial period of solute
extraction. Pressure, temperature of extraction and particle size of the mate-
rial play significant roles in improving diffusion in this category of mass trans-
fer phenomena.

Unsteady-state mass transfer Fick’s second law of diffusion can also be used
to solve unsteady-state mass transfer problems with appropriate boundary
conditions:

(715)

ot xn-1 ox

~1 yaC
ac_[ | ] 0|5
where n = 1 for the infinite slab, n = 2 for the infinite cylinder and n = 3 for
the sphere. The equation describes how the concentration changes with time
t and position x in the material. The method of solving the above equation
depends upon the geometrical model chosen and upon the conditions at the
boundaries.
Many assumptions are made to ease the solution to the above equation:

(a) the diffusion coefficient is constant,
(b) the mass transfer resistance in the gas phase is neglected, and

(c) the initial uniform concentration of the solute throughout the material.

The analytical solutions by way of infinite series for various geometrics are:
For the infinite slab,

C-C 8 1 en-1\’| ,
G -C ‘EZ(zn_1)zeXp [‘( 2 )]”F" (116)

Ci - Ct - 1 2
— =4 — exp[-B: F, 717
Ct _ Coo Z B% p[ n 0] ( )
For the sphere,
C-C, 6w 5
m = ; Zn eXp[—(rm) FO] (718)

where, F, is the Fourier number equal to Dt/ L%, where L is the characteristic
length of the geometry of the material, B, is the nth root of the equation,
Ty(B,) is 0 (B, is the Bessel function of the first kind order of zero), C; is the
initial concentration of solute, C; is the surface solute concentration and C,
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is the average concentration of the solute at any time ¢. The solution is also
available in the charts.
The unsteady state mass transfer can also be solved by penetration theory:

D
Ny =2 [Cpi = Cyply/ — (719)
\/ e,

where N, is the average mass transfer rate of component A, C; is the con-
centration of A at the interface, C,, is the concentration of A in the bulk and
t, is the time of exposure or extraction.

Equations (716), (7.17) and (718) are valid only when the mass transfer resis-
tance in the gas phase is negligible. This is true when the Biot number, B; (the
ratio of external mass transfer conductance and internal mass transfer conduc-
tance), is greater than 100; when B; < 100, Equations (7.16), (717) and (7.18)
are to be modified correspondingly or appropriate lines in the charts are to
be used.

When surface conditions (conditions in the gas phase) also influence the
same mass transfer, the effects of these are reported in terms of dimensionless
numbers, which are defined as follows:

Reynolds number : Re = pvé (720)
H
. kL
Sherwood number : Sh = D (721)
Schmidt number : Sc = 2= (722)
Pp
Peclet number : Pe = Re Sc (723)
Sh
Stant ber : St = 724
anton number Re Se (724)
and
Jp =St S23 (725)

where k is the mass transfer coefficient, u is viscosity of the fluid, L is the
characteristic length and p is density of the fluid.
The mass transfer analysis is usually reported in the form of

Sh = f(Re, Sc) (726)
or Jp =f(Re) (727)

These are the equations available in the literature for various flow situations
and geometries (Table 71). The relationships available are to be used with
caution, as they may not be valid in supercritical conditions since buoyant
effects play a role.
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The importance of natural convection is measured by the ratio of buoyant to
inertial forces. This is two orders of magnitude higher in a supercritical fluid (at
a constant Reynold’s number) than in normal liquid. Because of this factor,
diffusivity without considering natural convection will lead to greater error.
Mass transfer relationships are to be given in the form of Sherwood (Sh) and
Grashof numbers (Debendetti and Reid, 1986).

Sh=f(Re, Sc, Gr) (728)
ATel?
Gr= ﬂT—Zg (729)
1%

Here f; is thermal expansion coefficient, AT is temperature gradient, g is
acceleration due to gravity, L is characteristic length, e.g. length in the direc-
tion of flow and v is kinematic viscosity. The large contribution of buoyant
forces suggests that usual mass transfer correlations are unsuitable for design
purposes when SCFs are involved.

The relationship between ¢ and d,, is

a=6(1-¢/d, (730)

where a is the specific surface area or surface area per unit volume of bed,
¢ is the void volume and d, is the bulk density of the bed.

A crossover region is observed at higher pressures along with temperature
for the mass transfer; at lower pressures, the mass transfer decreases with an
increase in temperature, while at higher pressures it increases with an increase
in temperature.

The effects of extraction pressure and temperature on extract yield and
composition of the extract have been studied for several plant matters
(Table 72). However, there are plenty of other process parameters like
particle size, milling conditions, fluid velocity, etc., that influence the extrac-
tion process. Different approaches are available in the literature to obtain
mathematical models that simulate supercritical fluid extraction from solid
materials (Sovova, 2005, 1994; Martinez et al., 2003; Cocero and Garcia, 2001;
DeFranca and Meireles, 2000; Esquivel, BernardoGil and King, 1999; Udaya
Sankar and Manohar, 1994; Tan and Liou, 1989).

The selection of a suitable model to describe the extraction depends on:

(a) the physical meaning of parameters of a particular model,

(b) the simplicity or complex nature of the model, particularly the empirical
ones,

(c) the fact that the model was used for a similar system by researchers, and

(d) the capability of the model to describe the trend of the overall extraction
curve.
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Almost every model in the literature treats the extract as a pure substance,
although it may contain several compounds having a different chemical
nature. This is more so when applied to natural plant materials used to
describe the overall SFE process.

7.3.4 Applications of supercritical extraction of natural
products

CO, offers the following advantages as a supercritical (SC) fluid:

v Being nontoxic and physiologically harmless, it has generally recognized
as safe (GRAS) status.

v It is inflammable, noncorrosive and leaves behind no harmful residues
after extraction. It does not cause any environmental pollution problem
with 7. = 31.1°Cand P, = 73.8 bar. SC-CO, can be used at temperatures
and pressures that are relatively safe, convenient and particularly appro-
priate for extraction of a wide range of compounds.

v Its near ambient critical temperature makes it suitable for thermolabile
natural products, especially in food and pharmaceutical applications.

v It has good solvating power due to low viscosity and high diffusivity.

v Due to its low latent heat of vaporization, a low-energy input is required
for the extract separation system, which renders the most natural odour
and natural tasting extracts.

v The energy required for attaining the supercritical state in CO, is often
less than the energy associated with the distillation of conventional
organic solvents.

v CO, diffuses through condensed liquid phases (e.g. adsorbents and poly-
mers) faster than typical solvents, which have larger molecular sizes (Perry
and Green, 1999).

v In general, the extractability of compounds with SC-CO, depends on
the presence of the individual functional groups in the compound,
their molecular weights and polarity. SC-CO, is an excellent extraction
medium for nonpolar species such as alkanes and terpenes and is reason-
ably good for moderately polar species like benzene derivatives, such as
aldehydes and alcohols.

v As put forth by Brunner (2005), SC-CO, has the following qualities:

(i) It dissolves nonpolar or slightly polar compounds.

(i) The solvent power for low molecular weight compounds is high and
decreases with increasing molecular weight. Materials with a molec-
ular weight greater than 500 Daltons have limited solubility in CO,.

(iii) Free fatty acids and their glycerides exhibit low solubilities; low
molecular weight nonpolar aliphatic hydrocarbons and small aro-
matic hydrocarbons are soluble.
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(iv) Pigments are even less soluble.

(v) Water has a low solubility (<0.5% w/w) below 100 °C, and

(vi) Polar organics such as carboxylic acids, fruit acids, sugars, polysac-
charides, proteins, phosphatides, glycosides and inorganic salts are
relatively insoluble in dense CO,.

The solvating power of SCF is highly dependent on its density. By con-
trolling pressure and temperature, it is possible to control the density of
the fluid allowing selective manipulation of the solvating power of the
fluid. It is reported that solute solubility studies of individual components
present in a mixture provide a means of determining SCF process conditions
that will afford selective extraction or separation of the individual solutes
(Mukhopadhyay, 2000). In the vicinity of the fluid critical point, physical
properties of the fluid change dramatically with small changes in pressure and
hence the solubility of the solutes changes dramatically; some authors have
reported that by using this region, it is possible to separate mixed solutes
(Raeissi and Peters, 2005).

7.3.5 Addition of co-solvents

The application of modifiers is probably the simplest yet most effective way to
obtain a desired polarity of CO,-based fluids. By selecting a modifier or just
simply changing the molar ratio of a modifier, one can readily manipulate the
solubility properties of the fluids. In general, the addition of a small amount of
a liquid modifier can enhance significantly the extraction efficiency and conse-
quently reduces the extraction time without significantly changing the density
and compressibility of the original SCF solvent (Valcarcel and Tena, 1997).

The co-solvent mixed SC-CO, solvent is supercritical when the critical pres-
sure and temperature of the mixture are above its mixture critical values for a
particular composition, which are usually not very different from the critical
values of the pure SC-CO,.

In a binary mixture, when an SCF solvent and a co-solvent are employed
beyond its binary mixture critical pressure to solubilize a liquid—solute, then
the system is represented by a ternary diagram. In such cases, all three com-
ponents are usually distributed both in the liquid and in the SC-CO, phases.
The extent of solubilization of the component in the two phases is charac-
terized by the distribution coefficient, which is given by the ratio of the con-
centrations of the component in the fluid phase as represented by two end
points of a tie line (Mukhopadhaya, 2000). The increase in solubility due
to the addition of co-solvent is the result of additional interactions between
the solute and the co-solvents. Considering the interactions possible, these
co-solvent effects could be the result of several mechanisms: the addition of a
co-solvent generally increases the mixture density, which enhances the solu-
bility as well as physical interactions like dipole—dipole, dipole-induced dipole



7.3 ADVANCED EXTRACTION PROCESSES 147

and induced dipole interactions (Ting et al., 1993). On the contrary, there are
also reports where co-solvents have decreased extraction, both in terms of
quality and quantity of total flavanoids and terpenoids. Decreased efficiency
can be explained by the phenomenon that, with a co-solvent, higher temper-
atures are required to reach the increased critical temperature. In addition,
more polar substances are extracted together with active compounds as the
co-solvent increases their solubility (Yang, Xu and Yao, 2002).

7.3.6 Preparation of plant materials for supercritical
fluid extraction and operating conditions

The other crucial parameters in SFE apart from temperature and pressure are
the CO, flow rate, the particle size of the matrix and the duration of the extrac-
tion process. Proper selection of these parameters has the scope of producing
complete extraction of the desired compounds in a shorter time. They are con-
nected to the thermodynamics (solubility) and the kinetics of the extraction
process in specific raw materials (mass transfer resistances). Proper selection
depends on the mechanism that controls the process: the slowest one deter-
mines the overall process velocity. The CO, flow rate is a relevant parameter
if the process is controlled by an external mass transfer resistance or by equi-
librium, and the amount of supercritical solvent feed to the extraction vessel;
in this case, it determines the extraction rate (Reverchon and Marco, 2006).
Particle size plays an important role in extraction processes controlled by
internal mass transfer resistances, since a smaller mean particle size reduces
the length of the diffusion of the solvent. However, if the particles are too
small, they can give problems of channeling inside the extraction bed. Part
of the solvent flows through channels (formed inside the extraction bed) and
does not contact the material to be extracted, thus causing a loss of efficiency
and yield of the process. As a rule, particles with mean diameters ranging
approximately between 0.25 and 2.0mm are used (Reverchon and Marco,
2006). The optimum dimension can be chosen case by case, considering
the moisture content in the matrix and the quantity of extractable liquid
compounds that can produce the phenomenon of coalescence among the
particles, thus favouring the irregular extraction along the extraction bed.
Moreover, the production of very small particles by grinding could produce
the loss of volatile compounds. Large particles may require a longer time
for extraction, since the process may be controlled by internal diffusion.
However, fine powder can speed up the extraction but may also cause
difficulty in maintaining a proper flow rate. Chemat et al. (2004) used SC-CO,
to extract Foeniculum vulgare volatile oil from fennel fruits with different
mean particle sizes, like 0.35, 0.55 and 0.75 mm. They found that a decrease
in particle size decreased the total yield of the extracted oil. Therefore, in
such cases, some rigid inert materials such as glass beads and sea sand were
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placed along with the fine plant powder to maintain a desired permissibility
of the particle bed. Preparation of plant materials is another critical factor
for SFE of nutraceuticals. Fresh plant materials are frequently used in SFE of
nutraceuticals. When fresh plant materials are extracted, the high moisture
content can cause mechanical difficulties such as restricting or clogging due
to ice formation. Although water is only about 0.3% soluble in SC-CO,,
highly water-soluble solutes would prefer to partition into the aqueous phase,
resulting in a low efficiency of SFE. Some chemicals such as Na,SO, and silica
gel are mixed with the plant materials to obviate the problem of moisture
for SFE of fresh materials (Lang and Wai, 2001). The solubility of a target
compound in SC-CQO, is a major factor in determining its extraction efficiency.
The temperature and density of the fluid control the solubility. The choice of a
proper density of a SCF such as CO, is the crucial point influencing solvency
and selectivity, and the main factor determining the extract composition
(Cherchi et al., 2001). Tt is often desirable to extract the compound right
above the point where the desired compounds become soluble in the fluid so
that the extraction of other compounds can be minimized.

