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Preface

The primary mission of the second edition of the Handbook of Food Engineering is the same as the
first. The most recent information needed for efficient design and development of processes used
in the manufacturing of food products has been assembled, along with the traditional background on
these processes. The audience for this handbook includes three groups: (1) practicing engineers in
the food and related industries, (2) the student preparing for a career as a food engineer, and (3) other
scientists and technologists seeking information about processes and the information needed in design
and development of these processes. For the practicing engineer, the handbook assembles information
needed for the design and development of a given process. For the student, the handbook becomes
the primary reference needed to supplement textbooks used in the teaching of process design and
development concepts. Other scientists and technologists should use the handbook to locate important
information and physical data related to foods and food ingredients.

As in the first edition, the handbook assembles the most recent information on thermophysical
properties of foods, rate constants about changes in food components during a process, and illus-
trations of the use of these properties and constants in process design. Researchers will be able to
use the information as a guide in establishing the direction of future research on thermophysical
properties and rate constants. In this edition, an appendix has been created to assemble tables and
figures containing property data needed for the design of processes described in various chapters of
the handbook.

Although the first three chapters focus primarily on properties of food and food ingredients,
the chapters that follow are organized according to traditional unit operations associated with the
manufacturing of foods. Two key chapters cover the basic concepts of transport and storage of liquids
and solids, and the heating and cooling of foods and food ingredients. An additional background
chapter focuses on basic concepts of mass transfer in foods. More specific unit operations on freezing,
concentration, dehydration, thermal processing, and extrusion are discussed and analyzed in separate
chapters. The chapter on membrane processes deals with liquid food concentration but provides the
basis for other applications of membranes in food processing. The final chapters of the handbook
cover the important topics of packaging and cleaning and sanitation.

The editors of this handbook hope that the information presented will continue to contribute to
the evolution of food engineering as an interface between engineering and other food sciences. As
demands for safe, high quality, nutritious and convenient foods continue to increase, the needs for
the concepts presented will become more critical. In the near future, the applications of new science
from molecular biology, nanotechnology, and nutritional biochemistry in food manufacturing will
increase, and the role of engineering in process design and scale-up will be even more visible. At
the same time, new process technologies will continue to emerge and require input from engineers
for application, design, and development in food manufacturing. Ultimately, the use of engineering
concepts should lead to the highest quality food products at the lowest possible cost.

The editors wish to acknowledge the authors and their significant contributions to the second
edition of this handbook. These authors are among the leading scientists and engineers in the field



of food engineering. We are pleased to be associated with their contributions to this field and to the
handbook.

Dennis R. Heldman
Daryl B. Lund
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1.1 INTRODUCTION

Rheological properties are important to the design of flow processes, quality control, storage and
processing stability measurements, predicting texture, and learning about molecular and conforma-
tional changes in food materials (Davis, 1973). The rheological characterization of foods provides
important information for food scientists, ingredient selection strategies to design, improve, and
optimize their products, to select and optimize their manufacturing processes, and design packaging
and storage strategies. Rheological studies become particularly useful when predictive relationships
for rheological properties of foods can be developed which start from the molecular architecture of
the constituent species.

Reliable and accurate steady rheological data are necessary to design continuous-flow pro-
cesses, select and size pumps and other fluid-moving machinery and to evaluate heating rates during
engineering operations which include flow processes such as aseptic processing and concentration
(Holdsworth, 1971; Sheath, 1976), and to estimate velocity, shear, and residence-time distribution
in food processing operations including extrusion and continuous mixing.

Viscoelastic properties are also useful in processing and storage stability predictions. For
example, during extrusion, viscoelastic properties of cereal flour doughs affect die swell and extrud-
ate expansion. In batch mixing, elasticity is responsible for the rod climbing phenomenon, also
known as the Weissenberg effect (Bird et al., 1987). To allow for elastic recovery of dough during
cookie making, the dough is cut in the form of an ellipse which relaxes into a perfect circle.

Creep and small-amplitude oscillatory measurements are useful in understanding the role of con-
stituent ingredients on the stability of oil-in-water emulsions. Steady shear and creep measurements
help identify the effect of ingredients that have stabilizing ability, such as gums, proteins, or other
surface-active agents (Fischbach and Kokini, 1984).

Dilute solution viscoelastic properties of biopolymeric materials such as carbohydrates and pro-
tein can be used to characterize their three-dimensional configuration in solution. Their configuration
affects their functionality in many food products. It is possible to predict better and improve the flow
behavior of food polymers through an understanding of how the molecular structure of polymers
affects their rheological properties (Liguori, 1985). Examples can be found in the improvement of
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FIGURE 1.1 Stress components on a cubical material element.

the consistency and stability of emulsions by using polymers with enhanced surface activity and
greater viscosity and elasticity.

This chapter will review recent advances in basic rheological concepts, methods of measurement,
molecular theories, linear and nonlinear constitutive models, and numerical simulation of viscoelastic
flows.

1.2 BASIC CONCEPTS

1.2.1 STRESS AND STRAIN

Rheology is the science of the deformation and flow of matter. Rheological properties define the
relationship between stress and strain/strain rate in different types of shear and extensional flows. The
stress is defined as the force F' acting on a unit area A. Since both force and area have directional as
well as magnitude characteristics, stress is a second order tensor and typically has nine components.
Strain is a measure of deformation or relative displacement and is determined by the displacement
gradient. Since displacement and its relative change both have directional properties, strain is also a
second order tensor with nine components.

A rheological measurement is conducted on a given material by imposing a well-defined stress
and measuring the resulting strain or strain rate or by imposing a well-defined strain or strain rate and
by measuring the stress developed. The relationship between these physical events leads to different
kinds of rheological properties.

When a force F is applied to a piece of material (Figure 1.1), the total stress acting on any
infinitesimal element is composed of two fundamental classes of stress components (Darby, 1976):

Normal stress components, applied perpendicularly to the plane (11, 22, 733)
Shear stress components, applied tangentially to the plane (12, 713, 721, 123, T31, T32)

There are a total of nine stress components acting on an infinitesimal element (i.e., two shear
components and one normal stress component acting on each of the three planes). Individual stress
components are referred to as ;;, where i refers to the plane the stress acts on, and j indicates the
direction of stress component (Bird et al., 1987). The stress tensor can be written as a matrix of nine
components as follows:

11 T12 T3
T=|T21 T2 7123
731 132 133
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In general, the stress tensor in the deformation of an incompressible material is described by three
shear stresses and two normal stress differences:

Shear stresses: T12(=121) 713(=131) 23(=132)

Normal stress differences: Niy =111 — 120 Ny = 100 — 133

1.2.2 CLASSIFICATION OF MATERIALS

Rheological properties of materials are the result of their stress-strain behavior. Ideal solid (elastic)
and ideal fluid (viscous) behaviors represent two extreme responses of a material (Darby, 1976).

An ideal solid material deforms instantaneously when a load is applied. It returns to its original
configuration instantaneously (complete recovery) upon removal of the load. Ideal elastic materials
obey Hooke’s law, where the stress (7) is directly proportional to the strain (y). The proportionality
constant (G) is called the modulus.

T =Gy

An ideal fluid deforms at a constant rate under an applied stress, and the material does not
regain its original configuration when the load is removed. The flow of a simple viscous material is
described by Newton’s law, where the shear stress (7) is directly proportional the shear rate (y). The
proportionality constant () is called the Newtonian viscosity.

T =7y

Most food materials exhibit characteristics of both elastic and viscous behavior and are called
viscoelastic. If viscoelastic properties are strain and strain rate independent, then these materials
are referred to as linear viscoelastic materials. On the other hand if they are strain and strain rate
dependent, than they are referred to as nonlinear viscoelastic materials (Ferry, 1980; Bird et al.,
1987; Macosko, 1994).

A simple and classical approach to describe the response of a viscoelastic material is using
mechanical analogs. Purely elastic behavior is simulated by springs and purely viscous behavior is
simulated using dashpots. The Maxwell and Voigt models are the two simplest mechanical analogs
of viscoelastic materials. They simulate a liquid (Maxwell) and a solid (Voigt) by combining a
spring and a dashpot in series or in parallel, respectively. These mechanical analogs are the building
blocks of constitutive models as discussed in Section 1.4 in detail.

1.2.3 TyYPES OF DEFORMATION

1.2.3.1 Shear Flow

One of the most useful types of deformation for rheological measurements is simple shear. In simple
shear, a material element is placed between two parallel plates (Figure 1.2) where the bottom plate is
stationary and the upper plate is displaced in x-direction by Ax by applying a force F tangentionally
to the surface A. The velocity profile in simple shear is given by the following velocity components:

ve=py, vw=0, and v, =0

The corresponding shear stress is given as:
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FIGURE 1.2 Shear flow.