In extraction of Chilean hop (Humulus lupulus) ecotypes, del Valle et al.
(2003) found only a marginal increase in the extraction rate when the pres-
sure was above 200 bar and the temperature was 40 °C; rather, an increase in
pressure increased the co-extraction of undesirable compounds. Thus by con-
trolling the fluid density and temperature, fractionation of the extracts could
also be achieved. For SC-CO, extraction of squalene and stigmasterol from
the entire plant of Spirodela polyrhiza, Choi et al. (1997) found that the rel-
ative extraction yield of squalene was much higher than that of stigmasterol
at 100 bar and 50 or 60 °C. Their results confirmed that SC-CO, could selec-
tively extract substances from the plant materials by controlling conditions
such as temperature and pressure. The extraction time is the other parameter
that determines extract composition. Process duration is interconnected with
the CO, flow rate and particle size, and has to be properly selected to max-
imize the yield of the extraction process. A lower molecular weight and less
polar compound are more readily extracted during SC-CO, extraction since
the extraction mechanism is usually controlled by internal diffusion (Cherchi
et al.,2001; Poiana, Fresa and Mincione, 1999). Therefore, the extract compo-
sition varies with the extraction time.

The importance of nutraceutical products in human health has been well
recognized by industries and researchers in the field of supercritical fluids.
This fact can be judged by the number of literature emerging in recent years.
Advances in supercritical fluid extraction of nutraceuticals and bioactive
components have been reflected in several published papers (Martinez,
2008). SFE of bioactives such as carotenoids, polyunsaturated fatty acids
(PUFAs), squalene, sterols and tocols (Termelli et al., 2008), tocopherols
(Nagesha, Manohar and Udaya Sankar, 2003; Baslingappa et al., 2001), and
quinones from black cumin (Suresh Kumar et al., 2010) have been dealt
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with. Detailed coverage on extraction of natural tocopherols by SC-CO, is
presented (Fang et al., 2008). Bioactives from fish oils such as omega-3 fatty
acids, squalene, diacyl glyceryl ethers and vitamin A (retinol) using SFE have
been reviewed (Eltringham and Catchpole, 2008). Bioactives from algae
by SC-CO, extraction have also been studied (Mendes, 2008). Mangosteen
from the pericarp of the mangosteen fruit, supposed to have anticancer and
antioxidant properties, has been extracted by SC-CO, (Zarena, Manohar and
Udaya Sankar, 2012; Zarena, Sachindra and Udaya Sankar, 2012; Zarena
and Udaya Sankar, 2009, 2011).

There are important reviews (Shi and King, 2007; Eckert, Knutson and
Debenedetti, 1996) dealing with various aspects of supercritical fluid extrac-
tion. SFE from food, pharmaceutical, nutraceutical and other natural and
biological products has received significant attention in recent years. Rozzi
and Singh (2002), Mohamed and Mansoori (2002) and Raventos, Duarte
and Alarcon (2002) reviewed applications of supercritical fluids in the food
industry. Awasthi and Trivedi (1997), Rizvi (1994) as well as Mukhopad-
hyay (2000) enumerated extraction techniques for various types of natural
materials. King and List (1996) dealt with applications for SFE for lipids and
oils. Chen and Ling (2000) as well as Lang and Wai (2001) and Catchpole
et al. (2004) described applications of SFE technologies for herbal medicine.
Apart from these detailed reviews and books, there are several other research
publications on supercritical fluids for the extraction of various biological
materials (Prieto et al., 2003; Canela et al., 2002; Wong et al., 2001; Senorans
et al., 2001; Ibanez et al., 1999; Galan, Nienaber and Schwartz, 1999; Cheng
et al., 1999; Ambrosino et al., 1999; Nguyen, Anstee and Evans, 1998; Cheung,
Leung and Ang, 1998; Chester, Pinktson and Raynie, 1998; Tsuda et al.,
1995; List et al., 1993; Bhaskar, Rizvi and Sherbon, 1993; Peker et al., 1992;
Froning et al., 1990). A review on future directions of the process involving
SFE has been discussed (Decastro and Carmona, 2000). The list of various
bioactive components that have been reportedly extracted with SC-CO, and
the process parameters, such as temperature, pressure, CO, flow, etc., have
also been tabulated (Shi and King, 2007). Some studies have focused on
other applications, especially with botanical materials and thermally liable
substances (Moura et al., 2005; Rozzi and Singh, 2002; Walker, Cochran
and Hulbert, 1999; Brunner, 1994; McHugh and Krukonis, 1994; Rizvi, 1994;
Goto, Sato and Hirose, 1993). Many review articles of supercritical fluid
technology exist. Subjects covered include: a general overview (Chester,
Pinktson and Raynie, 1998), applications in food industries (Brunner, 2005;
Rozzi and Singh, 2002), herbal and natural products (Sovova, 2005; Lang and
Wai, 2001), Chinese herbal medicine (Chen and Ling, 2000), pharmaceutical
research (Vasukumar and Bansal, 2003; Subramaniam, Rajewski and Snavely,
1997) and biotechnology (Williams and Clifford, 2000).

SC-CO, has been used as a solvent to extract natural antioxidants from var-
ious plants, including carotenoids, nonpolar tocopherols, terpenoids and polar
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phenolic compounds such as flavonoids from oilseeds, plant leaves, labiate
herbs and spices (Mukhopadhyay, 2000). Traditional extraction methods such
as solvent extraction, aqueous alkaline extraction and steam distillation are
not selective, and hence antioxidant extracts often show colour (chlorophyll)
and have a strong flavour. Therefore, further purification steps are often
required for the extract and final food product to remove unwanted residuals.
SC-CO, extraction, on the other hand, inherently increases selectivity and
allows for fractionation of the extract for high value added substances, such
as antioxidants.

Some of the nutraceutical products made by SC-CO, extraction and their
salient features are:

(a) Extracts of chamomile flowers as anti-inflammatory and antispasmodic
bioactive compounds (e.g. sesquiterpene, lactone and matricin) (Scalia,
Giuffreda and Pallado, 1999).

(b) Extracts of turmeric for bile preparations — no artefacts such as tolyl-
methylcarbinol created during steam distillation (Gopalan et al., 2000).

(c) Valerian as a sedative preparation — valepotriates obtained are in an
undecomposed form having a high yield (>90%) (Zizovic et al., 2007).

(d) Wormwood extracts as a carminative, cholagogue and stomachic —
removal of toxic f-thujone by fractional extraction from thermally
unstable pharmacology active components (Ghasemi et al., 2007).

(e) Hydrogenation reactions in supercritical carbon dioxide that are a fac-
tor of 1000 times faster than conventional hydrogenation reactions with
greater control over trans-isomer formation (Marentis, Hsu and James,
2001).

(f) Saw Palmetto — higher concentrations of phytosterols (active ingredi-
ents) (Catchpole et al., 2002).

(g) Ginseng — extraction of pesticides without extracting significant quanti-
ties of active ingredients (Wang, Chen and Chang, 2001).

(h) Echinacea — more concentrated extract is obtained by SFE than conven-
tional technologies (Catchpole et al., 2002).

(i) Feverfew — more concentrated extract is obtained by SFE than conven-
tional technologies (Cretnik, Skergetand Knez, 2005).

(j) Chitin (glucosamine) — able to separate astaxanthin co-product from
chitosan using SFE, able to demineralize shells and other processing
steps (Lim et al., 2002).

(k) StJohn’s Wort — more concentrated extract is obtained by SFE than con-
ventional technologies (Catchpole et al., 2002)

() Kava-kava — more concentrated extract is obtained by SFE than con-
ventional technologies (Khorassani, Taylor and Martin, 1999).

(m) Gingko biloba — SFE reduces allergenic compounds in the extract
(Yang, Xu and Yao, 2002).



REFERENCES 151

(n) Garlic (allicin) — SFE extract is more concentrated and deodorized in
addition to higher yields when compared to conventional technologies
(Del Valle, Mena and Budinich, 2008).

(o) Evening primrose oil — more concentrated extract is obtained by SFE
than conventional technologies (Favati, King and Muzzanti, 1991).

(p) Rosemary extract — SFE extract is more concentrated and deodorized in
addition to higher yields compared to conventional technologies (Ibanez
etal., 1999).

(q) Grape seed extract — more concentrated extract is obtained by SFE than
conventional technologies (Murga et al., 2000), and

(r) Separation of essential oil from spices without contamination (Udaya
Sankar and Manohar, 1998a).

7.3.7 Commercialization of SFE technology

The early studies on SFE did not just remain as a laboratory curiosity but
resulted in the establishment of large commercial enterprises based on SFE
using carbon dioxide in Europe and the United States. The first commercial
supercritical fluid extraction was performed in Germany in 1978 (Palmer and
Ting, 1995) for the decaffeination of green coffee beans. Two years later, Carl-
ton and United Breweries in Australia developed a process for the extraction
of hop flavours using liquid carbon dioxide (Palmer and Ting, 1995). Since
then, several commercial plants handling several materials have started. Com-
mercial applications of the SFE technology remain limited to a few high-value
products due to high capital investment and being a complex operating sys-
tem. Adoption of the technology is on the rise as a result of advances in pro-
cessing system, equipment and the realization of producing high-value prod-
ucts with high profitability. Global perspectives for extraction of high-value
natural bioactives using SFE technology has been well covered (Udaya Sankar
and Manohar, 1998b). A partial list of commercial plants employing SFE tech-
nology processing food materials is available. During the last two decades, a
large number of industrial plants (about 100) of different capacities were built
for batch extractions of solid materials with SCFs. At present, a total number
of about 100 extractor vessels larger than 100 litres have been designed for
different industrial plants, distributed mainly in Europe, Japan, USA and in
other Asian countries (Brunner, 2005). Some of these plants, particularly for
hops, tea and coffee, have a production capacity of 15-30 million kg per year.
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8.1 Introduction

Bakery products are known to people from ancient times and home baking
was the common practice. The concept of baking food or baking as an industry
is as old as human civilization. Consumer demand for ready-to-eat processed
foods with a better shelf-life, taste, nutritional quality and health benefits has
increased thoughout the world. Bakery products are the important items that
can satisfy most of these requirements. Bakery products include varieties of
bread, such as yeast leavened breads (like white bread) and unleavened breads
(such as tortilla, chapati and tandoori roti and sweet products such as cookies,
biscuits, cakes and muffins).

Baking is a thermal process that is carried out under high temperatures.
Baking is the key unit operation in a bakery, wherein an intermediate dough or
batter develops the desired product characteristics including volume, colour,
texture and flavour. Several physical, chemical, biochemical and rheological
changes that take place during the baking process include volume expansion,
vaporization of water, formation of porous structure, denaturation of pro-
tein, gelatinization of starch, colour formation due to the browning reaction
and crust formation. An understanding of these changes is highly useful in
the development of a complete mathematical model of the process of bak-
ing. Baking is thus a complex process wherein both heat and mass transfer
take place simultaneously and convert the dough or batter into rigid prod-
ucts. High quality of a bakery product is possible to obtain when the quantity
of good quality ingredients are optimized along with the baking process. In
the baking process, heat is mainly transferred by convection from the heating
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medium and by radiation from the oven walls to the product. This is followed
by conduction heat transfer from the peripheral to the geometric centre of
the product. The product properties, such as specific heat, thermal conductiv-
ity, thermal diffusivity and moisture diffusivity, are important to predict the
temperature and moisture distribution in the product during the baking pro-
cess (Sablani et al., 1998; Rask, 1989). The application of the baking process
to manufacture several bakery products, the role of ingredients and process,
and the changes that take place during the baking of bread, biscuits and cakes
will be discussed in this chapter.

8.2 Bread

Baked products have a long history of production since humans first learnt
how to bake cereal grains to improve their palatability and digestibility. It
is possible that the first baked product was developed in the ancient Mid-
dle East. The technology of baking spread rapidly wherever wheat and other
cereal grains could be grown. Bread is a ‘balanced’ product, providing a good
source of energy, protein, vitamins (particularly the B group vitamins), min-
erals and dietary fibre. The major ingredients of bread include flour, water,
yeast and salt. Optional ingredients that may be added include malt flour, soya
flour, dough conditioner, enzyme, sugar, yeast, milk and milk products, fat and
fruit. Varieties of bread differ in size, shape, colour, texture and flavour. For
example, the soft roll is a type of bread characterized by its softness, sweetness
and fine texture (Hui, 2006).

8.2.1 C(Classification of bread

Breads are broadly classified into leavened and unleavened types. In leav-
ened breads, leavening agents like bakers yeast (Saccharomyces cerevisiae) or
baking soda (sodium bicarbonate), acids and inert fillers are used to expand
bread by incorporating carbon dioxide. Examples of leavened bread include
the most common white bread, different styles of brown bread, whole grain
(whole meal) bread and many types of gourmet bread (mixed grain and fruits).
Unleavened bread is often flat and dense due to the absence of gas-producing
agents, which include pancake, muffins and Arabic bread.

Ingredients and their role

Flour Wheat flour is unique among the cereal flours in that when mixed with
water in appropriate proportions it forms an elastic dough. This phenomenon
of gluten formation is used in the preparation of baked products such as breads
(yeast breads), quick breads, cakes and pastries; a strong network is formed
that traps the gas produced by yeast or baking powder to offer a spongy struc-
ture. The protein content of wheat flour is thus one of the most important
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parameters affecting bread quality. An increase in protein content leads to an
increase in the gas-retention properties of the dough and therefore increases
bread volume. The main wheat proteins of interest in baking are classically
divided into two fractions, referred to as gliadins and glutenins, and both con-
tribute to flour quality and dough rheological properties. Glutenin controls the
elasticity of the gluten and the time required for dough development, while
gliadin is responsible for the loaf volume (Shakuntala and Shadaksharaswamy,
2008). Properly developed gluten makes the dough easy to handle, either by
hand or machine, and permits a good expansion during fermentation and at
the early stage of baking.

Bread flours are milled from blends of hard winter and spring wheat, and
their moisture, protein and ash contents, quality of starch and particle size
are controlled. The flour quality requirements of bread, biscuits and cake are
given in Table 8.1.

Water An important function of water is gluten formation. The amount of
water absorbed to make dough of standard consistency depends upon the
proportion of protein and damaged starch. Water brings about the partial
gelatinization of starch and the ingredients into intimate contact so that the
complex reaction of bread making can take place. Water also dissolves sugars
and salt, and serves as a dispersion medium for yeast cells. In general, water of
a medium hardness (50 to 100 ppm) with a neutral or slightly acidic pH is pre-
ferred for dough making. Water that is too soft can result in sticky doughs

Table 8.1 Flour quality requirements for bread, biscuit and cake

Quality parameter Bread Biscuit/cookie Cake
Protein (%) 12-13 7-8: Wire-cut cookies 7-8: Normal
8-9: Rotary moulded 9-9.5: Fruit cake
8-10: Crackers/
semi-sweet
Gluten (%) ~10 ~8 7-8
Ash (%) 0.42-0.48 0.45 0.4
Colour grade 3-4 3-4 ~3
Damaged starch (%) 7-9 Low Minimum
Falling number (s) 350 400-450 450-550
Water absorption (%) 60-65 54-56 54
Sedimentation value (mL) 30-40 20 <20
Farinograph stability (min) 6-8 2-3 2-3
Extensograph ‘R" value (BU) 550-700 200-300 200
Extensograph ‘E" value (mm) 150-200  >200 200
Granulation Medium 98-100% (220 pm) Finer

70-80% (180 pm)
20-30% (130 pm)
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because of the absence of gluten tightening minerals. Too hard water may
retard fermentation to a certain extent by toughening the gluten. Alkaline
water affects the functioning of yeast and flour enzyme (Matz, 1960). Gela-
tinization during baking plays a significant role in the formation of the product
structure and the changes that subsequently occur as the product is cooled and
stored. The impact of damage to the starch granules extends beyond increas-
ing the water absorption capacity of the flour. High levels of starch damage in
white flours can lead to the loss of bread volume. Cauvain and Young (2006)
discussed the effect of excessive damaged starch in the context of the Chor-
leywood bread process (CBP), where it leads to a more open cell structure
and greying of bread crumb. This relationship between starch damage and
alpha-amylase activity has profound implications for baked product quality,
especially for bread and fermented goods. The release of water from starch
leads to softening of the dough, which may cause processing problems. The
presence of high levels of dextrins can offer problems during slicing of bread
(Cauvain and Young, 2006).

Yeast Bakers yeast (Saccharomyces cerevisiae) is used to produce carbon
dioxide in the manufacture of bread. It acts on simple sugars to produce
both carbon dioxide and alcohol (Williams and Pullen, 1998). Yeast used for
leavening is marketed in two forms: compressed yeast and active dry yeast.
Compressed yeast has a moisture content of 72% and is the most active form
of yeast for bread making, but is highly unstable. The shelf-life of compressed
yeast is only about five weeks and that of dry yeast is two years.

Carbon dioxide has an important contribution for the expansion of baked
products and imparts significantly to changes in texture and eating quality.
The alcohol is driven off during baking. Gradual production of carbon diox-
ide is preferable, because the film-forming property of gluten is also developed
gradually as the dough is being hydrated and mechanically kneaded. The pro-
duction of carbon dioxide and alcohol from sugars is a temperature-sensitive
reaction, the optimum temperature being 40—-43 °C. The heat of the baking
operation eliminates the yeast and inactivates enzymes; thus, fermentation
and release of carbon dioxide ceases (Potter and Hotchkiss, 1995). Bakers
yeast acts on simple sugars like sucrose by hydrolysing it into glucose and fruc-
tose by means of the enzyme invertase. The yeast then immediately ferments
glucose and later it proceeds to ferment fructose.

Salt (sodium chloride) Salt is used for a variety of purposes in the manufacture
of baked products; it contributes to flavour development. The ionic nature of
salt controls water activity and therefore retards the growth of molds (Cauvain
and Young, 2006). Salt limits the activity of yeast in dough. The lower the
level of salt in the dough, the lower the yeast level will be to maintain a given
proof time (Williams and Pullen, 1998). The presence of salt also affects gluten
formation during the dough-making stage.
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Sugars Added sugar is not essential for bread making. A small quantity of
sugar is present in the flour, which is readily used up by the yeast. However,
if no sugar is added, fermentation is slow because sugar is needed for yeast
activity, which must be formed by the action of amylases on starch. Excess
sugar will retard the fermentation by the osmotic effect of dissolved solutes
on yeast cells, and it also interferes with gluten formation. The brown colour
of the crust of bread is due to the Maillard reaction between the amino
acid of protein and reducing sugar during baking. Sugar also possesses
moisture-retaining properties in baked goods. Increasing sugar level lowers
the water activity of a product and has a significant effect on the shelf-life.

Shortenings Oils and fats have been added to modify the mouth-feel of baked
products. Shortenings in bread have a tenderizing effect. The main role of solid
fat in bread is stabilization of gas bubbles formed due to yeast fermentation in
dough, which improves the gas-retention properties and is usually manifested
as improved oven spring (height between the dough entering the oven and the
baked bread). It inhibits gas bubble coalescence and offers a finer structure
and softness of crumb at higher levels of addition.

Emulsifiers Emulsifiers belong to the general class of surface-active agents
and are able to form an emulsion with two liquids that are normally immis-
cible. Emulsifiers are widely used as ingredients in shortening for bread.
Monoglycerides and diglycerides of fatty acids are the most widely used
emulsifiers, and these are able to form complexes with the starch, which
slow down the retrogradation process in the baked products during storage
(Pateras, 1998). Emulsifiers improve dough handling properties, the rate of
hydration and water absorption, increase greater tolerance to resting time,
shock and fermentation, and improve crumb structure (finer and closer grain,
brighter crumb, increased uniformity in cell size). They also emulsify fats,
improve gas retention, have better oven spring, increased loaf volume and
bread shelf-life (Stampfl and Nersten, 1995). A wide range of emulsifiers
is used in the baking industry. The major differentiation is between crumb
softeners, which improve the softness of baked products, and act as dough
conditioners, which improve dough properties. The most commonly used
emulsifiers are glycerol monostearate and lecithin. One of the most com-
mon emulsifiers for water-in-oil emulsions is monoglycerides of fatty acid.
Glyceryl monostearate is used as a bread improver; it has a dominating
effect on softness but less effect on loaf volume, resulting in a fine crumb
with considerable elasticity. The action of glyceryl monostearate is based on
retarding starch retrogradation.

Dough conditioners A scientific explanation for the loaf volume increase and
improved crumb structure due to emulsifiers cannot be offered, but a theory
based on the emulsification or lubricating effect appears promising. Flour,
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water, salt and yeast are mixed into a complex dough, consisting of starch
that is held together by gluten strands and water. These gluten strands form
a network. The addition of fat decreases the friction between the gluten
strands themselves and between the gluten strands and starch particles,
which results in improved viscoelastic properties of the dough. Both these
effects contribute to improved gas retention. An emulsifier provides good
emulsification of fat in dough and dispersion of the fat as a film between
gluten strands and starch particles. The unstable starch—water dispersion
becomes stabilized as the hydrated starch granules repel each other. All
these effects give a good ‘conditioned’ dough or ‘strengthened’ dough, which
results in increased loaf volume, a fine and regular crumb structure and
crumb grain, and softer bread (Hui, 2006).

Enzymes Small amounts of other ingredients are added to modify the prop-
erties of commercial bread. These include enzymes, hydrocolloids, dough
improvers, etc. Wheat flour contains a wide range of enzymes, mostly located
in the aleurone layer and germ. The addition of enzymes is commonly used
to modify the dough rheology, gas retention and crumb softness in bread
manufacture (Williams and Pullen, 1998), and for the reduction of acrylamide
formation in bakery products (de Boer, Heermans and Meima, 2005).
Amylases, proteases and oxidoreductases are the common enzymes used in
baked products. Alpha amylases are used to improve the gas-retention prop-
erties of fermented dough, which leads to improvement in product volume,
softness and crust colour, increases fermentable sugars and enhances flavour.
Proteolytic enzymes act on the proteins of wheat flour and reduce gluten elas-
ticity, thereby causing the dough to become softer and more extensible.

Hydrocolloids In the baking industry, hydrocolloids are gaining increasing
importance for improving the bread-making process. They improve dough
handling properties, quality of fresh bread and extend the shelf-life of stored
bread (Rosell, Rojas and Benedito de Barber, 2001a). Some of the examples
of hydrocolloids used are carboxymethylcellulose, xanthan, sodium alginate
and hydroxypropylmethylcellulose.

Bread-making process Several developments in bread making have taken
place in recent years. These developments are aimed at (a) reducing pro-
cessing time, (b) improving bread quality and (c) making the production
continuous. Bread preparation includes mixing, fermentation, dough make
up, proofing, baking, cooling, slicing and wrapping. The major processing
methods in bread production are as follows.

Straight dough method All the ingredients are mixed at one time and allowed
to ferment. After resting the dough for about two hours, it is knocked back to
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remove the gas evolved. It is then allowed to rise again for one hour, which
is called first proofing. The dough is then moulded and allowed to rest in the
baking pan for 45 to 60 min for the final proofing and is then baked (Shakun-
tala and Shadaksharaswamy, 2008). Among all the bread-making methods,
the straight dough method is simplest and most commonly practised. Based
on differences in fermentation time, the straight dough method can further
be divided into two types: straight dough and no-time dough. Breads made
through the straight dough method need a shorter fermentation time and have
less fermentation loss. Breads made by the speedy method (no-time dough)
are dense in texture and rough due to insufficient fermentation and have a sig-
nificantly decreased shelf-life; the overall quality of the bread is also not ideal.

Sponge and dough method The sponge process involves two-stage mixing.
A portion of flour and water and yeast are mixed to create the sponge dough.
Occasionally, depending on the fermentation time and the flour strength,
small amounts of sugar, yeast and improvers are added to strengthen the
sponge dough. After pre-fermentation, the dough is mixed for a second
time with other ingredients such as water, milk powder, salt, sugar and
fats and oils to create the main dough. After the main dough completes its
extended fermentation, it proceeds to dividing, rounding and other steps in
the bread-making process. Sufficient fermentation of the dough increases the
bread volume; the texture of bread is finer and soft, and it possesses a unique
flavour and aroma; the staling rate also slows down.

Based on the different proportions of flour added, sponge processes are
divided into two broad categories: plastic sponge (or solid sponge) and liquid
sponge. In the plastic sponge process, the dough is made using over 55% of the
total flour in the formula and the proportion of water needed must be 58—62%
of the plastic flour. In the liquid sponge process, the amount of flour usually
used in making the liquid sponge dough is about 30-50% of the total flour in
the formula. In cases where the amount of flour used is smaller than 30% of
the total flour, 1% of sugar can be added to help fermentation. The amount
of yeast used is around 0.5% of the amount of the liquid sponge flour and the
amount of water to be added should be at least 1:1 (water:flour) in proportion
with the liquid sponge flour, but can be as high as 1.25:1. The general propor-
tion is 1.05 to 1.15:1. Since the proportion of water added to the liquid sponge
dough is much higher than that added to the plastic sponge dough, the mix-
ture does not form dough. Instead, it exists in a thick colloidal liquid form and
is called ‘liquid sponge’ (Hui, 2006).