If the relative displacement at any given point Ay is Ax, then the shear strain is given by

_ Ax
V= Ay
If the material is a fluid, force applied tangentially to the surface will result in a constant velocity v,
in x-direction. The deformation is described by the strain rate (), which is the time rate of change
of the shear strain:
. dy d (Ax\  dy
Y% T a\ay) T oy

Shear strain defines the displacement gradient in simple shear. The displacement gradient is the
relative displacement of two points divided by the initial distance between them. For any continuous
medium the displacement gradient tensor is given as:

_8u1 3141 8u1

ox; Jdxp Ox3
ou; dupy Jup Jup

0x; dx; 0xp 0x3
duz Jduz Jus

ax;  dxp  0x3 |

A nonzero displacement gradient may represent pure rotation, pure deformation, or both (Darby,
1976). Thus, each displacement component has two parts:

au,‘ 1 <8ul~ auj) 1 (314,‘ 8uj>
— = —+ 2 )+ — -
B)Cj 2 B)Cj ax,’ 2 8)Cj ax,'

Pure deformation Pure rotation

Then the strain tensor (e;;) can be defined as:

Bu,- + 8uj
eii = | — —
v 8xj ax,-

Similarly, the rotation tensor (7;;) can be defined as:

8uj aui
rjg=\———
0x; 0x;
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In simple shear, there is only one nonzero displacement gradient component that contributes to

both strain and rotation tensors.
i 01 0
oui _ 9y _ el 0 0
0x; 0O 0 O dy 0 0 0
0O 0 O

The time derivative of the strain tensor gives the rate of strain tensor (A;):

au,- 8uj) _ av,' avj'

d ad
Aj = —(ejj) = — =
ot ot 3)Cj 0x; 3)Cj 0x;

Similarly, time derivative of the rotation tensor gives the vorticity tensor (£2;;):

Q d ) av; oy
= Sy = oV
YT T ax axg

Simple shear flow, or viscometric flow, serves as the basis for many rheological measurement
techniques (Bird et al., 1987). The stress tensor in simple shear flow is given as:

0 12 O
T=|1m; 0 O
0 0 0

There are three shear rate dependent material functions used to describe material properties in
simple shear flow:

L . 712
Viscosity: w@y) = —
v
T —T N
First normal stress coefficient: Yi(y) = “—222 = —;
4 v
, =13 M
Second normal stress coefficient:  Y2(y) = ——— = =5
4 v

Among the viscometric functions, viscosity is the most important parameter for a food material.
In the case of a Newtonian fluid, both the first and second normal stress coefficients are zero and
the material is fully described by a constant viscosity over all shear rates studied. First normal stress
data for a wide variety of food materials are available (Dickie and Kokini, 1982; Chang et al., 1990;
Wang and Kokini 1995a). Well-known practical examples demonstrating the presence of normal
stresses are the Weissenberg or road climbing effect and the die swell effect. Although the exact
molecular origin of normal stresses is not well understood, they are considered to be the result of
the elastic properties of viscoelastic fluids (Darby, 1976) and are a measure of the elasticity of the
fluids. Figure 1.3 shows the normal stress development for butter at 25°C. Primary normal stress
coefficients vs. shear rate plots for various semisolid food materials on log-log coordinates are shown
in Figure 1.4 in the shear rate range 0.1 to 100 sec™ .

1.2.3.2 Extensional (Elongational) Flow

Pure extensional flow does not involve shearing and is referred to as shear-free flow (Bird et al.,
1987; Macosko, 1994). Extensional flows are generically defined by the following velocity
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(T41=722)0ye0
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FIGURE 1.3 Normal stress development for butter at 25°C. (Reproduced from Kokini, J.L. and Dickie, A.,
1981, Journal of Texture Studies, 12: 539-557. With permission.)

10° 10° ,
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©
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=
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Shear rate (sec™")

FIGURE 1.4 Steady primary normal stress coefficient yr; vs. shear rate for semisolid foods at 25°C.
(Reproduced from Kokini, J.L. and Dickie, A., 1981, Journal of Texture Studies, 12: 539-557. With permission.)

field:

vy = —3(1 + b)x
vy =—3&(1 —b)y
+éz

Vz

where 0 < b < 1 and ¢ is the elongation rate (Bird et al., 1987).
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FIGURE 1.5 Types of extensional flows (a) uniaxial, (b) biaxial, and (c) planar. (Reproduced from Bird, R.B.,
Armstrong, R.C., and Hassager, O., 1987, Dynamics of Polymeric Liquids, 2nd ed., John Wiley & Sons Inc.,
New York. With permission.)

TABLE 1.1
Velocity Distribution and Material Functions in Extensional Flow
Uniaxial (b =0, ¢ > 0) Biaxial (b =0, ¢ < 0) Planar (b =1, ¢ > 0)
Velocity Uy = —%éx Uy = +éx Uy = —éx
distribution 1. .
vy = —58y vy = —2éx vy =
v, = +éz2 vy = +€z v, = +€2
Normal stress g1] — 022 and 1] — 033 g1] — 022 and 033 — 0722 011 — 022
differences
Viscosi 011 — 022 011 — 033 011 — 022 033 — 022 o1 — 022
18CosiIty nNg = " = " = " = " np=———"—"—
& & & 3 &

There are three basic types of extensional flow: uniaxial, planar, and biaxial as shown in
Figure 1.5. When a cubical material is stretched in one or two direction(s), it gets thinner in the
other direction(s) as the volume of the material remains constant. During uniaxial extension the
material is stretched in one direction which results in a corresponding size reduction in the other
two directions. In biaxial stretching, a flat sheet of material is stretched in two directions with a
corresponding decrease in the third direction. In planar extension, the material is stretched in one
direction with a corresponding decrease in thickness while the height remains unchanged.

The velocity distribution in Cartesian coordinates and the resulting normal stress differences and
viscosities for these three extensional flows are given in Table 1.1 (Bird et al., 1987).
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FIGURE 1.6 Volumetric strain.

The concept of extensional flow measurements goes back to 1906 with measurements conducted
by Trouton. Trouton established a mathematical relationship between extensional viscosity and shear
viscosity. The dimensionless ratio known as the Trouton number (Nt) is used to compare relative
magnitude of extensional (g, np, or np) and shear (1) viscosities:

extensional viscosity

T = - -
shear viscosity

The Trouton ratio for a Newtonian fluid is 3, 6, and 4 in uniaxial, biaxial, and planar extensions,
respectively (Dealy, 1984).

1.2.3.3 Volumetric Flows

When an isotropic material is subjected to identical normal forces (e.g., hydrostatic pressure) in all
directions, it deforms uniformly in all axes resulting in a uniform change (decrease or increase) in
dimensions of a cubical element (Figure 1.6). In response to the applied isotropic stress, the specimen
changes its volume without any change in its shape. This uniform deformation is called volumetric
strain. An isotropic decrease in volume is called a compression, and an isotropic increase in volume
is referred to as dilation (Darby, 1976). In this case all shear stress components will be zero and the
normal stresses will be constant and equal:

Ojj =0

S O =
S = O
- o O

The bulk elastic properties of a material determine how much it will compress under a given
amount of isotropic stress (pressure). The modulus relating hydrostatic pressure and volumetric
strain is called the bulk modulus (K), which is a measure of the resistance of the material to the
change in volume (Ferry, 1980). It is defined as the ratio of normal stress to the relative volume
change:

o
K =
AV)V
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FIGURE 1.7 Response of ideal fluid, ideal solid, and viscoelastic materials to imposed step strain. (From
Darby, R., 1976, Viscoelastic Fluids: An Introduction to Their Properties and Behavior, Dekker Inc., New York.)

1.2.4 RESPONSE OF VISCOUS AND VISCOELASTIC MATERIALS IN
SHEAR AND EXTENSION

Viscoelastic properties can be measured by experiments which examine the relationship between
stress and strain and strain rate in time dependent experiments. These experiments consist of (i) stress
relaxation, (ii) creep, and (iii) small amplitude oscillatory measurements. Stress relaxation (or creep)
consists of instantaneously applying a constant strain (or stress) to the test sample and measuring
change in stress (or strain) as a function of time. Dynamic testing consists of applying an oscillatory
stress (or strain) to the test sample and determining its strain (or stress) response as a function of
frequency. All linear viscoelastic rheological measurements are related, and it is possible to calculate
one from the other (Ferry, 1980; Macosko, 1994).

1.2.4.1 Stress Relaxation

In a stress relaxation test, a constant strain (yp) is applied to the material at time #y, and the change
in the stress over time, t (), is measured (Darby, 1976; Macosko, 1994). Ideal viscous, ideal elastic,
and typical viscoelastic materials show different responses to the applied step strain as shown in
Figure 1.7. When a constant stress is applied at #p, an ideal (Newtonian) fluid responds with an
instantaneous infinite stress. An ideal (Hooke) solid responds with instantaneous constant stress at
to and stress remains constant for ¢ > fy. Viscoelastic materials respond with an initial stress growth
which is followed by decay in time. Upon removal of strain, viscoelastic fluids equilibrate to zero
stress (complete relaxation) while viscoelastic solids store some of the stress and equilibrate to a
finite stress value (partial recovery) (Darby, 1976).

The relaxation modulus, G(?), is an important rtheological property measured during stress relax-
ation. It is the ratio of the measured stress to the applied initial strain at constant deformation. The
relaxation modulus has units of stress (Pascals in SI):

T
G(t) = —
Y0

A logarithmic plot of G(¢) vs. time is useful in observing the relaxation behavior of different
classes of materials as shown in Figure 1.8. In glassy polymers, there is a little stress relaxation over
many decades of logarithmic time scale. cross-linked rubber shows a short time relaxation followed
by a constant modulus, caused by the network structure. Concentrated solutions show a similar
qualitative response but only at very small strain levels caused by entanglements. High molecular
weight concentrated polymeric liquids show a nearly constant equilibrium modulus followed by
a sharp fall at long times caused by disentanglement. Molecular weight has a significant impact
on relaxation time, the smaller the molecular weight the shorter the relaxation time. Moreover,
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FIGURE 1.8 Typical relaxation modulus data for various materials. (Reproduced from Macosko, C.W., 1994,
Rheology: Principles, Measurements and Applications, VCH Publishers, Inc., New York. With permission.)
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FIGURE 1.9 Response of ideal fluid, ideal solid, and viscoelastic materials to imposed instantaneous step
stress. (From Darby, R., 1976, Viscoelastic Fluids: An Introduction to Their Properties and Behavior, Dekker
Inc., New York.)

a narrower molecular weight distribution results in a much sharper drop in relaxation modulus.
Uncross-linked polymers, dilute solutions, and suspensions show complete relaxation in short times.
In these materials, G(¢) falls rapidly and eventually vanishes (Ferry, 1980; Macosko, 1994).

1.2.4.2 Creep

In acreep test, a constant stress (7g) is applied at time 7o and removed at time ¢#1, and the corresponding
strain y () is measured as a function of time. As in the case with stress relaxation, various materials
respond in different ways as shown by typical creep data given in Figure 1.9. A Newtonian fluid
responds with a constant rate of strain from 7y to #;; the strain attained at #; remains constant for
times ¢ > 1 (no strain recovery). An ideal (Hooke) solid responds with a constant strain from 7y to #;
which is recovered completely at #1. A viscoelastic material responds with a nonlinear strain. Strain
level approaches a constant rate for a viscoelastic fluid and a constant magnitude for a viscoelastic
solid. When the imposed stress is removed at 71, the solid recovers completely at a finite rate, but the
recovery is incomplete for the fluid (Darby, 1976).

The rheological property of interest is the ratio of strain to stress as a function of time and is
referred to as the creep compliance, J ().

J(t) = y®
)

The compliance has units of Pa~—! and describes how compliant a material is. The greater the
compliance, the easier it is to deform the material. By monitoring how the strain changes as a function
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FIGURE 1.10 Typical creep modulus data for various materials. (From Ferry, J., 1980, Viscoelastic Properties
of Polymers, 3rd ed., John Wiley & Sons, New York.)

of time, the magnitude of elastic and viscous components can be evaluated using available viscoelastic
models. Creep testing also provides means to determine the zero shear viscosity of fluids such as
polymer melts and concentrated polymer solutions at extremely low shear rates.

Creep data are usually expressed as logarithmic plots of creep compliance vs. time (Figure 1.10).
Glassy materials show a low compliance due to the absence of any configurational rearrangements.
Highly crystalline or concentrated polymers exhibit creep compliance increasing slowly with time.
More liquid-like materials such as low molecular weight or dilute polymers show higher creep
compliance and faster increase in J(¢) with time (Ferry, 1980).

1.2.4.3 Small Amplitude Oscillatory Measurements

In small amplitude oscillatory flow experiments, a sinusoidal oscillating stress or strain with a
frequency (w) is applied to the material, and the oscillating strain or stress response is measured
along with the phase difference between the oscillating stress and strain. The input strain (y) varies
with time according to the relationship

y = Yo sin wt
and the rate of strain is given by
Y = Ypw cos wt

where yy is the amplitude of strain.
The corresponding stress (7) can be represented as

T = 19 sin(wt + §)
where 19 is the amplitude of stress and § is shift angle (Figure 1.11).

§=0 for a Hookean solid
§ =90° for a Newtonian fluid

0 <8 <90° for a viscoelastic material



Rheological Properties of Foods 13

B RN
v’ Input

(
(

Strain
0=0°
o " — Stress
S Iz
%_ Y Elastic
£ v v response
©
[)2]
[%]
o
& 0=90°
c
9] Viscous
0<0<90°
m Viscoelastic
/ response

(
¢

Time

FIGURE 1.11 Input and response functions differing in phase by the angle §. (From Darby, R., 1976,
Viscoelastic Fluids: An Introduction to Their Properties and Behavior, Dekker Inc., New York.)

A perfectly elastic solid produces a shear stress in phase with the strain. For a perfectly viscous
liquid, stress is 90° out of phase with the applied strain. Viscoelastic materials, which have both
viscous and elastic properties, exhibit an intermediate phase angle between 0 and 90°. A solid like
viscoelastic material exhibits a phase angle smaller than 45°, while a liquid like viscoelastic material
exhibits a phase angle greater than 45°.

Two rheological properties can be defined as follows:

G(w) = 0 coss
Yo

G () = 2 sins
Yo

The storage modulus, G, is related to the elastic character of the fluid or the storage energy
during deformation. The loss modulus, G”, is related to the viscous character of the material or the
energy dissipation that occurs during the experiment. Therefore, for a perfectly elastic solid, all the
energy is stored, that is, G’ is zero and the stress and the strain will be in phase. However, for a
perfect viscous material all the energy will be dissipated that is, G’ is zero and the strain will be out
of phase by 90°.

By employing complex notation, the complex modulus, G*(w), is defined as

G* () = G'(w) +iG" (w)

or

G* (@) = V(G (@))* + (G ()2
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Another commonly used dynamic viscoelastic property, the loss tangent, tan § (w), denotes ratio
of viscous and elastic components in a viscoelastic behavior:

1/

tan §(w) = Yea

For fluid-like systems, appropriate viscosity functions can be defined as follows:

, G//
n=—
w
and
oG
w

where 1’ represents the viscous or in-phase component between stress and strain rate, while "
represents the elastic or out-of-phase component. The complex viscosity n* is equal to

SONC]

The quantities of G’, G”, and 7', n” collectively enable the rheological characterization of
a viscoelastic material during small amplitude oscillatory measurements. The objective of oscil-
latory shear experiment is to determine these material specific moduli (G’ and G”) over a wide
range of frequency, temperature, pressure, or other material affecting parameters. Because of
experimental constraints (e.g., weak torque values at low frequencies or large slip and inertial
effects at high frequencies) it is usually impossible to measure G'(w) and G”(w) over 3 to 4
decades of frequency. However, the frequency range can be extended to the limits which are
not normally experimentally attainable by the time—temperature superposition technique (Ferry,
1980).

Some rheologically simple materials obey the time—temperature superposition principle where
time and temperature changes are equivalent (Ferry, 1980). Frequency data at different temperatures
are superimposed by simultaneous horizontal and vertical shifting at a reference temperature. The
resulting curve is called a master curve which is used to reduce data obtained at various temperatures
to one general curve as shown in Figure 1.12. The time—temperature superposition technique allows
an estimation of rheological properties over many decades of time.

The shift factor (ar) for each curve has different values, which is a function of temperature.
There are different methods to describe the temperature dependence of the horizontal shift factors.
The William—Landel-Ferry (WLF) equation is the most widely accepted one (Ferry, 1980). The
WLF equation enables to calculate the time (frequency) change at constant temperature, which is
equivalent to temperature variations at constant time (frequency).

. —-Ci (T - Tref)
Co+ T — Tret

= logar

o ‘ n(T)
N (Tret)

where 1(T') and n(Tr.r) are viscosities at temperature 7 and Trf, respectively. C1 and Cy are WLF
constants for a given relaxation process.
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FIGURE 1.12 Construction of master curve using time—temperature superposition principle. (Reproduced
from Sperling, L.H., 2001, Introduction to Physical Polymer Science, John Wiley and Sons, Inc., New York.
With permission.)

1.2.4.4 Interrelations between Steady Shear and Dynamic
Properties

Steady shear rheological properties and small amplitude oscillatory properties of fluid materials
can be related. The steady viscosity function, 1, can be related to the complex viscosity, n*, and
the dynamic viscosity function, n’, while the primary normal stress coefficient, ¥1, can be related
to n” /w. The Cox-Mertz rule (1954) suggests a way of obtaining a relation between the linear
viscoelastic properties and the viscosity. It predicts that the magnitude of complex viscosity is equal
to the viscosity at corresponding values of frequency and shear rate (Bird et al., 1987):

n" (@) = n(M)ly=w

Figure 1.13 shows data to compare small amplitude oscillatory properties (n*, n’, and n” /w) and
steady rheological properties (1 and 1) for 0.50% and 0.75% guar (Mills and Kokini, 1984). Guar
suspensions tend to a limiting Newtonian viscosity at low shear rates as is typical of many polymeric
materials. At small shear rates n* and 5’ are approximately equal and are very close in magnitude to
the steady viscosity . At higher shear rates n” and n* diverge while n* and n converge.

When the out-of-phase component of the complex viscosity is divided by frequency (" /w) it
has the same dimensions as the primary normal stress coefficient, ¥;. Both ”/w and ¥, in the
region where data could be obtained, are also plotted vs. shear rate/frequency as in Figure 1.13;
n” Jw and vy curves show curvature at low shear rates. This is also consistent with observations in
other macromolecular systems (Ferry, 1980; Bird et al., 1987). Moreover, the rate of change in the
magnitude of ¥ closely follows that of " /w.

A second example is shown for 3% gum karaya, which is a more complex material (Figure 1.14).
Both steady and dynamic properties of gum karaya deviate radically from the rheological behavior
observed with guar gum. First, within the shear rate range studied, n* was higher than 5. This is in
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FIGURE1.13 Comparison of small amplitude oscillatory properties (n*, ’, and n” /w) and steady rheological
properties (1 and 1) for 0.5% and 0.75% guar. (Reproduced from Mills, P.L. and Kokini, J.L., 1984, Journal
of Food Science, 49: 1-4, 9. With permission.)

contrast to the behavior observed with guar, where 1 was either equal to nor higher than n*. Second,
none of the three viscosities approached a zero shear viscosity in the frequency/shear rate range
studied. Third, the steady viscosity function n was closer in magnitude to i’ than n* and seemed to
be nonlinearly related to both 1’ and n*. Finally, values of 1| were smaller than values of n” /w, in
contrast to observations with guar where 1| was larger than n” /w (Mills and Kokini, 1984).

There are several theories (Spriggs et al., 1966; Carreau et al., 1968; Chen and Bogue, 1972)
which essentially predict two major kinds of results for the interrelationship between steady and
dynamic macromolecular systems. These results can be summarized as follows:

n'(@) =n()y=o

2n*(w)

=¥v1(Mly=o

N (cw) = n(P)ly=co

1" (cw)
w

=y (y)|y:cw

These equations are strictly applicable at small shear rates. At large shear rates the Cox—Mertz
rule applies. For guar in the range of shear rates between 0.1 and 10 sec ™!, 5* is equal to 7. Similarly,
in the zero shear region 21" /w is approximately equal to /1. In the case of gum karaya, on the other
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FIGURE1.14 Comparison of small amplitude oscillatory properties (n*, ', and "’ /w) and steady rheological
properties (n and 1) for 3% karaya. (Reproduced from Mills, P.L. and Kokini, J.L., 1984, Journal of Food
Science, 49: 1-4, 9. With permission.)

hand, nonlinear relationships are needed as follows (Mills and Kokini, 1984):

n* =cn%y=w
N =N |y =w
n" (w)

= c[Yy1(M)ly=0

Similar results are obtained in the case of semisolid food materials, as shown in Figure 1.15
(Bistany and Kokini, 1983b). Values for the constants ¢ and «, ¢/, and «’ for a variety of food
materials are shown in Tables 1.2 and 1.3. It can be seen from these figures and tables that semisolid
foods follow the above relationships.

A dimensional comparison of the primary normal stress coefficient ¥ and G’ /w? shows that
these quantities are dimensionally consistent, both possessing units of Pasec?. The primary normal
stress coefficient ¥ and G’ /w? vs. frequency followed power law behavior as seen in Figure 1.16.
As with viscosity, a nonlinear power law relationship can be formed between G’ /w? and vy,

4

G * AT 23
Pt W11 ly=w

The values for the constants ¢* and o™ for a variety of foods are given in Table 1.4.
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FIGURE 1.15 Comparison of n* and  for apple butter, mustard, tub margarine, and mayonnaise. (Reproduced
from Bistany, K.L. and Kokini, J.L., 1983a, Journal of Texture Studies, 14: 113—124. With permission.)