The Chorleywood method is designed for wheat flours that are strong in
nature and meant for production of high loaf volume bread. The yield of bread
in this method is about 4% higher than the conventional method. The process
is mostly a batch process and requires considerable high-speed mechanical
mixing in order to develop the required dough structure within a short time.
Bread produced by this method produces a bland flavour.
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8.2.2 Principles of baking

The different unit operations for processing of bread, biscuit and cakes are
shown in Figure 8.1 and are discussed in subsequent sections.

Mixing Most of the characteristics of the final products are determined
directly or indirectly during the mixing stage. If the dough is undermixed
or overmixed, the handling properties of the dough will be different. The
metabolism of yeast may be changed if overmixed. Consequently, formation
of yeast flavour substances in the crumb may be prohibited (Zehentbauer
and Grosch, 1998). Mixing is normally designed to achieve a target energy
input into dough or a target final dough temperature. The importance of

Ingredients
l Formula balance
Mixing
Sugar batter or creaming
. method, flour batter or
All'in one method All'in one method blending method, Single-
Straight dough Creaming method stage method,
Sponge and dough Sponge and dough emulsion method.
4
Fermentation Shaping Pouring
Rotary
< moulding,
" root press,
Moulding and wireaut,
roofin sheeting and
P 9 laminating
Bread Biscuit Cake
A 4
Baking
A 4
Cooling
A 4
Packaging

Figure 8.1 Different unit operations for processing of bread, biscuit and cake



8.2 BREAD 167

the dough temperature also cannot be underestimated. If the temperature
is inappropriate, the fermentation rate will be faster or slower, and that in
turn will influence the final volume of the bread and colour of the crust.
Mixing time influences texture and grain of the crumb. Mixing is normally a
discontinuous step in the sponge dough method but is a continuous process
in the straight dough method.

Objective of mixing phase Multiple objectives are achieved during mixing;
these are the uniform incorporation of all ingredients, hydration of the flour
and the other dry ingredients and development of gluten (Hui, 2006).

Fermentation Fermentation in bread making is the process by which the
well-mixed ingredients for bread making are converted under controlled
temperature and humidity for an appropriate time, to soften and expand
dough, with changes in both structural and rheological properties. The yeast
converts the available carbohydrates (sugars) to carbon dioxide that enables
dough volume expansion and bread softness. The ingredients in the dough
undergo both physical and chemical changes during the fermentation process.
The physical changes include an increase in volume and temperature of the
dough and changes in consistency. Chemical changes include the lowering
of pH from 5.5 to 4.7 due to the formation of acids like acetic acid, thus
providing the bread with flavour and aroma. In optimally fermented dough,
both gas production capacity and gas retention capacity should coincide.
When both peaks are reached at the same time, bread will have the largest
loaf volume and good texture.

Fermentation time Fermentation time for bread is mainly related to the
amount of yeast used. The more yeast used, the less is the fermentation
time needed. Besides the amount of yeast used, the mixing level of the
dough, dough temperature, the temperature and humidity of the fermenting
environment and the amount of improvers and enzyme used may influence
the fermentation condition of the bread. Therefore, the fermentation time
mainly depends on the amount of yeast used.

Factors influencing fermentation Many factors influence dough fermentation,
including the components of flour, salt, sugar, yeast, water, improvers, the
degree of dough mixing, dough temperature, fermentation time, and environ-
mental temperature and humidity control.

Dough make-up The fermented bulk dough is divided into individual dough
pieces of proper weight, which, when moulded, proofed and baked, will yield
the desired baked product. Dough make-up includes dividing, rounding, inter-
mediary proofing and moulding. The dough is divided into loaf-sized pieces
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with the help of a divider. Dough is usually divided on the volumetric basis;
dividing should be done within the shortest time in order to ensure a uniform
weight. Rounding is the process in which the pieces of dough are shaped into
round balls with smooth unbroken skin over its entire surface. If the divided
dough piece is irregular in shape, the gas can readily diffuse and the gluten
structure becomes disoriented and becomes unsuitable for moulding. Round-
ing is done in order to ensure the external surface smoothness and, for the dry
interior of dough pieces with a relatively thick and continuous skin around
them, to reorient the gluten structure.

Intermediate proofing is the process of giving the rounded dough pieces a
short rest period (about 12—15 min) to recover from the effects of the dividing
and rounding machines. In intermediate proofing, the dough becomes larger
in volume due to gas accumulation and the skin is firmer and drier, making the
dough pieces more pliable and extensible. Upon completion of the intermedi-
ate proofing period, the dough pieces are moulded into the desired shape. One
main principal objective of the moulding process is to expel carbon dioxide
as much as possible. In the moulder, the dough passes through three distinct
stages. Flattening is done in the head rollers of the moulder. The sheeting
rollers sheet the dough into a fit piece of dough and the curling rollers and
thread rollers twirl each piece of sheeted dough to give it a cylindrical shape.
In the next process, the drum or pressure plate rolls and seals the loaf into its
final form.

Panning Pan proofing is the process of rolling the panned and racked
moulded dough pieces quickly into the dough proofing cabinet, which is
well insulated and maintained at a temperature of 35-37°C and a relative
humidity of 85%. The panning process is to be so adjusted that it will deposit
the dough loaf into the pan with the seam down. This will prevent the
subsequent opening of the seam during final proofing and baking, thereby
minimizing the appearance of rough and irregular top crust surfaces.

Proofing The purpose of proofing is to relax the dough from the stress
received during the moulding operation. Proofing is done to bring about
the recovery of those dough properties that have been lost during dough
make-up and to facilitate the production of gas in order to give a good
volume to the bread and to change the tough bucky gluten to a good mellow
extensible character. Temperature, humidity and time play major roles during
proofing. The proofing temperature selected is influenced by factors such
as flour strength, dough formulation, dough conditioners and shortenings
used, and the degree of fermentation. Relative humidity may vary from 75 to
90%. Lower humidity tends to promote the formation of an excessively dry
skin on the proofing dough, which will restrict its optimum expansion and
desired crust colouration during baking. Excessive humidity causes moisture
condensation on the dough and results in a tough crust and blisters in the
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finished bread. Dough entering the oven usually has a lower temperature
than that of the equipment. Typically, dough temperatures will vary within the
range of 25 and 32 °C, depending on the bread-making method employed and
the temperature of the environment. In warm seasons, the dough temperature
may rise to as high as 35-36°C. Whatever may be the actual temperature
of the dough pieces, it is usually lower than that of the oven at the point of
entry. The dough temperature in the oven rises quickly at the surface and
more slowly at the centre. The shape and form of the dough piece has a direct
impact on the rate at which the dough temperature will rise. Dough pieces
with thin cross-sections tend to proof more rapidly and the yeast level may be
lowered in order to extend the proof time. The changes in dough rheology that
occur with time are helpful in controlling expansion in the oven. The proof
time is between 55 and 65 min. The actual proof time will vary depending on
the dough character. Poor proofing results in loaves with a pale crust colour,
coarse grain, poor texture, impaired keeping quality and a flavour with an
acid overtone. Underproofing usually yields small loaf volumes, shell tops, a
foxy red crust colour and occasional bursting at the sides.

Baking Baking is generally defined as the process in which products are
baked through a series of zones, with exposure to different time periods,
temperatures and humidity conditions (Hui, 2006). The final step in bread
making is the baking process in which the dough piece is transformed into
a light, readily digestible and flavourful product under the influence of
heat. Within this baking process, the natural structures of the major dough
constituents are altered irreversibly by a series of physical, chemical and
biochemical interactions. Several apparent phenomena are caused by oven
heat; these involve the expansion in volume, the formation of an enveloping
crust, the inactivation of yeast and enzymatic activities, the coagulation of
the flour protein and partial gelatinization of flour starch. Meanwhile, the
formation of new flavour substances, such as caramelized sugars, pyrodextrins
and a broad range of aromatic compounds also accompanies this process.

8.2.3 Changes due to baking

Physical changes The first observable change at the beginning of the bak-
ing stage is the formation of a thin and initially expandable surface skin; its
elasticity is a direct function of the moisture content of the oven atmosphere.
The rise in temperature of baking products speeds up the enzymatic activities
and yeast growth at this stage. These two phenomena rapidly increase carbon
dioxide production and keep the loaf expanding; this expansion is commonly
called ‘oven rise’ or ‘oven spring’. The release of dissolved gases takes place
when the internal temperature is around 50 °C. In the following approximately
13 min, the second and third stages of baking occur. The temperature of the
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crumb rises at a rate of 5.4 °C per min during the second stage. When the tem-
perature of the crumb reaches about 98.4-98.8 °C, the third stage of baking
starts immediately, where the liquids having low boiling points are converted
into vapours. The alcohol formed by yeast action further increases the inter-
nal pressure, which helps in further oven rise. The temperature of the crumb
remains fairly constant at this stage.

Chemical and biochemical changes The reaction rates of starch gelatiniza-
tion and protein coagulation reach their maximum. The temperature of the
crust reaches 150-205 °C and brown colouration begins to appear. In the final
stage, the oven temperature remains between 221 and 238 °C. The cell walls
of the loaf start firming up and crust colour develops to a desirable extent. In
this final stage, certain organic substances volatilize; this is commonly referred
as ‘bake-out’ loss (Prouty, 1965). Yeast generates more carbon dioxide and
alcohol in the dough until the thermal death point is reached at 60 °C, which
contributes to further expansion of the dough.

Starch gelatinization During the baking process, the starch granules begin to
swell at a temperature of about 40 °C. When the temperature reaches a range
of about 50-65 °C, the viscoelastic properties of the dough are replaced by flu-
idity. In the initial stage of gelatinization, the starch granules swell by absorb-
ing both free water and water held by the proteins of the dough. However,
a large portion of granules remains intact until the end of gelatinization due
to limitation of the water supply (Sansstedt, 1961). The extent of starch gela-
tinization is influenced by water availability, temperature and the duration of
its action on starch. In general, there is a higher degree of starch gelatinization
between the crumb layers and the crust than in the centre of the product due
to longer exposure at high temperatures (Yasunaga, Bushuk and Irvine, 1968).

Protein denaturation The gluten-forming proteins bind approximately 31%
of the total water absorbed by the dough. They contribute to the formation
of the dough structure by providing the matrix in which small starch granules
are embedded (Pomeranz, Meyer and Seibel, 1984). The proteins begin to
undergo thermal denaturation when the temperature of the crumb reaches
about 60—70°C. The denatured proteins start losing their water-binding
ability and release water from protein to starch to cause starch gelatinization.
On the other hand, when the temperature of the dough rises above 74 °C,
the gluten films surrounding the individual gas vacuoles are denatured by
heat and are transformed into a semi-rigid structure by interaction with the
swollen starch.

Enzyme activity For every 10 °C rise in temperature, the amylases accelerate
their hydrolysis of starch. As the temperature rises, thermal inactivation
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of enzymes also commences. In the early stage of baking, the amylases
contribute two effects in the baking process; these are (1) the amylases attack
the starch structure and cause the dough to become more fluid and, hence,
promote dough expansion and (2) the starch is broken into small molecules
and increases the levels of both dextrins and maltose to be fermented by
yeast. Inadequate amylase reactions may induce product defects. The product
volume is reduced with low levels of amylase activity; conversely, excessive
amylase activity produces over-expansion of the loaf and may cause the loaf
to collapse (Marston and Wannan, 1976).

Sugar caramelization When sugar is heated beyond 170 °C, it polymerizes to
form coloured substances called caramels. Caramelization takes place in the
crust because of the increase in the crumb temperature; it imparts a distinct
flavour to the baked product.

Maillard reaction The Maillard reaction is a thermal chemical reaction,
which occurs between proteins and carbohydrates during baking to produce
melanoidins. It imparts a typical colour and flavour. Lane and Nursten (1983)
studied over 400 model systems involving mixtures of twenty-one amino
acids and eight sugars that had been heated under different conditions of
temperature and humidity, and identified the odours produced from these
systems. They have indicated that the odour of bread crust, biscuit, cake and
so forth are produced by heating the carbohydrates with the amino acids
such as arginine, glutamine, histidine, lysine, proline, serine, threonine and
tyrosine at temperatures of 100—140°C for 0.5-4.0 min. The three stages of
Maillard reaction are shown in Figure 8.2.

Proper cooling of bread is required prior to slicing and packaging in order
to avoid difficulties in the operation of the slicer and undesirable moisture
condensation within the package. The interior crumb temperature should be
reduced to a range of 35-40.5°C before packaging. This prevents moisture
condensation, soggy crust and deformation of the wrapped loaf of bread.
Cooling also facilitates the redistribution of moisture in the product. The
migration of moisture from the centre to the crust softens the crust. The cool-
ing rate depends on air temperature, relative humidity, velocity, flow pattern,
bread size and temperature. Cooling bread with a low air temperature can
create a hard surface on the crust quickly.