TABLE 1.2

Empirical Constants for n* = c[n(»)]*|; =0
Food « c R?
Whipped cream 0.750 93.21 0.99

cheese

Cool whip 1.400 50.13 0.99
Stick butter 0.986 49.64 0.99
Whipped butter 0.948 43.26 0.99
Stick margarine 0.934 35.48 0.99
Ketchup 0.940 13.97 0.99
Peanut butter 1.266 13.18 0.99
Squeeze margarine 1.084 11.12 0.99
Canned frosting 1.208 4.40 0.99
Marshmallow fluff 0.988 3.53 0.99

Source: Bistany, K.L. and Kokini, J.L., 1983b, Journal of
Rheology, 27: 605-620.

1.3 METHODS OF MEASUREMENT

There are many test methods used to measure rheological properties of food materials. These methods
are commonly characterized according to (i) the nature of the method such as fundamental and
empirical; (ii) the type of deformation such as compression, extension, simple shear, and torsion;
(iii) the magnitude of the imposed deformation such as small or large deformation (Bird et al., 1987;
Macosko, 1994; Steffe, 1996; Dobraszczyk and Morgenstern, 2003).
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TABLE 1.3

Empirical Constants for ' = C’[n(;’z)]""|7-=w
Food o c’ R2
Whipped cream cheese 0.847 9.52 0.98
Cool whip 1.732 6.16 0.99
Whipped butter 1.082 5.84 0.99
Ketchup 0.897 5.14 0.99
Peanut butter 1.272 4.78 0.99
Squeeze margarine 1.042 3.57 0.99
Marshmallow fluff 1.078 1.22 0.99
Stick margarine 1.202 1.02 0.99
Stick butter 1.339 0.94 0.99
Canned frosting 1.520 0.16 0.95

Source: Bistany, K.L. and Kokini, J.L., 1983b, Journal of
Rheology, 27: 605-620.
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FIGURE 1.16 Comparison of G'/w and v for apple butter, mustard, tub margarine, and mayonnaise.

(Reproduced from Bistany, K.L. and Kokini, J.L., 1983a, Journal of Texture Studies, 14: 113-124. With
permission.)

1.3.1 SHEAR MEASUREMENTS

Steady shear rheological properties of semisolid foods have been studied by many laboratories
(Kokini et al., 1977; Kokini and Dickie, 1981; Rao et al., 1981; Barbosa-Canovas and Peleg, 1983;
Dickie and Kokini, 1983; Kokini et al., 1984a; Rahalkar et al., 1985; Dervisoglu and Kokini,
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TABLE 1.4

Empirical Constants for G’ Jw?* = c*[Y1(y)]** ly=w
Food a* c* R2
Squeeze margarine 1.022 52.48 0.99
‘Whipped butter 1.255 33.42 0.99
Ketchup 1.069 14.15 0.99
Whipped cream cheese 1.146 13.87 0.99
Cool whip 1.098 6.16 0.99
Canned frosting 1.098 4.89 0.99
Peanut butter 1.124 1.66 0.99
Stick margarine 1.140 1.28 0.99
Marshmallow fluff 0.810 1.26 0.99
Stick butter 1.204 0.79 0.99

Source: Bistany, K.L. and Kokini, J.L., 1983b, Journal of Rheology,
27: 605-620.
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FIGURE 1.17 Commonly used geometries for shear stress and shear rate measurements.

1986a and 1986b; Kokini and Surmay, 1994; Steffe, 1996; Gunasekharan and Ak, 2000). The most
commonly used experimental geometries for achieving steady shear flow are the capillary, cone and
plate, parallel-plate, and couette geometries referred to as narrow gap rheometers and are shown in
Figure 1.17 with appropriate equations to estimate shear stresses and shear rates.

The use of narrow gap rheometers is limited to relatively small shear rates. At high shear rates, end
effects arising from the inertia of the sample make measurements invalid (Walters, 1975). The edge
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FIGURE 1.18 Effect of gap size on measurement of shear stress as a function of shear rate for (a) tomato
paste and (b) applesauce using the parallel plate geometry. (Reproduced from Dervisoglu, M. and Kokini, J.L.,
1986b, Journal of Food Science, 51: 541-546, 625. With permission.)

and end effects result mainly from the fracturing of the sample at high shear rates. At high rotational
speeds, secondary flows are generated, making rheological measurements invalid. Another limitation
of narrow-gap rtheometers results from the fact that some suspensions contain particles comparable
in size to the gap between the plates (Mitchell and Peart, 1968; Bongenaar et al., 1973; Dervisoglu
and Kokini, 1986b). This limitation is most pronounced in cone and plate geometry, where the tip
of the cone is almost in contact with the plate. In cases where the particle size is comparable to the
gap between the plates, large inaccuracies are introduced due to particle—plate contact. In parallel
plate geometry this limitation may be improved to a certain extent by increasing gap size. However,
the gap size selected should still be much smaller than the radius of the plate.

An example for the case of tomato paste is shown in Figure 1.18a. With tomato paste, the effect
of particle-to-plate contact was observed for gap sizes smaller than 500 xm. At gap sizes larger than
500 wm, measured shear stresses increased with increasing gap size. This is thought to be due to the
dependence of shear stress values on structure breakdown during loading. As the gap is increased,
structure breakdown due to loading decreases since the sample is not squeezed as much. A second
example for applesauce is shown in Figure 1.18b. At the smallest gap size of 500 pm, shear stress
values are largest, suggesting that particle-to-plate contact controls the resistance to flow. For gap
sizes larger than 1000 pm, shear stress measurements no longer depend on gap size.
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FIGURE 1.19 Schematic diagram of the capillary set-up. (Reproduced from Dervisoglu, M. and Kokini, J.L.,
1986b, Journal of Food Science, 51: 541-546, 625. With permission.)

In capillary flow, shear stresses and shear rates are calculated from the measured volumetric flow
rates and pressure drops as well as the dimensions of the capillary, as shown in Figure 1.17 (Toledo,
1980). There are, however, two important effects that need to be considered with non-Newtonian
materials: the entrance effect and the wall effects.

The entrance effect in capillary flow is due to abrupt changes in the velocity profile when the
material is forced from a large diameter reservoir into a capillary tube. This effect can be effectively
eliminated by using a long entrance region and by determining the pressure drop as the difference of
two pressure values measured in the fully developed laminar flow region (i.e., away from the entrance
region). Dervisoglu and Kokini (1986b) developed the rheometer shown in Figure 1.19 based on
these ideas.

When the entrance effects cannot be eliminated, Bagley’s procedure (1957) allows for correction
of the data. In this procedure the entrance effects are assumed to increase the length of the capillary
because streamlines are stretched so that the true shear stress is considered equal to:

APR
T=—
2(L + eR)

where AP is the total pressure drop, L and R are the length and the radius of the capillary, and e is
Bagley end correction factor. Rearranging this equation the more useful form is obtained

AP =2 L+2
=271— Te
R

Plotting AP vs. L/R allows estimation of the true shear stress through the slope of the line, and
e is estimated through the value of L/R where AP = 0. This estimation procedure is shown in
Figure 1.20.

The wall effect in capillary flow results from interactions between the wall of the capillary and the
liquid in the vicinity of the wall. In many polymer solutions and suspensions the velocity gradient near
the wall may induce some preferred orientation of polymeric molecules or drive suspended particles
away from the wall generating effectively a slip like phenomenon (Skelland, 1967). The suspended
particles tend to move away from the wall region, leaving a low viscosity thin layer adjacent to the
wall (Serge and Silberberg, 1962; Karnis et al., 1966). This in turn causes higher flow rates at a given
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FIGURE 1.20 Bagley plot for entry pressure drop at different shear rates (P = pressure, R = radius,
L = length, y = shear rate).

L/R

pressure drop as if there were an effective slip at the wall surface. The wall effect associates with the
capillary flow of polymer solutions, and suspensions can therefore be characterized by a slip velocity
at the wall (Oldroyd, 1949; Jastrzebsky, 1967; Kraynik and Schowalter, 1981).

If the slip coefficient is defined as B, = vsR/tyw (Jastrzebsky, 1967; Kokini and Dervisoglu,
1990) then it can be shown that:

= f o [
0

nR3t, R 1}
where Q is the flow rate. Plotting Q/m R3t,, vs. 1/R? at constant 7, gives S as the slope of the line.
Corrected flow rates can now be calculated using (Goto and Kuno, 1982):

Oc = 0 — Ry B

and the true shear rate at the wall is given by

. 3n+1\ 0
V= ( n > 7R3

An example of such data is shown for apple sauce in Figure 1.21 as a function of tube diameter.
The data clearly indicates a strong dependency of flow behavior on tube diameter. Smaller shear
stress values are observed for smaller tube diameters. The wall effect is also greater at the smaller
shear rates.

When Q/mR3ty calculated at constant wall shear stresses are plotted against 1/R> as in
Figure 1.22, the corrected slip coefficients, B, can be calculated from the slopes of the result-
ing lines at specific values of ty,. The corresponding true shear rates can then be calculated. The
different flow curves obtained with different tube diameters can then be used to generate a true flow
curve after being corrected for apparent slip as shown in Figure 1.21 for applesauce.

Narrow gap geometries give the rheologist a lot of flexibility in terms of measuring rheological
properties at different shear rate ranges and to be used for different purposes. For example, when
data are necessary at small shear rates, the cone and plate or parallel plate geometry can be used.
This would be particularly useful in understanding structure-rheology relationships. A capillary
rheometer can be used if flow data at high shear rates of most processing operations are needed.
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for tomato paste and applesauce. (Reproduced from Dervisoglu, M. and Kokini, J.L., 1986b, Journal of Food
Science, 51: 541-546, 625. With permission.)

‘When rheological measurements are conducted with knowledge of their limitations, and appropriate
corrections are made, superposition of cone and plate, parallel plate, and capillary flow measurements
can be obtained. Examples of such superpositions are given for ketchup and mustard in Figure 1.23.

1.3.2 SMALL AMPLITUDE OSCILLATORY MEASUREMENTS

Small amplitude oscillatory measurements have become very popular for a lot of foods that are
shear sensitive and are not well suited for steady shear measurements. These include hydrocolloid
solutions, doughs, batter, starch solutions, and fruit and vegetable purees among many others. One of
the major advantages of this method is that it provides simultaneous information on the elastic (G)
and viscous (G”) nature of the test material. Due to its nondestructive nature, it is possible to conduct
multiple tests on the same sample under different test conditions including temperature, strain, and
frequency (Gunasekaran and Ak, 2000; Dobraszczyk and Morgenstern, 2003).

During dynamic testing samples held in various geometries are subjected to oscillatory motion.
A sinusoidal strain is applied on the sample, and the resulting sinusoidal stress is measured or vice
versa. The cone and plate or parallel plate geometries are usually used. The magnitude of strain used
in the test is very small, usually in the order of 0.1-2%, where the material is in the linear viscoelastic
range.

Typical experimentally observed behavior of n*, G’, and G” for a dilute hydrocolloid solution, a
hydrocolloid gel, and a concentrated hydrocolloid solution are shown in Figure 1.24 (Ross-Murphy,
1988). In dilute hyrocolloid solutions (Figure 1.24a), storage of energy is largely by reversible elastic
stretching of the chains under applied shear, which results in conformations of higher free energy,
while energy is lost in the frictional movement of the chains through the solvent. At low frequencies
the principal mode of accommodation to applied stress is by translational motion of the molecules,
and G” predominates, as the molecules are not significantly distorted. With increasing frequency,
intramolecular stretching and distorting motions become more important and G’ approaches G”.

By contrast, hydrocolloid gels are interwoven networks of macromolecules and would be subject
primarily to intramolecular stretching and distorting. The network bonding forces prevent actual
transnational movement; therefore, these materials show properties approaching those of an elastic
solid (Figure 1.24b). G’ predominates over G” at all frequencies and neither shows any appreciable
frequency dependence. For concentrated solutions at high frequencies (Figure 1.24c), where inter-
chain entanglements do not have sufficient time to come apart within the period of one oscillation,
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FIGURE 1.24 Small amplitude oscillatory properties, G', G”, and n* for (a) dilute dextran solution, (b) an
agar gel of 1 g/dL concentration, and (c) an A-carrageenan solution of 5 g/dL concentration. (Reproduced from
Ross-Murphy, S.B., 1988, Small deformation measurements. In: Food Structure — Its Creation and Evaluation,
J.M.V. Blanshard and J.R. Mitchell, Eds, Butterworth Publishing Co., London. With permission.)

the concentrated solution begins to approximate the behavior of a network and higher G’ values
are obtained. When the frequency is so high that translational movements are no longer possible,
they start behaving similarly as to true gels, with G’ greater than G” and showing little change with
frequency (Ross-Murphy, 1988).

Small amplitude oscillatory measurements have been used to study the rheological properties
of many foods and in particular wheat flour doughs. Smith et al. (1970) showed that as protein
content increased in a protein (gluten)—starch—water system the magnitude of both the storage and
loss moduli increased. Dus and Kokini (1990) used the Bird—Carreau model used to predict the
steady viscosity (), the primary normal stress coefficient (1/1), and the small amplitude oscillatory
properties (n” and 1" /w) for a hard wheat flour dough containing 40% total moisture in the region
of frequencies of 0.01 to 100 rad/sec for the dynamic viscoelastic properties and a region of 107>
through 103 sec™! for steady shear properties.

Small amplitude oscillatory measurements have the limitation of not being appropriate in prac-
tical processing situations due to the rates at which the test is applied. Typical examples include
dough mixing and expansion and oven rise during baking. The extension rates of expansion during
fermentation and oven rise are in the range of 5 x 1073 and 5 x 10™* sec™! and are several orders of
magnitude smaller than the rates applied during small amplitude oscillatory measurements (Bloksma,
1990). Small strains are also not comparable to the actual strain levels encountered during dough
expansion. Strain in gas expansion during proofing is reported to be in the region of several hundred
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percent (Huang and Kokini, 1993). In such cases, tests resulting in large deformation levels such as
extensional methods are applied.

1.3.3 EXTENSIONAL MEASUREMENTS

Extensional flow is commonly encountered in many food processing such as dough sheeting,
sheet stretching, drawing and spinning, CO; induced bubble growth during dough fermentation,
die swell during extrudate expansion due to vaporization of water, squeezing to spread a product
(Padmanabhan, 1995; Brent et al., 1997; Huang and Kokini, 1999; Gras et al., 2000; Charalambides
et al., 2002a; Nasseri et al., 2004; Sliwinski et al., 2004a, 2004b). Extensional flow is also asso-
ciated with mixing, particularly dough mixing (Bloksma, 1990; Dobraszczyk et al., 2003). It is an
important factor in the human perception of texture with regard to the mouthfeel and swallowing of
fluid foods (Kokini, 1977; Dickie and Kokini, 1983; Elejalde and Kokini, 1992a; Kampf and Peleg,
2002).

Shear and extensional flow have a different influence on material behavior since the molecules
orient themselves in different ways in these flow fields. Presence of velocity gradients in shear
flow causes molecules to rotate (Darby, 1976). Rotation action reduces the degree of stretching.
However, in extensional flow the molecules are strongly oriented in the direction of the flow field since
there are no forces to cause rotation. Long chain high molecular weight polymer melts are known
to behave differently in shear and extensional fields (Dobraszczyk and Morgenstern, 2003). The
nature of the molecule influences its flow behavior in extension significantly. Linear molecules align
themselves in the direction of extensional flow more easily than branched molecules. Similarly, stiffer
molecules are more quickly oriented in an extensional flow field. The molecular orientations caused
by extensional flow leads to the development of final products with unique textures (Padmanabhan,
1995).

While shear rheological properties of food materials have been studied extensively, there are
a limited number of studies on extensional properties of food materials due to the difficulty in
generating controlled extensional flows with foods. Several studies have been done to investigate
the extensional properties of wheat flour dough in relation to bread quality, which usually involve
empirical testing devices such as alveograph, extensigraph, mixograph, and farinograph. Brabender
Farinograph is the first special instrument designed for the physical testing of doughs in about the
1930s (Janssen et al., 1996b). Then the National Mixograph, the Brabender Extensigraph, and the
Chopin Alveograph were developed. The farinograph and mixograph record the torque generated
during dough mixing. In the extensigraph, doughs are subjected to a combination of shear and
uniaxial extension, while in the alveograph, doughs are subjected to biaxial extension.

Empirical test are widely used in routine analysis, usually for quality control purposes, since they
are easy to perform, provide useful practical data for evaluating the performance of dough during
processing. In these empirical tests the sample geometry is variable and not well-defined; the stress
and strain are not controllable and uniform throughout the test. Since the data obtained cannot be
translated into a well-defined physical quantity the fundamental interpretation of the experimental
results is extremely difficult.

There are several fundamental rheological tests that have been developed for measuring the
extensional properties of polymeric liquids over the last 30 years. Some of these techniques are used
to measure the extensional behavior of food materials. Macosko (1994) classified the extensional
flow measurement methods in several geometries as shown in Table 1.5. Mathematical equations
to convert measured forces and displacements into stresses and strains, which are in turn used to
calculate extensional material functions, are given in detail in Macosko (1994). The strengths and
weaknesses of each method are also discussed in detail in this excellent text of rheology. Readers
should also refer to an extensive review on the fiber wind-up, the entrance pressure drop technique
for high viscosity liquids, and the opposed jets device for low viscosity liquids (Padmanabhan and
Bhattacharya, 1993b; Padmanabhan, 1995).
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TABLE 1.5
Extensional Flow Measurement
Methods

Simple extension
End clamps
Rotating clamps
Buoyancy baths
Spinning drop
Lubricated compression
Sheet stretching, multiaxial extension
Rotating clamps
Inflation methods
Fiber spinning (tubeless siphon)
Bubble collapse
Stagnation flows
lubricated and unlubricated dies
opposed nozzles
Entrance flows

It has long been recognized that baking performance and bread quality are strongly dependent
on the rheological properties of the dough used (Huang and Kokini, 1993; Janssen, 1996b; Huang,
1998; Dobraszczyk et al., 2003). The extensional behavior of wheat dough is of special interest
since it relates directly to deformations during mixing and bubble growth during fermentation and
baking (Dobraszczyk et al., 2003). Extensional viscosity data of wheat doughs are useful in pre-
dicting the functional properties of bread, such as loaf volume. Gas cell expansion leading to loaf
volume development during baking is a largely biaxial stretching flow (Bloksma and Nieman, 1975;
de Bruijne et al., 1990). Bloksma (1990) estimated that extensional rates during bread dough fer-
mentation range from 10™* to 1073 sec™! and that during oven rise are approximately 107> sec™!.
Experimental measurements have to be performed in these ranges of extension rate in order to predict
the performance of these processes accurately.

Extensional deformation of dough has been widely studied using the mechanical testing appar-
atus (Gras et al., 2000; Newberry et al., 2002; Sliwinski et al., 2004a, 2004b), bubble inflation
technique (Hlynka and Barth, 1955; Joye et al., 1972; Launay et al., 1977; Huang and Kokini, 1993;
Charalambides et al., 2002a, 2002b; Dobraszczyk et al., 2003), lubricated squeezing flow technique
(Huang and Kokini, 1993; Janssen et al., 1996a and 1996b; Nasseri et al., 2004).