8.2.4 Packaging

After cooling, the bread is sliced and packaged. Bread packaging materials
possess certain properties. The bread has to act like a barrier against contam-
inating agents such as dust, microbes, etc. It is expected to conserve mois-
ture, prevent rapid desiccation and staling, and avoid internal condensation
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First stage (colourless)

1. Sugar-amine
condensation

2. Amadori
rearrangement

A
Second stage (colourless or yellow)

1. Sugar dehydration
2. Sugar fragmentation

3. Amino acid degradation

Third stage (highly
colourful)

1. Aldol condensation

2. Aldehyde-amine
polymerization,
formation of heterocyclic
nitrogen

Figure 8.2 Three stages of Maillard reaction

of moisture. Further, packaging provides physical strength against deforma-
tion of the product during transportation and storage, and be economical. To
improve the microbial safety during packaging and storage, use of modified
atmosphere packaging is preferred. Modifying the atmosphere inside a pack-
age using ethanol, nitrogen or oxygen is another approach. Not only can it
inhibit growth of microorganisms but it can also slow down the staling rate.
Waxed paper used for bread and bun packaging is generally made of a base
paper made of bleached sulphite pulp with a coating of blend comprising
paraffin wax, microcrystalline wax and hot melts. Newer packaging materi-
als like cellophane and polypropylene, which provides good clarity, stiffness,
rigidity and good machinability, are being increasingly used. Developments
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in the field of bread packaging include certain process modifications in the
product to provide a longer shelf-life.

8.3 Biscuit

The term biscuit is derived from the latin word bis coctus, which means twice
baked. Biscuits are dry, small and thin varieties of cake. Biscuits are small
products mainly prepared from flour, sugar, fat and other minor ingredi-
ents. Biscuits have a moisture content less than 4% and possess a longer
shelf-life. The low moisture content, coupled with the thinness of the products
gives them an attractive crisp texture and hard eating characteristics. Once
packed, they can be stored for six months or more. Biscuit is a cereal-based
product that acts as a predominant source of energy in the human diet.

The low moisture content and low water activity of products in this group
mean that they have a long mold-free shelf-life. The organoleptic shelf-life is
also long since the product staling and moisture loss are not usually a prob-
lem. However, these biscuits are to be protected from absorbing surrounding
atmospheric moisture, which can lead to softening of the products and loss
of crisp eating characteristics. The second problem is the risk of fat rancidity
arising from the combination of a long storage time with low water activity
(Manley, 2011).

8.3.1 C(lassification of biscuits

Biscuits are classified based on dough characteristics as soft dough and hard
dough biscuits. Soft doughs lack elasticity and extensibility and these biscuits
are crumbly in nature due to the lower amount of added water, the lower
mixing period and the higher amount of fat and sugar added. Hard doughs
are elastic and extensible. Biscuits are also classified on the basis of taste as
sweet biscuits, semi-sweet biscuits and salted varieties. The classification of
biscuits is shown in Table 8.2.

Sweet biscuits Sweet biscuits are also known as soft or short dough biscuits
having higher sugar and fat contents. They are usually produced using weak
flour that forms relatively weak gluten. The desirable moisture content of flour
is 12-14% in order to provide proper water absorption (Hui, 2006).

Semi-sweet biscuits These are also known as tea biscuits. They are produced
from hard dough and have low sugar and fat contents. The doughs of
semi-sweet biscuits are extensible but lack elasticity. In the manufacture of
semi-sweet biscuits, the limited gluten development is important, which is
achieved by dough aeration.
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Salted varieties Salted varieties include crackers and puffed biscuits. Doughs
of salted biscuits are elastic and extensible. These biscuits are produced from
either fermented or unfermented hard dough, and have negligible or very low
fat and sugar contents. However, the apparent fat content is high due to oil
layering or spraying.

8.3.2 Ingredients and their role

The ingredients are selected based on technical, functional, type of biscuits
and cost aspects.

Wheat flour Flour is the main ingredient in most biscuits; it contributes to
the shape, texture and hardness of biscuits. Usually, flour quality of 70-72%
extraction rate and weak to medium strong varieties are preferred. Strong
flours can be diluted by adding 10-15% of nonwheat flour like maize, tapi-
oca, rye and barley. Same quality flour is not suitable for making different
types of biscuits because dough characteristics are influenced by the quality
of gluten proteins. Most biscuits can be made from flour that has a low quan-
tity of protein and gluten that is weak and extensible. Wheat flour having a
gluten content of 7-9% is suitable for sweet and soft dough biscuits. The main
functions of flour in biscuit making are that it should hold all the ingredients
uniformly in the dough, has easy machinability, retains gas during fermenta-
tion and baking, and produces a proper structure of the biscuit.

Sugar Sugar is an important ingredient of most biscuits. In addition to
sweetness, they influence texture, colour and flavour of biscuits. The amount
of sugar used in biscuit making depends on the particle size of sugar; it also
influences the spread of biscuits and machining properties of dough to a great
extent (Matz and Matz, 1978). Increasing the sugar level generally increases
the spreading characteristics but reduces the thickness of biscuits (Vetter
et al., 1984; Kissel, Marshall and Yamazaki, 1973; Finney, Yamazaki and
Morris, 1950). Sugar has been reported to restrict the development of gluten
by competing for water that otherwise may have been absorbed by the gluten
(Yamazaki, 1971).

The different physical forms of sugar used in biscuits are granular sugar, cas-
tor sugar, pulverized sugar and icing sugar. Sugars used in biscuit making are
sucrose, glucose, fructose, malt extract, invert syrup, golden syrup and honey.
Reducing sugars such as fructose and glucose impart a desirable golden brown
colour to biscuits (Sai Manohar and Hairdas Rao, 1997).

Shortenings Fat is one of the most important ingredients in biscuit manu-
facture. It improves eating quality by adding flavour to the product and con-
tributes to the structure of biscuits. The key function of fat in biscuits is to
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shorten the dough to offer the typical ‘melt in the mouth’ feature and crumbly
texture that are the desirable characteristics of a biscuit (Manley, 2011). Fat
acts as a lubricant during mixing of the dough. It also competes with the aque-
ous phase for the flour surface and disrupts the formation of a gluten network
in the dough. Starch swelling and its gelatinization are also reduced at high
levels of fat, giving a crisp texture to the biscuit. The type and quantity of fat
used have a great influence on the shortening effect, and hence the quality
of biscuits. Oil brings about the greatest change in rheological characteristics
compared to bakery shortenings and hydrogenated fat, indicating the impor-
tance of the solid fat index (Sai Manohar and Hairdas Rao, 1999). Fat con-
tributes to an increase in spreading characteristics and reduction in thickness
and weight of biscuits. Emulsified shortenings improve the aeration capacity.

Salt Salt has important functions in biscuits; without salt, the biscuit tastes
insipid. It imparts flavour and amplifies and enhances it. Salt tightens the
gluten and dough, reduces stickiness and controls fermentation; the most
effective concentration of salt is around 1-1.5%. The particle size of salt is
important, particularly when used for sprinkling on the surface. High purity
vacuum salt is being used in biscuit industries.

Water Water, an important ingredient in biscuit making, is added during the
stage of dough preparation, but is driven out during the baking stage. Water
hydrates the flour particles and helps in the formation of dough. It has a com-
plex role as it determines the conformational state of biopolymers, affects
the nature of interactions between the various constituents and contributes
to dough structure (Eliasson and Larsson, 1993). It helps to dissolve chemi-
cals, salt, sugar, water-soluble colours and flavour, and helps to distribute the
dissolved materials evenly in the dough. Water helps in the aeration of bis-
cuits to a certain extent by the formation of steam. It is an essential factor in
deciding the rheological behaviour of flour doughs (Webb, Russell Eggitt and
Coppock, 1970).

Emulsifiers Emulsifiers are substances that allow emulsions to form. Emul-
sifiers when added to foodstuffs reduce interfacial tension, maintain a uni-
form dispersion of two or more immiscible substances and aid the wetting
of a liquid over a solid. The functions of emulsifiers are to promote emul-
sion stability, control agglomeration of fat globules stabilize aerated systems
to improve texture and shelf-life of products by complex formation with starch
components and improve the consistency and crystal structure of fat. The
effect of emulsifiers depends on the ratio of fat to water and to the pres-
ence of other constituents like starch, protein, fiber and air. Emulsifiers are
amphiphilic substances having both lipophilic and hydrophilic portions. The
emulsifiers are classified by their hydrophilic-lipophilic balance (HLB). It is
the ratio of molecular weights of the hydrophilic portion to the total molecular
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weight, and the value ranges between 0 and 20. Most commonly used surfac-
tants in bakery products are sodium stearoyl lactylate (SSL), polysorbate 80
and 60, sucrose monostearate, diacetyl tartaric acid esters of monoglycerides,
sorbitan monostearate and propylene glycol monostearate. Most commonly
used emulsifiers are mono- and diglycerides. They crystallize in bilayers and
produce different lamellar structures. A lamellar mesophase is efficient in pro-
moting the interaction between monoglyceride and amylose, and can provide
the antistalling effect. Sodium stearoyl lactylate brings about changes in dough
characteristics and the spread ratio of biscuits whereas glycerol monostearate
and lecithin improve the quality of biscuits (Sai Manohar and Hairdas Rao,
1999). Lecithin is a naturally occurring emulsifier and has been extensively
used in different food formulations. It aids the dispersion of fat in semi-sweet
doughs and improves the emulsification during cream-up in short doughs. The
usage rate of lecithin is 0.5-1.0%. It is dissolved in fat and added during the
creaming stage.

Leavening agents Leavening is defined as a raising action that aerates dough
during mixing and baking. Leavening agents used in bakery products help
to increase their volume and improve texture. The leavened bakery product
becomes lower in density and porous in structure, which can be easily chewed
and digested. Leavening of bakery products can be achieved by:

(a) Mechanical method. Air is incorporated by creaming and beating by
using proteinatious substances. During the creaming process, air is incor-
porated into the shortenings, which expands to achieve larger volumes
during baking.

(b) Biological method. Yeast is used as a source of biological leavening.
However, leavening by yeast is costlier than chemical aeration. In the
case of crackers, leavening is done by using yeast.

(¢) Chemical method. Some of the commonly used chemical leaveners are
baking soda, baking powder and ammonium bicarbonate. Sodium bicar-
bonate liberates carbon dioxide during baking and helps in leavening.
Potassium bicarbonate can replace baking soda to produce sodium-free
or low-sodium baked products.

Ammonium bicarbonate is also known as ‘volatile salt’. During baking, it
decomposes to form ammonia, carbon dioxide and water vapour. The ammo-
nia gas produced is driven off during baking, which may impart flavours if
present in the baked product. Ammonium bicarbonate has an excellent aer-
ation property, but must be used judiciously. Excess amounts can completely
break down the structure of the biscuit.

Baking powder is produced by blending water-soluble sodium bicarbonate
with one or more acid-reacting ingredients with or without inert fillers such
as starch, calcium carbonate or flour. When dissolved in water, the acid and
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alkali (sodium bicarbonate) react to emit carbon dioxide. The carbon dioxide
thus produced expands the existing bubbles to leaven the moisture. Baking
powders are classified into single-acting and double-acting baking powders
based on the acid salts present. Single-acting baking powders react at low
temperatures, whereas double-acting baking powders react at room temper-
atures and at higher temperatures cause a further rise during baking (Potter
and Hotchkiss, 1995).

Milk and milk products These are generally used in the preparation of sweet
and semi-sweet biscuits. Milk products impart a typical flavour and contribute
to taste, colour and nutritive value, and improve the texture and tenderness of
the biscuit. The protein and reducing sugars (lactose) in the milk products par-
ticipate in Maillard reactions, which give a golden brown surface coloration
to biscuits during baking. Liquid milk is rarely used while skim milk pow-
der, butter and butter oil, cheese and cheese powder, and whey powder are
conventionally employed. When milk powder is used, the water requirement
increases and improves the flavour of the product. Whey powder contains high
amounts of albumin, which has a tenderizing effect on biscuit texture.

Enzymes An enzyme in baking technology improves the quality of bakery
products and optimizes the dough properties. Wheat contains many enzymes
out of which amylases, proteases and lipooxygenases are of importance in the
field of baking. Amylases help in the formation of fermentable sugars and
increase the fermentation rate. In biscuit making, the use of amylase is rare
except occasionally with yeast fermentation. Proteases are used to modify the
gluten quality by acting on the inner peptide linkages of gluten proteins, mak-
ing the dough softer and extensible (Mathewson, 2000). Sodium meta-bisulfite
also performs the same function as protease but breaks the chain in a differ-
ent manner. The biscuit texture obtained by protease is usually more open and
tender than that of sodium meta-bisulfite. Protease reduces the dough mixing
time and reduces viscosity and elasticity, which are the desirable features for
the machining of certain biscuit doughs. Proteases added in bakery products
are cereal, fungal and bacterial in origin, all of which are inactivated during
baking. The use of an oxidation-sensitive protease, such as papain, in com-
bination with an oxidizing enzyme producing an oxidizing agent, can enable
biscuit manufacturers to mimic the effect of sulfite in dough; it also improves
texture and colour. Lipooxygenase acts on polyunsaturated fatty acids; it is
normally used for bleaching of flour pigments and increases mixing tolerance
and dough handling characteristics.

8.3.3 Biscuit processing

Biscuit processing method involves several unit operations such as mixing,
shaping, baking, cooling and packaging.
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Mixing process Mixing of doughs is an important step in the process control
of biscuit making. The optimally mixed dough possesses suitable rheological
characteristics for further processing in shaping machines. The type and size
of the mixer should be considered critically and the preparation of pre-mixes
of certain ingredients may improve the technology of mixing. Mixing is done
for a minimum period till the dough is formed so as to obtain tender and crisp
biscuits. Mixing is to be done in such a way that all the ingredients are well dis-
persed and the dough is cohesive, enabling easy shaping of biscuits. The nature
of dough allows an impression of complex and intricate design on the surface.
The consistency of dough is highly important in determining the quality of
biscuits. Biscuit doughs are complex as they are made up of a liquid phase
that has fat and water and a solid phase that includes starch, protein, sugar
and often many other ingredients. Doughs change on standing and rheologi-
cal properties of hard dough can be modified by the addition of enzymes and
sodium meta-bisulfite. About 50—-100 ppm of meta-bisulfite can bring dramatic
changes in the dough quality by breaking the disulfide bond of gluten. Sodium
meta-bisulfite, which is mostly used in semi-sweet hard doughs, reduces the
mixing time, baking time, water requirement and final dough temperature. At
the end of the mixing period, ingredients absorb water slowly, which results in
hardening of the consistency. The different types of mixers that are generally
used for biscuit dough preparation are (a) vertical mixers, which include plan-
etary and spindle types, (b) horizontal mixers like the z-blade, gridlap type and
high-speed type, (c) reciprocating arm mixers and (d) continuous mixers like
the barrel type. Biscuit doughs are mixed by two basic methods, the creaming
method and the all-in-one method.

Creaming method This can be done in two or three stages; this method is
generally used for the short dough method. The spread of biscuit is greater
in the creaming method because of less gluten development, which affects
the texture of biscuits. Soft doughs (sweet biscuits) are prepared by this
method. The dough thus prepared is processed either by a rotary moulder or
a wire-cut machine.

In the two-stage creaming method, the mixing time is 10—15 min. This is
done by using a gentle speed of mixer by dissolving as much sugar as pos-
sible in the available water, followed by adding milk solids, chemicals and
flavours into the mixing bowl. This results in a semi-stiff white cream followed
by addition of the flour and is mixed until uniform dispersion of the cream over
the flour takes place. The dough formed is pressed into a sheet via a rotary
moulder.

In the three-stage method, mixing is done for 10-15min initially by
adding fat, sugar syrup, emulsifiers and part of the water. Then salt, alkaline
chemicals and flavours are dissolved in the remaining water and mixed well
to obtain a smooth cream. The desired dough consistency is obtained by
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adding the flour. This type of mixing encourages the formation of emulsified
fat, sugar and water, which leads to less gluten development.

All-in-one method This is a direct and straight-forward method. All the ingre-
dients like salt, leavening chemicals, colour, flavour and water are placed in
the mixer. Due to a longer mixing time, gluten development takes place as
water is highly accessible to the flour. The formed dough is dense and tough
with the dough temperature ranging from 20 to 24 °C; hard dough biscuits are
prepared by this method.

Fermentation Fermented doughs are prepared in the case of the cracker.
It can be produced by two methods. In the all-in-one mix and fermentation
method, all the ingredients including yeast suspensions are mixed together
and allow 3-8h of fermentation. In the two-stage mix and fermentation
method, 70% of the flour along with water and yeast suspensions are mixed
and fermented for 19h to form sponge doughs. This is followed by the
addition of the rest of the ingredients and allowed to ferment for a shorter
period, before being taken for further processing.

Shaping of biscuits After mixing, the dough is formed into pieces by lami-
nating, sheeting and cutting.

Rotary moulders Short dough biscuits are processed using rotary moulders.
This consists of a set of rollers consisting of a grooved roller for forcing the
dough and a moulding roller in which biscuit shapes are engraved. The advan-
tages of using rotary moulders include (a) it is not necessary to form and
support a dough sheet, (b) difficulties of gauging are eliminated and (c) there
is no cutter scrap dough.

The dough is forced into moulds, which are the negative shape of the dough
pieces complete with pattern and docker holes. The dough is then drawn from
the hopper into the nip against the roll.

Wire-cut method Softer doughs, which are rich in fat and sugar, are processed
in these machines. Wire-cut machines involve a device that cuts off extruded
dough pieces emerging from the die orifice. The cutting part of the device is
composed of a blade or a wire drawn through the dough fast by a harp moving
back and forth below the orifice. The dough is extruded through dies by rotat-
ing rollers and the extruded dough is cut into the desired size with the help of
a cutting assembly.

8.3.4 Lamination

This is also known as layering of the dough, which is done by employing lam-
inators. The dough is squeezed between the sheeting rolls and folded, and
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finally sent back into the rolls. Thinning of the dough is carried by passing it
through two or more thinning cylinders. Lamination of the dough provides a
way to repair poor dough sheet, which tends to have been prepared with a
simple pair of rolls. It makes the dough more suitable for baking with rolling
and folding. The dough is compressed to remove air and inevitably is rested
to build the gluten structure. Many large-scale biscuit factories use automatic
machines like vertical and horizontal laminators. Semi-sweet biscuits from
laminated doughs have excellent textural properties.

Sheeting and cutting Sheeting is done by forcing the dough through sets of
polished gauges. Many types of biscuits are made by sheeting the dough from
the mixer through pairs of rolls, and then by cutting out the individual pieces
from that sheet to make them ready for further processing or baking (Manley,
2011). Sheeting produces a thin film of smooth dough sheet.

The stamp or emboss cutting machine cuts the dough sheets into biscuit
shapes by two actions. It swings to and fro and up and down perpendicular
to the dough sheet movement. The cutter has biscuit-shaped sheets bolted
inside along with decoration and dock pins. The biscuit shapes formed are
transferred to an oven band.

Roller cutting is a simple and widely used method. Roller cutters are of two
types, one with two rolls and the other with only one roll. In two-roll systems,
one roll impresses the sign and the second cuts the dough around the design.
The roller cutter with a single roll achieves both dockering and outline cutting
with the help of only one roll.

Baking Dough pieces undergo physical and chemical changes inside the
oven, which includes the development of rigid porous structures, reduction
in moisture content, surface colouration, liberation of gases, conversion of
water to steam and starch gelatinization. During the initial stages of baking,
moisture present on the surface is lost, which helps in developing crust
thickness. Shortenings used in the biscuit melt as soon as their immediate
area in the dough reaches the melting, fusion and slip point temperatures of
a shortening structure. Water used in dough preparation is converted into
steam and carbon dioxide formation; both of these factors contribute to the
expansion of the dough pieces, resulting in a volume increase in the baked
biscuit. At the mid-stage of baking, the temperature reaches the boiling
point of water and hence gluten and other proteins coagulate, which imparts
strength to the biscuit structure. This is followed by starch gelatinization to
the structure during baking. At the final stage of baking, caramelization of
sugar takes place, which produces melanoidins to produce a brown crust.
The major noticeable changes during the baking of biscuits are darkening
of the surface colour, flavour and aroma development through the Maillard
reaction and the considerable loss of water. The conventional final moisture
content of the product is 1-3%.
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Cooling One of the main reasons for cooling baked products is to prevent
condensation after they have been packed. Any condensation within the
package may encourage microbial spoilage, particularly mold growth on the
surface. The biscuit coming out of the oven is flexible in texture, which is
converted into a rigid structure by cooling. Biscuits leaving the oven are at
about 100°C; the speed of cooling is influenced by ambient temperatures
and the thickness of the biscuits. During cooling, the interchange of moisture
between the product and atmosphere takes place. Slow cooling of biscuits is
necessary to avoid the hairline crack formation known as ‘checking’. Rapid
cooling hardens the biscuit structure. During cooling, the rigid structure
results due to solidification of the sugar and fat. There are two systems of
cooling: (a) atmospheric multitier conveyer, where the biscuits travel on the
canvass web having tiers and are cooled by the surrounding atmosphere, and
(b) the forced draft cooling conveyer, where atmospheric cooling is replaced
by forced draft cooling. In this case, filtered air is blown against the biscuits
coming out of the oven on the cooling conveyer. Biscuits are cooled at a
faster rate than the normal time.

Packaging The objective of packaging is to collate the biscuits in groups of
suitable size for sale and to protect them so that their crispness, flavour and
appearance are preserved as long as possible. The packaging material must
form a moisture barrier and resist mechanical damage. Packaging material
retards the effects of chemical change by reducing the intensity of light and
excluding oxygen. Flexible packaging materials are widely used for unit pack-
ing of biscuits. Some of the conventional packing materials used for packing
biscuits are wax paper, coated cellophane, polypropylene films and laminates
of metalized polyester.

8.4 (Cake

The cake-making process has changed in the last few centuries. Marginally,
there are a variety of cake products with a broad range of formulations. The
main attributes of a cake are structure, texture, moistness, colour (brown
crust), high volume and a sweet flavour. Cakes contain higher levels of flour,
shortening, sugar, eggs and milk. The modern cake is characterized by a sweet
taste, short and tender texture and pleasant flavour (Pyler, 1988). Sponges
and cakes represent a more diverse group of products than bread and other
fermented products. They do, however, have some unifying characteristics
that distinguish them from other baked products. They may be classified as
intermediate moisture foods though the total moisture content is lower by
about 10-20% of that of bread.

The two basic categories of cakes (foam and shortened) are distinctly dif-
ferent in their preparation and problems. The shortened-style cake (pound
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cake, yellow cake, chocolate cake, etc.) has a crumb structure derived from a
fat—liquid emulsion that is created during batter processing. Foam-style cakes
(angel food, sponge and chiffon) depend on the foaming and aeration proper-
ties of eggs for their structure and volume. The quality of a cake is dependent
on several factors. The selection of ingredients and the knowledge of their
function is the first step towards a quality product.

8.4.1 C(lassification

Foam-style cakes depend on egg for their structure and volume. This is depen-
dent on the ability of eggs to occlude air and to form stable foams. Angel food
cake is a ‘true’ foam-style cake. This means that the cake is leavened only by
air and steam, with no chemical leavening agent. Angel food cake has one of
the simplest cake formulas as it calls for only three basic ingredients, egg white,
sugar and flour, but may include minor amounts of salt, cream of tartar as an
acidifier and flavouring agent. The proportion of sugar in the cake mix is high
because no other tenderizer is used; it interferes with gluten development and
thus tends to produce a more tender and fragile cake. Sugar also has a stabiliz-
ing effect on egg white foam. The air incorporated into the angel food batter
serves as the sole leavening agent, so that the role of the developing vapour
pressure is critical for the final volume and texture of the final cake.

Sponge cakes do not differ much from angel cake except that both egg
yolk and egg whites are used. In some instances, bakers prefer to separate
the whites and yolks of the eggs and beat them separately with an appro-
priate quantity of sugar to attain maximum batter volume. Chiffon cake is
a cross between a foam-style cake and a shortened cake. It contains a larger
proportion of beaten egg whites to help with leavening along with chemical
leavening. It also contains liquid oil in the formulation. Pound cake represents
the oldest example of an aerated fat-containing cake. It has no added leaven-
ing agent apart from air. Pound cakes have a closer grain and are compacted
in character. Cakes also contain some flavouring ingredients.

8.4.2 Ingredients and their role

Ingredients play a major role in creating an acceptable product. Whether
alone or together, each ingredient contributes an important quality attribute
to the finished cake. Flour, liquid, sugar, leavening agent, egg and fat are
mixed in an appropriate proportion to obtain the desirable cake batter
yielding a quality product.