The bubble inflation method is the most popular in the dough industry as it simulates the expansion
of gas cells during proof and oven rise (Bloksma, 1990; Huang and Kokini, 1993; Charalambides
etal., 2002a, 2002b). In this technique, a thin circular material sheet is clamped around its perimeter
and inflated using pressurized air (Figure 1.25). The thickness of bubble wall during bubble inflation
varies, with a maximum deformation near the pole and a minimum at the rim (Figure 1.26). Bloksma
(1957) derived an analysis that takes into account this nonuniformity in thickness where the wall
thickness distribution of the inflating bubble is given as:

B a* + s2h% (1)
- {a2[a2 +h2(t>]}

where 1y is the original sample thickness, a is the original sample radius, and /4 is the bubble height.
With the knowledge of the thickness around the bubble, Launay et al. (1977) calculated the strain
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FIGURE 1.25 Inflated sample. (Reproduced from Charalambides, M.N., Wanigasooriya, L., Williams, J.G.,
and Chakrabarti, S., 2002a, Rheologica Acta, 41: 532-540. With permission.)
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FIGURE 1.26 Geometry of bubble inflation. (Reproduced from Charalambides, M.N., Wanigasooriya, L.,
Williams, J.G., and Chakrabarti, S., 2002a, Rheologica Acta, 41: 532-540. With permission.)
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In extensional flow experiments, maintaining steady extensional flow in the tested sample for
a sufficient time to determine the steady extensional viscosity is the basic problem (Jones et al.,
1987). Huang and Kokini (1993) used the biaxial extensional creep first developed by Chatraei et al.
(1981). They measured the biaxial extensional viscosity of wheat flour doughs using a lubricated
squeeze film apparatus with an extension rate of 0.011 sec™!. Obtaining steady extensional flow
necessitated 10 to 200 sec depending on the magnitude of normal stresses which ranged from 5.018
to 0.361 kPa. Doughs with different protein contents (13.2%, 16.0%, and 18.8%) showed different
biaxial extensional viscosities. The extensional viscosity of doughs increased with increasing protein
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FIGURE 1.27 The effect of protein content of wheat doughs on the biaxial extensional viscosities at different
stress levels. (Reproduced from Huang, H. and Kokini, J.L., 1993, Journal of Rheology, 37: 879-891. With
permission.)

content (Figure 1.27). Results showed that different wheat doughs can be prepared by manipulating
the protein contents to maintain desired extensional properties which are required for processing of
specific baked foods (such as pasta, bread, and cookie).

During the last two decades several extensive experimental and theoretical studies on the rheology
of polymer melts during extensional deformation were performed. Techniques have been developed
to study the behavior of polymers in equal biaxial (equibiaxial) and uniaxial extensional flows. In the
early 1970s, Meissner developed practical methods for extensional flow measurements based on the
fixed rotating clamp (Meissner et al., 1981). Chatraei et al. (1981) developed and used the lubricated
squeezing flow technique, which provides a simple way to perform extensional measurements, where
the sample is squeezed between a moving and a fixed plate. Since then the technique has been used
by various research groups to measure the rheology of soft solids and structured fluids (Kompani and
Venerus, 2000). Although squeeze flow is a simple and convenient method, it is used less frequently
than conventional methods due to its transient nature and complications described by Meeten (2002).
Recently, Campanella and Peleg (2002) reviewed extensively the theory, applications, and artifacts
of squeezing flow viscometry for semiliquid foods.

The lubricated squeezing flow technique has been used for the characterization of a growing num-
ber of semiliquid and soft solid foods extensively due to its simplicity and versatility. Suwonsichon
and Peleg (1999a), and Kamf and Peleg (2002) used imperfect squeezing flow method as a tool to
assess the consistency of mustards with seeds and chickpea pastes (humus), which gives comple-
mentary information to steady shear measurements. Suwonsichon and Peleg (1999b, 1999c, 1999d)
also worked on rheological characterization of commercial refried beans, stirred yogurt, and ricotta
cheese by squeezing flow viscometry. Corradini et al. (2000) used Teflon coated parallel plates to gen-
erate lubricated squeezing flow which allowed to calculate the elongational viscosity of commercial
tomato paste, low fat mayonnaise, and mustard samples as a function of biaxial strain rate.

1.3.4 STRESS RELAXATION

From the theory of linear viscoelasticity, the linear response to any type of deformation can be
predicted using the relaxation modulus, G(t), in the linear viscoelastic region. Constitutive equa-
tions, such as generalized Maxwell model, can be used to simulate the linear relaxation modulus.
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The relaxation modulus with N Maxwell elements is given as:

N
G(t) = Z e

i=1

Nonlinear regression of experimental data provides N sets of relaxation times (A;) and moduli
(Gi). Among the discrete spectra, the G;—A; pair with longest value of A; dominates the G(¢) behavior
in the terminal zone (Huang, 1998).

If the spectrum of relaxation times is continuous instead of discrete, the relaxation modulus
can be defined in integral form. The continuous relaxation spectrum, H(A), can be obtained from
relaxation modulus G(7):

+00
G(r) = HO)e ' d(n )
—0o0
The relaxation time spectrum contains the complete information on the distribution of relaxation
times which is very useful in describing a material’s response to a given deformation history. The
linear viscoelastic material functions can simply be calculated from the relaxation time spectrum.
Sets of G;—A; pairs need to be obtained from the simulation of the experimental data in order to convert
the measured dynamic material functions into the relaxation time spectrum of the test sample (Ferry,
1980; Orbey and Dealy, 1991; Mead, 1994). However, calculation of relaxation time spectrum from
material functions has many numerical difficulties. Inversion of the integrals may result in extremely
unstable problems, which are called ill-posed problems (Honerkamp and Weese, 1989). There can
be infinite numbers of solutions that can fit the criterion of the nonlinear regression method used
(Honerkamp and Weese, 1990). Furthermore, the relaxation moduli G; depend strongly on the initial
choice of relaxation time X; (Dealy and Wissbrun, 1990).
A mathematical solution is considered an ill-posed problem if a function f'(¢) cannot be measured
experimentally but can be related to experimental data g(¢) using:

g =K[f(n]+e@

where K is the operator that relates f(¢) to g(¢), and &(¢) is the error function. To obtain f(¢), it is
necessary to use the inverse relation:

f=K"gl

This inverse problem is an ill-posed problem as small errors in g(¢) will resultin large errors inf'(¢).
The problem is tackled by supplying a regularization parameter which adds additional constraints
to the solution of f(#) (Roths et al., 2001). Many methods have been developed for solving such
ill-posed problems most of which are regularization methods. Tikhonov regularization is one of the
oldest and most common techniques (Honerkamp and Weese, 1989; Weese, 1992).

In a particular study where the relaxation processes of wheat flour dough of various protein
contents were studied, Huang (1998) reported that infinite solutions of discrete generalized Maxwell
model elements obtained by conventional nonlinear regression method using experimental linear
relaxation moduli had large regression standard errors. In this study, experimental G(¢) and the
corresponding data errors were used to calculate the small space relaxation spectra H(A) where the
relationship between G(¢) and H()) can be written as (Weese, 1991):

G(t) = / e HO)A(nA) + ) ajb;(0)

—00 =

where the set of m coefficients a1, az,as, . . ., ay, is related to corresponding experimental errors.
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FIGURE 1.28 Relaxation spectra H(A) for wheat flour doughs with three different protein levels obtained
using Tikhonov regularization method and the generalized Maxwell model. (Reproduced from Huang, H., 1998,
Shear and extensional rheological measurements of hard wheat flour doughs and their simulation using Wagner
constitutive model, Ph.D. Thesis, Rutgers University. With permission.)
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where O is an operator, and ¢ is the so-called regularization parameter. With an appropriate value
for the regularization parameter, the first term on the right hand side of the above equation forces the
result to be compatible with the experimental G(¢) (Weese, 1991).

Huang (1998) used a FORTRAN program (FTIKREG) with the classical Tikhonov regular-
ization technique developed by Honerkamp and Weese (1989) to calculate continuous relaxation
spectra H(A) from experimental linear relaxation moduli. Unlike the regression method, the accur-
acy of the simulated relaxation spectrum, H (1), was not affected by the total number of relaxation
time. Figure 1.28 shows the relaxation spectra of doughs with different protein content within the
relaxation times of 1073 to 10° sec. The simulated linear relaxation moduli were calculated from
the simulated relaxation spectrum, H (). The wheat flour doughs showed jagged relaxation spectra.
The physical-chemical interactions of starch/starch, starch/protein and protein/protein might have
affected the relaxation process of the protein molecules and given the jagged relaxation spectra that
are not often seen in polymer melts.

In this study, vital wheat gluten was added to regular hard wheat flour (13.2% protein content) to
reinforce the gluten strength in 16.0 and 18.8% protein flour doughs. This extra added gluten protein
benefited the dough relaxation by both increasing the relaxation process contributed by both gliadin
and glutenin molecules, and at the same time decreasing the volume percentage of starch particles
in the network. The simulated linear relaxation moduli superimposed very well for all three doughs.
Figure 1.29 shows the experimental and simulated G () of the tested wheat flour doughs. There was
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FIGURE 1.29 Comparison of experimental linear shear relaxation moduli G(¢) and predicted moduli using
the generalized Maxwell model for wheat flour doughs with three different protein levels at 27°C. (Reproduced
from Huang, H., 1998, Shear and extensional rheological measurements of hard wheat flour doughs and their
simulation using Wagner constitutive model, Ph.D. Thesis, Rutgers University. With permission.)

no terminal relaxation time observed up to a relaxation time of 1000 sec. This dough acted like a
polymer with a broad molecular weight distribution.

In order to understand the effect of gluten protein on wheat dough relaxation process, Huang
(1998) used the linear relaxation moduli of gluten dough with 55% moisture and high purity gliadin
dough with 35% moisture to calculate their relaxation spectra H (1) by the Tikhonov regularization
method. Simulated relaxation moduli G; of gluten dough vanished at a time of 5 x 10* sec as
shown in Figure 1.30. Similarly, simulated relaxation moduli G; of gliadin dough completely relaxed
at an even shorter time at around 4 x 10? sec after suddenly imposing step strain. Gluten dough with
highly extensible gliadin molecular or with interchangeable disulfide bond in the glutenin might have
helped higher protein flour dough to accelerate the relaxation process at long relaxation time. The
simulated relaxation moduli G; of the gluten and gliadin doughs are shown in Figure 1.31.

Stress relaxation experiments have been widely used with many foods but have found a lot
of intense applications with wheat flour dough since slower relaxation times are associated with
good baking quality (Bloksma, 1990; Wang and Sun, 2002). Measurements of large-deformation
creep and stress relaxation properties were found to be useful to distinguish between different wheat
varieties (Safari-Ardi and Phan-Thien, 1998; Edwards et al., 2001; Wang and Sun, 2002; Keentook
et al., 2002). Safari-Ardi and Phan-Thien (1998) studied the relaxation properties of weak, medium,
strong, and extra strong wheat doughs at strain amplitudes between 0.1 and 29%. Oscillatory testing
did not distinguish between the types of dough. However, the relaxation modulus of dough behaved
quite distinctly at high strains. The magnitude of the modulus was found to be in the order of extra
strong > strong > medium > weak dough, indicating higher levels of elasticity in stronger doughs.