Flour Cake flours are normally the milled soft red and white winter wheat
varieties. It is pure white in colour and has a very fine and silky soft texture.
Cake flour contains a low protein content of about 8% and small particle
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sizes compared to an all-purpose flour. It results in less gluten formation,
which gives the cake a fine grain, a delicate structure retaining gas and forms
a fine foam structure and a soft texture. The flour must yield weak gluten and
should not develop a hard texture. Cake flour is treated with chlorine gas,
which lowers the pH from about 6.0 to 5.0, bleaches the plant pigments and
improves baking quality (Fustier and Gelinas, 1998). Chlorination improves
the functional properties of flour components such as lipids, starch, pen-
tosans, proteins and water-soluble substances, as long as their modification
is held to a low level. Chlorination increases the water absorption capacity
of starch and thus contributes to a firmer and smaller crumb, improves
volume and texture, and yields a stable product. This is especially important
with the high amount of sugar in the cake formula. Since sugar is a good
competitor for water, chlorination aids the starch in this capacity (Conforti
and Johnson, 1992).

Shortening Shortening is the primary tenderizing agent in cake and performs
three basic functions in cake production: (a) it entraps air during the creaming
process, which aids in the leavening of batter and the finished cake, (b) it dis-
rupts the continuity of the gluten and starch structure that makes up the cake
crumb by coating the protein and starch particles and (c) it emulsifies large
amounts of liquid that contributes to the softness of the cake.

Shortening also imparts moistness; a layered cake made with oil as the
shortening gives the impression of a moist crumb rather than a cake from the
same formula made with an emulsified plastic shortening (Stauffer, 1998).
The hydrogenation process creates a plastic fat that is important to the
creation of a cake batter that traps air bubbles and produces a fine-grained
and a high-volume cake. The reduction of fat in cake has been investigated,
but reducing the amount of fat not only reduces energy (calories) but also
cake quality. Various fat substitutes can be used for this purpose; they are
categorized as protein or carbohydrate or fat-based ingredients.

Egg Eggs perform multiple functions that affect the structure, volume, ten-
derness and eating properties of the final product. Eggs are a rich source of
protein; they can be whipped into foam, where the proteins are denatured,
forming a relatively stable aerated structure that is capable of carrying other
ingredients. Egg proteins provide structural support by forming a complex
network between the egg protein and flour gluten. On heating, an egg protein
network is coagulated, imparting rigidity to the cake crumb. Lipoproteins in
egg yolk act as emulsifiers and assist in aeration and foaming (Shepherd and
Yoell, 1976). The entrapped air expands when the egg foam is heated, thereby
increasing the volume of the foam. Egg yolk also acts as a tenderizing agent
as it contains high levels of lipids. The lecithin in the egg yolk acts as an effec-
tive emulsifying agent. Egg imparts a relatively mild and distinctive flavour.
If a large proportion of egg is used, flavour is transmitted to the cake, so the
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need for selecting the eggs for their fresh flavour becomes obvious, that is as
shell eggs, as frozen or as separated whites and yolks. The colour contributed
by eggs to cake is of considerable significance. Egg white may contribute lig-
uid to a product and thus serve as a toughener due to its partial contribution
to gelatinization of starch and gluten development. The stability of the egg
white foam is largely influenced by the pH of the egg white. The lower the
pH, the more stable the foam. Sugar is added to egg white foam to form a
meringue. The addition of sugar stabilizes the foam. When beating egg whites,
the whites go through four stages: foamy, soft peak, stiff peak and dry. In addi-
tion, eggs increase the food value of the product and impart a better colour
and appearance to the finished products. Whole eggs are beaten into foam for
some cakes.

Sweetener The principal sweetener used in cake is sucrose. Sugar serves
multifunctional roles in cake making. One important function is that it
increases the volume of cakes by the incorporation of air into the fat during
creaming. During baking, sugar raises the temperature at which gelatinization
and coagulation occur, which gives the gluten more time to stretch, thereby
further increasing the volume of the baked product and contributing to a
finer and more even texture (Bean and Yamazaki, 1978). The hydroscopic or
water-retaining nature of sugar increases the moistness of the baked cakes.
This is evident when brown sugar is used in the formulation. Sugar competes
for water with starch and protein. Further, sugar helps to brown the crust
through caramelization and Maillard browning.

Emulsifiers Emulsifiers promote the incorporation of air in a cake batter in
the form of fine bubbles and disperse the shortening into smaller particles.
Emulsifiers act uniquely at the boundaries of the oil-water interface to main-
tain a homogeneous mixture. An emulsified shortening containing monoglyc-
eride is frequently used in cakes (Stauffer, 1998). Other emulsifiers such as
polysorbate 60, sorbitan monostearate, and mono- and diglycerides give good
results.

Leavening agents The initial leavening agent incorporated into cake batter
is air. Carbon dioxide is incorporated either by a biological source (yeast) or
by chemical sources (baking powder and baking soda). Air is incorporated by
the simple action of sifting together the flour and other dry ingredients (salt,
baking powder and/or baking soda). Another method that incorporates air is
‘creaming’ of fat and sugar. During heating, the air is released and the prod-
uct rises. Beating egg whites is another example of incorporating air into the
batter. Chemical leavening involves baking powder and baking soda (sodium
bicarbonate). When either of these compounds comes in contact with a lig-
uid and heat, CO, is produced and the product rises. The two types of baking
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powder used in bakery are fast- or single-acting baking powder and slow- or
double-acting baking powder.

Liquid Whether the liquid in the formula is water, milk or buttermilk, it per-
forms several functions in the recipe. Water acts as a plasticizer. The amount
and type of dissolved minerals and organic substances present in water can
affect the flavour and colour. Water helps in the gelatinization of starch in the
flour, dissolves the ingredients, especially sugar, during mixing and baking of
cake batter. It also aids in the release of carbon dioxide from either baking
powder or baking soda. Water also produces steam and therefore, along with
carbon dioxide, aids in leavening. Usually milk is a popular liquid for use in
cake batter. In addition to contributing water, milk gives richness to the cake,
better bloom and crust colour, helps in the incorporation of more and larger
air cells and prevents curdling during creaming. The lactose in the milk partic-
ipates in the Maillard reaction, resulting in a brown crust. Water in milk also
acts as a moistener to help in the development of gluten.

Salt Salt performs three important functions in cakes: (a) adjustment of
sweetness, (b) extract flavour from other ingredients in the cake and (c)
lowers the caramelization temperature to aid in obtaining the desirable crust
colour.

Hydrocolloids Hydrocolloids in the food industry are used to improve tex-
ture, shelf-life, moisture-retention capacity, cake volume and crumb grain, and
slow down the retrogradation of starch. Hydrocolloids modify the amylograph
characteristics of starch by affecting the baking process and final quality of
cakes (Rosell, Rojas and Benedito de Barber, 2001b; Rojas, Rosell and Bened-
ito de Barber, 1999; Christianson et al., 1981).

8.4.3 Formula balance

The most important criteria for obtaining a good quality cake are formula
balancing. Variation in one of the ingredients requires counter balancing with
other ingredients. The rules of formula balance are that (a) the weight of sugar
is equal to the weight of the flour, (b) the weight of shortening is equal to
the weight of the eggs and (c) the liquid ingredients like milk and eggs are
equal to the weight of the flour or sugar. Too much fat or sugar weakens the
structure, excess baking powder results in collapse of the cake in the centre
and an excess of liquid toughens the structure. The introduction of emulsified
shortenings enables high amounts of water to be used because of the flowing
nature of batter, and thus the capacity to retain gas falls (Pyler, 1988).
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The formula balance for a batter-type cake can be divided into high-ratio
and low-ratio cakes. The formula balance for low-ratio and high-ratio
cakes are:

(a) Low-ratio cakes. Sugar should not be more than flour, total liquid must
be equal to the liquid in egg and milk, total liquid must be equal to sugar
and shortening should not exceed the amount of egg.

(b) High-ratio cakes. Sugar must be greater than flour, total liquid must be
equal to the liquid in egg and milk, total liquids must be more than sugars
and egg can be equal to or greater than shortening.

Foam-type cakes The weight of the sugar should be equal to the weight of
the egg. The weight of the flour should be approximately one-third the weight
of the sugar. Foam-type cakes are classified into angel food cake and sponge
cake. Angel food cake is based on a simple formula of one part of flour to
three parts each of egg whites and sugar. The sponge cake formula includes
the amount of sugar that slightly exceeds or equals the amount of the whole
egg. Weights of the liquid in the whole egg and milk or water should exceed
the weight of the sugar by the ratio of 1.25:1. The weight of sugar and egg
should exceed that of flour.

Pound cake Formula balances for pound cakes are that the weight of egg
should be equal to or greater than fat, the weight of sugar should be equal or
slightly more than that of the flour and the combined weight of liquid ingre-
dients should equal the weight of the flour or sugar, whichever is greater.

8.4.4 Mixing process

The procedure of mixing depends on the nature of the cake being produced.
The primary purpose of cake mixing is to bring about a complete and uniform
dispersion and to incorporate air into the mix. The incorporation of air takes
place during a period of rapid incorporation in the form of large bubbles and a
stabilizing period when the bubbles are reduced in size (Hui, 2006) and there
is mutual emulsification of ingredients.

Mixing methods for batter type cakes are (a) sugar batter or creaming
method, (b) flour batter or blending method, (c) single-stage method and
(d) emulsion method. In the sugar batter or creaming method, large volumes
of air are incorporated in the form of minuscule cells in the fat phase of
the batter, coating of flour by fat and sugar, which delays their respective
hydration and solubilization characteristics, and the near absence of flour
gluten development. Initially, shortenings and granulated sugar along with
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dry ingredients are mixed at a medium speed until they are aerated. Mixing
is completed by the addition of egg, milk and flour. Mixing time is important;
overmixing causes a loss of air and produces a heavy cake. The total mixing
time for the creaming method is between 15 and 20 min; the initial creaming
stage takes 8—10min, the second stage with the incorporation of the egg is
5—-6min and the final stage of milk and flour addition is 5—6 min. If the milk
is added too quickly, it causes curdling of the batter and inversion of the
emulsion to a water-in-oil emulsion (Pyler, 1988).

In the flour batter or blending method, shortening and flour are creamed;
simultaneously, eggs and sugar are whipped at a medium speed to obtain
a semi-firm foam in separate bowls. These steps require about 10min.
The sugar—egg foam is combined with creamed flour— shortening mixture
followed by gradual addition of milk. This method produces fine grain
and uniform texture in the cake. The disadvantage of this method includes
the lesser incorporation of air, which results in a low product volume and
pronounced development of gluten, which gives toughness to the finished
cake. In the single-stage method, all the ingredients are mixed at one time
to produce a homogeneous mass. Baking powder is incorporated at the final
mixing stage. The total mixing time is 8 to 10 min. The emulsion method
is suited for large-volume cake mixers. Sugar and shortenings are creamed
together, followed by the addition of milk in several portions, with continuous
beating until a light and fluffy mass is obtained. Finally, flour and eggs are
added. The total mixing period is 12 to 15 min.

The mixing method employed for a foam-type cake incorporates air to form
stable foams, which affect the structure and volume of the product. In addi-
tion, as beating continues, the foam loses its sheen and reaches its maximum
volume and stiffness. Foam-type cakes are mixed by the continuous batter
mixing method. It can be performed by using two basic types of continuous
batter mixers, such as the compact rotor stator mixing chamber type and the
tubular scraped or swept surface mixer.

8.4.5 Baking

Baking is probably the most important factor governing the quality of the final
cake. Once the cake batter is mixed, it should be deposited into cake pans
and conveyed to the oven with a minimum loss of time so that the inevitable
escape of carbon dioxide from the batter and coarsening of the cell structure
are prevented. The optimum baking conditions for a cake are determined by
factors such as the sweetener level, amount of milk, pan size and fluidity of the
batter. The baking time is inversely proportional to the baking temperature.
Cake pans are available in a variety of shapes and forms, ranging from flat
sheet pans to cupcake moulds. Crumb formation is partially dependent on
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the degree of heating that occurs when the cake batter is first placed in the
oven and rapid heat absorption plays a major role. On the other hand, shiny
surfaces reflect heat, which causes the cake to take longer to bake and results
in a coarser grain having a lower volume (Brown, 2000).

Cake ingredients must be modified at altitudes higher than 1000 m. The
lower atmospheric pressure at higher elevations reduces the need for baking
powder or baking soda. Also, water evaporates more quickly and the concen-
tration of sugar increases. Other factors that deserve consideration at higher
altitudes include: (a) batter and foam-type cakes should be mixed at higher
specific gravities than usual at sea level, (b) the cake pans must be coated
heavily to prevent sticking during depanning the product, where the use of
silicon-coated pans is helpful to minimize the problem of sticking, and (c)
egg whites should be used to adjust the amount of eggs to the required level
rather than egg yolks because the batter lacks sufficient moisture and protein,
which provide the necessary batter stabilizing effect. Structural strength can
be improved by adding 1 to 2 tablespoons of cake flour, increasing the amount
of liquid or reducing baking powder and/or baking soda and sugar quantities.
An increase of the baking temperature by 6—8 °C increases the rate at which
the cake sets by speeding the coagulation of protein and the gelatinization of
starch. Cakes baked at high altitudes show low volumes but tend to exhibit
greater crumb tenderness (Pyler, 1988).

8.4.6 Post-baking operations

Cooling is a critical stage in cake production as it affects the texture and
appearance of the product. Cakes have a high moisture content and tend
to dry out rapidly under normal storage conditions. The staling of cakes is
caused by two major factors: the first is the movement of moisture through
the cake as the dry cake crust attracts moisture and the second is due to
changes in the amylopectin fractions of starch. Hence, the packaging material
should be selected in such a way that it should prevent moisture movement,
microbial growth and loss of aroma and provide physical protection against
crushing. Some of the conventional packaging materials include grease
proof, glassine paper and cellophane. Newer packaging materials for cakes
include thermoformed plastic such as polystyrene, polypropylene (PP)
and polyamide-11 film, with vacuum packaging and subsequent IR heat
sterilization.

8.5 Machinery

Several machineries like the mixer, moulder, shaping system, baking oven,
cooling system and size reduction unit are common in baking industries.
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8.5.1 Mixer

Mixing in its most general form can be defined as an operation by which
two or more materials having some distinguishable characteristic are brought
together through the application of an external force into a closer relationship
to one another such that the average distance between the particles of one
material and the particles of other material becomes less. The mixing of ingre-
dients covers a number of distinct functions like (a) blending of ingredients to
form a uniform mass, (b) dispersing the solid in a liquid or the liquid in a
liquid, (c) kneading the mass to impart the development of gluten from flour
proteins that have been hydrated at an earlier stage of mixing and (d) aeration
of a mass to give a lower density.

Blending or mixing can be achieved by many different types of equipment
but they all rely on one of the following types of action or principles of
operation: (a) devices using blades, paddles, ribbons, etc., to push a portion
of the mix through another portion, (b) devices relying on the elevation
and dropping of all or a portion of mass so that the random rebounding of
individual particles during the gravitational stage results in mixing and (c)
devices creating turbulent movement by injection of currents of a liquid or
gas (Matz, 1972). The type of mixers falls into two basic categories: horizontal
mixers and vertical mixers.

Horizontal mixers These mixers can be used for a wide variety of mixtures
having consistencies from thin batters to extremely tough or dry doughs. More
gluten development uses this kind of mixer. In general, all of the horizontal
mixers suitable for mixing the usual types of bakery products include a com-
mon horizontal mixing bowl, U-shaped in cross-section, mounted on a heavy
rigid frame enclosing the dry motor and transmission. Discharging the dough
can be done by two methods: (a) the bowl can be tilted by means of a gear
motor or a hydraulic mechanism up to an angle of 90 or 140°, which helps in
easy ejection of the finished dough, and (b) the bowl is anchored firmly to a
mixer frame and removal of the finished dough is accomplished by lowering
the bowl door and by slow movement of the mixer arms. Horizontal mixers
basically consist of a sturdy frame of cast iron, tubular steel or channel steel,
whose upper portion houses the mixing bowl. Some of the mixers consist of a
single agitator shaft with three or more mixer bars. Mixing and development
of doughs in a horizontal mixer are performed by the rolling, kneading and
stretching actions imparted to the dough by cylindrical mixer bars.

Vertical mixers These mixers can perform highly versatile mixing operations
and are applied to perform diverse tasks like whipping of foams, aerating of
batters and kneading of stiff doughs. A unifying feature of a vertical mixer is
the use of movable bowls or troughs. They contain one or more beater shafts,
which may be stationary or move in a planetary design. The planetary mixers
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are capable of mixing batters and some doughs but most often they are used
for adjuncts such as icings. The movement of an agitator is planetary, which
revolves around its own vertical axis at a high speed and the axis also moves in
circles and rotates around the bowl. The bowls in the planetary mixers are of
different sizes, which can be raised or lowered by an auxiliary motor. Agitators
are available in different designs like the dough hook, which contains a single
curved arm to aid gluten development by a stretching and kneading action.
The wire whip contains a set of wires that is wide at the top and pointed at the
bottom; it provides the maximum incorporation of air and a bubble dividing
action during mixing. Batter beaters having two or four wings are shaped to
fit inside the bowl (Matz, 1972).

Cookie and cracker doughs are frequently mixed in spindle mixers. They
have a special mobile trough used for fermenting sponges. The action
imparted by the blades is tearing, cutting and churning, which are not
conducive to dough development. Reciprocating agitator mixers contain
a pair of agitator arms that travel through intersecting elliptical paths in
a shallow and slowly revolving bowl. These mixers are useful in mixing
temperature-sensitive doughs when an intensive blending action is not
required. Dough output for vertical mixers per unit time is relatively small as
compared to horizontal mixers.

8.5.2 Oven

The oven is the most conspicuous and characteristic piece of equipment in
the bakery. It has an important influence on product quality but cannot com-
pensate for errors committed earlier in the processing sequence. The oven is
frequently referred to as the ‘heart’ of the bakery as it performs the ultimate
task in converting raw dough into bread, cakes, cookies, etc. The basic types
of oven in current use are the reel ovens, single-lap tray ovens, double-lap
tray ovens, tunnel band ovens and the most recently introduced oven, con-
veyorized ovens.

Reel ovens These ovens consist of a reel structure that revolves vertically
around a horizontal axis within the baking chamber and supports the baking
trays in Ferris wheel fashion. Compared to most other types of ovens, the fuel
consumption is high in relation to their production capacity. It is difficult to
attain a uniform heat distribution and temperature control due to the presence
of reels. These ovens are normally heated by direct firing where electricity or
gas is used as the energy source. Heating elements are centrally positioned
across the floor of the baking chamber.

Travelling tray ovens The reels here are replaced by two parallel endless
chains that carry trays through the baking chamber, with the third chain
acting to stabilize the horizontal position of the trays during the baking cycle.
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Travelling tray ovens may be single lap or double lap. In single-lap ovens, the
trays travel back and forth. A double-lap tray oven travels through four heat
zones rather than two as in the single-lap oven.

Tunnel ovens These ovens are long, contain a low baking chamber through
which a motor-driven conveyer, carrying the baking hearth, passes in a
straight line. In the case of tunnel ovens, the optimum steam conditions are
simply and effectively established. It is most suitable for baking of cookies
and crackers. Solid steel bands are more suitable for fluid batter products,
which inhibit the escape of steam and may cause undesirable cavities in the
bottom of crackers (Pyler, 1988).

Conveyorized ovens These ovens have an integrated continuous proofing and
baking system. They contain continuous grid-type pan conveyers that carry
the pan dough products through both the final proofer and the oven for the
required period of time and without interrupting the transfer process. It con-
tains an endless conveyer that is arranged in either ascending or descending
spirals or tiers about the periphery. The pan product travels the same path and
hence a high degree of uniformity of bake is achieved.

Rack ovens These consist of a vertical baking chamber that is wheeled and a
special rack carrying as many as a hundred trays of products. The rack rests on
a turned table that rotates during the baking phase and exposes the product
to uniform convection baking.

Electronic ovens Electric ovens use electric power for providing convec-
tion heating to commercial bakery ovens. High-frequency electromagnetic
microwaves are also used. They pass through the product with moderate
uniformity, so heating takes place evenly throughout the product. Microwave
heating is an effective process for rapid defrosting of frozen fruits, eggs and
frozen bakery products and for inhibition of mold growth in packaged sliced
bread and other bakery products (Pyler, 1988).

8.6 Conclusions

Bakery products are quite popular among all age groups across the globe and
the demand for quality products is increasing world over. Among bakery prod-
ucts, bread, biscuits and cakes find their everyday use. The unit operations
for production of different bakery products include a selection of appropriate
raw materials, formulation and scaling, mixing, fermentation, shaping, baking,
cooling and packaging. Baking is the most unique unit operation in a bakery
wherein the intermediate dough or batter is converted to a rigid structure with
desirable product characteristics. During baking, heat and mass transfer bring
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in physical and chemical changes in the bakery products. In recent years, many
alternative baking technologies have been developed, such as jet impingement
ovens, microwave ovens and hybrid ovens. More research studies are needed
on the design of various types of ovens and on the physicochemical changes
that take place during baking in these ovens to improve the process and prod-
uct quality.
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9.1 Introduction

Frying is one of the oldest unit operations used not only in industry but also at
home. Deep-frying is a common multifunctional unit operation for fast drying,
texturing and cooking of foods. Intense heat and mass transfer achieved dur-
ing deep frying led to innovative applications for food materials. As a result of
frying, the piece of food emerges sterile and dry in the surface, with a relatively
long shelf-life. High temperatures of frying (e.g. >120°C) eliminate microor-
ganisms from the food piece (favouring its microbiological safety). At the
same time, these temperatures favour the reactions between some substances
naturally present in the raw food (e.g. reducing sugars and asparagine), induc-
ing the formation of some toxic compounds such as acrylamide and furan, and,
in this way, affect negatively the chemical safety of some starchy fried foods
(Pedreschi, 2012). During frying, fats and oils can reach much higher tempera-
tures than water at normal atmospheric pressure. Therefore the food sample is
cooked quickly and acquires the desirable and attractive sensorial attributes.
If the frying time is too long, the surface of the food could even be carbonized
while some sugars become caramelized. Depending on the food microstruc-
ture, the oil will penetrate the fried food to varying degrees, contributing to
lubricity and attractive flavour, as well as to add calories. The quality of the
fried product depends not only on the frying conditions but also on the type of
oils and microstructure of foods (Pedreschi, 2012). On the other hand, the high

Conventional and Advanced Food Processing Technologies, First Edition.
Edited by Suvendu Bhattacharya.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



198 CH9 FRYING OF FOODS

amount of oil retained inside the fried products is incompatible with current
health trends (Moreno, Brown and Bouchon, 2010).

Deep-fat frying is a widely used food process that consists basically of
immersion of food samples in hot oil. Deep-fat frying is a rather complex
process comprising simultaneous heat and mass transfer with chemical reac-
tions and textural changes taking place. The piece of food in contact with the
hot oil heats up and water is lost while the oil content increases; the reaction
between reducing sugars and amino acids leads to browning and changes
of texture, with softening at the beginning of frying and hardening of the
external layers of samples with longer frying times (Pedreschi, 2012). Addi-
tionally, deep-fat frying processes could take place at atmospheric pressure
(conventional frying) or at pressures below or above atmospheric pressure
(vacuum or pressure frying). Commercial atmospheric deep-fat frying is
usually performed at high temperatures under atmospheric pressure. Oil
deterioration and artefacts produced due to the prolonged and continued use
of the oil might have an adverse health effect. Pressure frying is another way
of deep-fat frying in which food is fried in a closed system under pressure. It
increases the boiling point of the frying oil in the food and therefore shortens
the frying time. In vacuum frying, the food is heated under reduced pressure
in a closed system that lowers the boiling points of frying oil and the moisture
in the food (Garayo and Moreira, 2002). This method allows better retention
of the natural colour and flavour as the result of lower applications of heat
and oxygen, which are the two essential elements in the oxidation process.

The final oil and moisture content of the fried food will depend on its
microstructure, chemical composition, geometrical shapes and process condi-
tions (Hindra and Baik, 2006; Saguy and Danna, 2003). Moisture content is
an important property in fried food product quality. Both the oil content and
the moisture content are critical parameters that determine the quality and
stability of fried products. It is desirable that the moisture and oil contents in
fried foods are expressed on a dry basis (free of oil) since both the oil and
water contents of the sample being fried change during the process (Moreira,
Castell-Perez and Barrufet, 1999).

According to the food microstructure, geometrical shape and frying process
conditions, two principal kinds of fried products could be formed after frying
(Pedreschi, 2012; Pedreschi et al., 2001). These are (a) thin fried slices (chips)
characterized for being a dehydrated and crispy region where oil is located
and some toxic compounds such as acrylamide could be distributed inside
it, and (b) a composite structure formed by two regions such as an external
dehydrated and crispy region, where oil is located and where some toxic com-
pounds such as acrylamide could be distributed, and a humid and cooked core
free of oil and acrylamide, and other toxic compounds formed in the surface,
which could not migrate into the core.

For the last 15 years, the kinetic studies of quality changes during frying
have been more focused on potato products. There were several other
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products, such as meat and gluten balls, tortilla and cassava chips, doughnut,
tofu and corn starch patty. The study and modelling of the kinetics of the
changes in some important physical properties in potatoes during frying have
been reported (Moyano and Pedreschi, 2006; Pedreschi et al., 2005; Pedreschi
and Moyano, 2005; Pedreschi, Aguilera and Pyle, 2001). However, there
are studies on other products such as meat balls, tofu, tortilla chips, chicken
nuggets, pork meat and doughnuts (Ngadi, Li and Oluka, 2007; Sosa-Morales,
Orzuna-Espiritu and Vélez-Ruiz, 2006; Baik and Mittal, 2003; Véle