Bekedam et al. (2003) studied the dynamic and relaxation properties of strong and weak wheat
flour dough and their gluten components. They observed that sample preparation method, testing
fixture, and sample age had a significant influence on the results. Sample age affected the shape
of the relaxation modulus curve, which developed a terminal plateau upon aging. The relaxation
spectrum for hard and soft wheat dough and their gluten fractions were obtained from the dynamic
data using a Tikhonov regularization algorithm. The relaxation spectra obtained were consistent
with the molecular character of the protein and previous studies suggesting dominant low and high
molecular components.
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FIGURE 1.30 Relaxation spectrum H (A) for 35% moisture gliadin and 55% moisture gluten doughs obtained
using the Tikhonov regularization method and the generalized Maxwell model. (Reproduced from Huang, H.,
1998, Shear and extensional rheological measurements of hard wheat flour doughs and their simulation using
Wagner constitutive model, Ph.D. Thesis, Rutgers University. With permission.)
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FIGURE 1.31 Comparison of experimental linear shear relaxation moduli G(¢) and predicted moduli using the
generalized Maxwell model for 35% moisture gliadin and 55% moisture gluten doughs at 25°C. (Reproduced
from Huang, H., 1998, Shear and extensional rheological measurements of hard wheat flour doughs and their
simulation using Wagner constitutive model, Ph.D. Thesis, Rutgers University. With permission.)

1.3.5 CREEP RECOVERY

There are several studies on rheological characterization of food materials using creep-recovery
technique since the 1930s. Creep-recovery tests are sometimes preferred over stress relaxation tests
due to the ease of sample loading and the creeping flows which do not significantly change the food

structure.
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FIGURE 1.32 Six-element model for frozen ice cream showing rheological associations with structural com-

ponents. (Reproduced from Shama, F. and Sherman, P., 1966a, Journal of Food Science, 31: 699-706. With
permission.)

Shama and Sherman (1966a and 1966b) developed a mechanical model for ice cream based on the
rheological properties. They presented the creep behavior of frozen ice cream by a six-element model
which is composed of a spring in series with a dashpot (Maxwell body) and two units each comprising
a spring in parallel with a dashpot (Voigt body) as shown in Figure 1.32. The parameters involved
are the instantaneous elasticity (Ep), two elastic moduli (E and E»), and two viscosity components
(n1 and 1) associated with retarded elasticity and a Newtonian viscosity (1y). Shama and Sherman
(19664) assigned various model parameters to the structural parameters of the ice cream by examining
the relative effect of fat, overrun, and temperature on rheological properties. They studied the creep
behavior of several ice cream recipes at various temperatures. Typical creep curve for 10% fat ice
cream is shown in Figure 1.33. From the effect of fat, overrun, and temperature on the magnitude
of rheological parameters, it is suggested that Ey is affected primarily by ice crystals, E1 and 13, by
the weak stabilizer-gel network, E», by protein-enveloped air cells, 11, by the fat crystals, and ny
by both fat and ice crystals.

Carillo and Kokini (1988) studied the effect of egg yolk powder and egg yolk powder and
salt, on the stability of xanthan gum and propylene glycol alginate gum-stabilized o/w model salad
dressing using creep test, steady shear test, and particle size analysis. Results showed that the
magnitude of creep compliance, J(¢), increased as aging time increased. The added ingredients
decreased compliance values indicating more viscous and stable emulsion (Figure 1.34). Data clearly
showed that increased egg yolk or salt concentration resulted in an increase in increasing levels
of structure formation in emulsions (Figure 1.35). At all salt concentrations, creep compliance
increased significantly with increasing storage time indicating more liquid like structure development
over the storage time (Figure 1.36). Increasing amount of additives becomes more effective on
emulsion stability as storage time increases.

Edwards et al. (1999) applied creep test on durum wheat cultivars of varying gluten strength
(Wascana, Kyle, AC Melita, and Durex), a parameter affecting extrusion properties and pasta cooking
quality. Differences in creep parameters were significant at different absorption levels and among
the cultivars at a given absorption level (Figure 1.37). Wascana was consistently the most extensible
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FIGURE 1.33 Typical creep curve for 10% fat ice cream. (Reproduced from Shama, F. and Sherman, P,
1966a, Journal of Food Science, 31: 699-706. With permission.)
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FIGURE 1.34 Averaged creep curves for 0% egg yolk emulsions (——-) and 1% egg + 1% salt emulsions
(----- ) at different aging times. (Reproduced from Carrillo, A.R. and Kokini, J.L., 1988, Journal of Food
Science, 53: 1352-1366. With permission.)

cultivar while AC Melita and Durex were the least extensible at all absorption levels. Increasing water
absorption increased maximum strain attained, expectedly, since water addition facilitates flow.

1.3.6 TRANSIENT SHEAR STRESS DEVELOPMENT

Shear stress overshoot at the inception of steady shear flow is frequently observed with many
semisolid food materials. These overshoots can range anywhere from 30 to 300% of their steady-
state value, depending on the particular shear rate and material used. These stresses are of particular
importance when the relaxation time of the material is larger or comparable to the time scale of the
experiment. They become significant in assessments of the textural attributes, spreadability (Kokini
and Dickie, 1982), and thickness (Dickie and Kokini, 1983) and also in the startup of flow equipment.
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FIGURE 1.35 Averaged creep curves for different concentrations of egg yolk emulsions (——-) and different
concentration of egg yolk + 2% salt emulsions (--- - - ) after 30 days of aging. (Reproduced from Carrillo, A.R.
and Kokini, J.L., 1988, Journal of Food Science, 53: 1352—-1366. With permission.)
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FIGURE 1.36 Effect of aging time on averaged creep data curves for 1% egg yolk and 0%, 1% and 2% salt
emulsions. (Reproduced from Carrillo, A.R. and Kokini, J.L., 1988, Journal of Food Science, 53: 1352—1366.

With permission.)

Several first attempts have been made to develop an equation capable of predicting transient
shear stress growth in food materials. Elliot and Green (1972) have modeled transient shear stress
growth in several foods assuming that these foods could be simulated by a Maxwell element coupled
with a yield element. This analysis, although fundamentally very enlightening, did not account for
nonlinear viscoelastic behavior frequently observed with most foods. It is, nevertheless, a first, very
worthwhile attempt at explaining shear stress overshoots in materials that portray yield stresses, such
as foods.

Dickie and Kokini (1982) have simulated shear stress growth in 15 foods using an empirical
equation developed by Leider and Bird (1974). This equation has the following form:

9 = m(p)"[1 + (byt — e~/
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FIGURE 1.37 Creep-recovery of four durum wheat cultivars at different water absorption levels
(G Wascana, Kyle, AC Melita, ———— Durex). (Reproduced from Edwards, N.M.,
Dexter, J.E., Scanlon, M.G., and Cenkowski, S., 1999, Cereal Chemistry, 76: 638—645. With permission.)

where Ty is shear stress, m and n are limiting viscous power law parameters, y is the shear rate, # is
time, a and b are adjustable parameters, and X is the time constant.

<m/ )1/(}’1/—1’!)
r=(—
2m

with m’ and n’ first normal stress power law parameters. In this model it is assumed that both shear
stress and first normal stress differences are simulated using the power law behavior:

T2 = m(y)"
T — e =m'(y)"

where 715 is shear stress, 711 — T2 is the first normal stress difference, m, n, m’, and n’ are the power
law parameters, and y is the shear rate. These parameters for 15 typical food materials are shown in
Table 1.6.

A distinct convenience of this equation is that at long times it converges to the power law
behavior observed with a large number of food materials (Rao, 1977; Rha, 1978). An example of
the ability of this equation to fit transient shear stress growth data is shown in Figure 1.38 for peanut
butter. The equation was found to predict peak shear stresses and peak times fairly well but failed
to predict transient decay accurately. Although the model is able to account for nonlinear behavior,
one of its more serious shortcomings is a single exponential term to simulate the relaxation part of
the data. Time constants for 15 typical food systems are shown in Table 1.6. To account for this
limitation, a family of empirical models was developed (Mason et al., 1983). These models are an
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TABLE 1.6
Power Law Parameters of Various Foods

m m’
Products (Pasec) n R?2 (Pasec) n’ R?2 A (sec)
Apple butter 222.90 0.145 0.99 156.03 0.566 0.99 8.21 x 1072
Canned frosting 355.84 0.117 0.99 816.11 0.244 0.99 2.90 x 100
Honey 15.39 0.989 — — — — —
Ketchup 29.10 0.136 0.99 39.47 0.258 0.99 470 x 1072
Marshmallow cream 563.10 0.379 0.99 185.45 0.127 0.99 1.27 x 103
Mayonnaise 100.13 0.131 0.99 256.40 —0.048 0.99 251 x 107!
Mustard 35.05 0.196 0.99 65.69 0.136 0.99 2.90 x 100
Peanut butter 501.13 0.065 0.99 3785.00 0.175 0.99 1.86 x 10°
Stick butter 199.28 0.085 0.99 3403.00 0.398 0.99 1.06 x 10°
Stick margarine 297.58 0.074 0.99 3010.13 0.299 0.99 134 x 103
Squeeze margarine 8.68 0.124 0.99 15.70 0.168 0.99 9.93 x 1072
Tube margarine 106.68 0.077 0.99 177.20 0.353 0.99 5.16 x 10!
Whipped butter 312.30 0.057  0.99 110.76 0476 0.99 1.61 x 1072
Whipped cream cheese 422.30 0.058 0.99 363.70 0.418 0.99 8.60 x 1072
Whipped dessert topping 35.98 0.120 0.99 138.00 0.309 0.99 3.09 x 10!

Source: Dickie, A.M., 1982, Predicting the spreadability and thickness of foods from time dependent viscoelastic rheology.
M.S. Thesis, Rutgers University, New Brunswick, NJ.
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FIGURE 1.38 Shear stress development of peanut butter at 25°C and comparison of the Bird—-Leider equation
with experimental data. (Reproduced from Dickie, A.M. and Kokini, J.L., 1982, Journal of Food Process
Engineering, 5: 157-174. With permission.)
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FIGURE 1.39 Comparison of the predictions of the three-, five-, and seven-parameters models with experi-
mental data for stick butter at a shear rate of 100 sec ™! (Reproduced from Mason, P.L., Puoti, M.P.,, Bistany, K.L.,
and Kokini, J.L., 1983, Journal of Food Process Engineering, 6: 219-233. With permission.)

extension of the earlier model developed by Leider and Bird (1974) and contain several relaxation
terms:

. ) S bie~tH
Ty = m(y)" |:1 + (boyt — 1)7]
1
where m and n are power law parameters, y is the shear rate, ¢ time, ; are tine constants, and by
and b; are constants. In Figure 1.39 for stick butter at a shear rate of 10 sec™ !, it can be seen that the
seven-parameter model predicts shear stress growth better than does the three-parameter Bird—Leider
equation (Mason et al., 1983).

1.3.7 YIELD STRESSES

Many semisolid food materials portray yield stresses. Yield stresses can be measured with a variety
of techniques. These include measuring the shear stress at vanishing shear rates, extrapolation of data
using rheological models that include yield stresses, and stress relaxation experiments, among others
(Barbosa-Canovas and Peleg, 1983). One particularly useful technique is plotting viscosity vs. shear
stress (Dzuy and Boger, 1983). In this form the viscosity tends to infinity when the yield stress value
is reached. This technique gives one of the most accurate values for yield stress. Figure 1.40 and
Figure 1.41 show such graphs for guar gum and gum karaya, respectively (Mills and Kokini, 1984).
Guar gum did not show yield stresses as viscosity tends to a constant value. However, in case of gum
karaya, viscosity tends to large values as a limiting value of shear stress is reached, signifying the
presence of a yield stress. Guar gum is a linear polysaccharide which readily disperses in aqueous
solutions. Dispersions of gum karaya, on the other hand, are formed by deformable particles that
swell to many times their original size and are responsible for the observed yield stresses. Similar data
are obtained for mustard, whereas viscosity tended to large values as the yield stress was approached
(Figure 1.42).
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FIGURE 1.40 Viscosity vs. shear stress curve for guar. (Reproduced from Mills, P.L. and Kokini, J.L., 1984,
Journal of Food Science, 49: 1-4, 9. With permission.)
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FIGURE 1.41 Viscosity vs. shear stress curve for gum karaya. (Reproduced from Mills, P.L. and Kokini, J.L.,
1984, Journal of Food Science, 49: 1-4, 9. With permission.)

1.4 CONSTITUTIVE MODELS

A growing field of importance in food rheology is the development of constitutive models that
describe the behavior of food materials in all components of stress, strain, and strain rates.
Constitutive models predict rheological properties through mathematical formalism which makes
fundamental assumptions about the structure and molecular properties of materials (Kokini, 1993
and 1994). Relating rheological measurements to molecular structures and conformations of food
polymers and food systems in general is a goal of considerable importance. Constitutive models are
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FIGURE 1.42 Viscosity vs. shear stress data for mustard. (Reproduced from Kokini, J.L., 1992, Handbook
of Food Engineering, D.R. Heldman and D.B. Lund, Eds, Marcel Dekker, Inc., New York. With permission.)

gaining importance in food science research because of their applications in predictive rheological
modeling and also because of their use in numerical simulation of unit operations such as dough
sheeting, extrusion, which can provide insight into design and scale-up (Kokini, 1993 and 1994;
Kokini et al., 1995b; Dhanasekharan and Kokini, 2003).

1.4.1 SIMULATION OF STEADY RHEOLOGICAL DATA

There are several basic models available to simulate the flow behavior of semisolid food materials.
These include the power law model,

T =m(y)"

where 7 is shear stress, y shear rate, and m and n are power law parameters. A special case where
n = 1 reduces this equation to Newton’s law. Other models include the Bingham model:

T =710+ uy
where 79 is the yield stress described before the Casson model:
1/2 .
V2 = To/ -HL(J/)I/Z

A general model to describe the flow behavior of inelastic time-independent fluids is that proposed
by Herschel and Bulkley:

T =10+ my)"

The power law, Newtonian, and Bingham plastic models are all special cases of the
Herschel-Bulkley model. The literature is abundant with other models, but the Herschel-Bulkley
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FIGURE 1.43 Log (t —10) vs. log (shear rate) for applesauce and ketchup. (Reproduced from Dervisoglu, M.
and Kokini, J.L., 1986b, Journal of Food Science, 51: 541-546, 625. With permission.)
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FIGURE1.44 Log(t—1p) vs. log (shear rate) for tomato paste and mustard. (Reproduced from Dervisoglu, M.
and Kokini, J.L., 1986b, Journal of Food Science, 51: 541-546, 625. With permission.)

model is the one most commonly used. A convenient way of linearizing the Herschel-Bulkley model
is by subtracting 7o from shear stresses t and to plot T — 7 vs. shear rate on logarithmic coordinates.
Examples of such plots are shown in Figure 1.43 for applesauce and ketchup and in Figure 1.44
for tomato paste and mustard. All of the flow curves portray a gradual transition from a less shear
thinning behavior to a more shear thinning behavior with increasing shear rate. At lower shear rates
the time of shear is comparable to the time necessary to reform aggregates, and the forces exerted
are small compared to the overall force necessary to achieve extensive breakdown. Consequently,
the effective rate of breakdown is smaller than that observed in the larger shear rates. As a result of
this gradual transition, two clearly different regions become evident. For all of the materials, the less
shear thinning region is observed for shear rates approximately less than 1.0 sec™!. This is consistent
with observations on tomato juice obtained by DeKee et al. (1983).

Steffe etal. (1986) has compiled a large amount of food data using the Herschel-Bulkley model as
a basis. Additional information, such as shear rate range, total solids, and temperature are also given.
Steffe’s compilation for fruit and vegetable products is given in Table 1.7. Additional information,
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TABLE 1.7
Properties of Fruit and Vegetables
Total solids Temp. Shear rate
Product (%) °O) n m (Pa.sec” Ty (Pa) ranges (sec“)
APPLE
Pulp — 25.0 0.084 65.03 — —
Sauce — 23.8 0.645 0.50 — —
Sauce — 23.8 0.408 0.66 — —
Sauce — — 0.470 5.63 58.6 —
Sauce — 20.0 0.302 16.68 — 3.3-530
Sauce + 12.5% — 25.0 0.438 2.39 — 0.1-1.1
water
Sauce 11.6 27.0 0.28 12.7 — 160-340
11.0 30.0 0.30 11.6 — 5-50
11.0 82.2 0.30 9.0 — 5-50
Sauce 10.5 26.0 0.45 7.32 — 0.78-1260
9.6 26.0 0.45 5.63 — 0.78-1260
8.5 26.0 0.44 4.18 — 0.78-1260
APRICOT
Puree 17.7 26.6 0.29 5.4 — —
23.0 26.6 0.35 11.2 — —
414 26.6 0.35 54.0 — —
44.3 26.6 0.37 56.0 — 0.5-80
51.4 26.6 0.36 108.0 — 0.5-80
55.2 26.6 0.34 152.0 — 0.5-80
59.3 26.6 0.32 300.0 — 0.5-80
Reliable, conc., green 27.0 4.4 0.25 170.0 — 3.3-137
27.0 25.0 0.22 141.0 — 3.3-137
Reliable, conc., ripe 24.1 4.4 0.25 67.0 — 3.3-137
24.1 25.0 0.22 54.0 — 3.3-137
Reliable, conc., ripened 25.6 4.4 0.24 85.5 —_ 3.3-137
25.6 25.0 0.26 71.0 — 3.3-137
Reliable, conc., overripe 26.0 4.4 0.27 90.0 — 3.3-137
26.0 25.0 0.30 67.0 — 3.3-137
BANANA
Puree A — 23.8 0.458 6.5 — —
Puree B — 23.8 0.333 10.7 — —
Puree (17.7 brix) — 22.0 0.283 107.3 — 28-200
BLUEBERRY
Pie Filling — 20.0 0.426 6.08 — 3.3-530
CARROT
Puree — 25.0 0.228 24.16 — —
GREEN BEAN
Puree — 25.0 0.246 16.91 — —
GUAVA
Puree (10.3 brix) — 234 0.494 38.98 — 15-400
MANGO
Puree (9.3 brix) — 24.2 0.334 20.58 — 15-1000

(Continued)
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TABLE 1.7
Continued

Product

ORANGE JUICE CONCENTRATE

Hamlin, early (42.5 brix)

Hamlin, late (41.1 brix)

Pineapple, early (40.3 brix)

Pineapple, late (41.8 brix)

Valencia, early (43.0 brix)

Valencia, late (41.9 brix)

Naval (65.1 brix)

PAPAYA
Puree (7.3 brix)
PEACH
Pie Filling
Puree

Puree

Total solids

Temp.
(%) O

— 25.0
— 15.0
— 0.0
— —10.0
— 25.0
— 15.0
— 0.0
— —10.0
— 25.0
— 15.0
— 0.0
— —10.0
— 25.0
— 15.0
— 0.0
— —10.0
— 25.0
— 15.0
— 0.0
— —10.0
— 25.0
— 15.0
— 0.0
— —10.0
— —18.5
— —14.1
— -93
— -5.0
— -0.7
— 10.1
— 19.9
— 29.5

— 26.0

— 20.0
10.9 26.6
17.0 26.6
21.9 26.6
26.0 26.6
29.6 26.6
37.5 26.6
40.1 26.6
49.8 26.6
58.4 26.6
11.7 30.0
11.7 82.2
10.0 27.0

n

0.585
0.602
0.676
0.705
0.725
0.560
0.620
0.708
0.643
0.587
0.681
0.713
0.532
0.538
0.636
0.629
0.538
0.609
0.622
0.619
0.538
0.568
0.644
0.628
0.71

0.76

0.74

0.72

0.71

0.73

0.72

0.74

0.528

0.46
0.44
0.55
0.55
0.40
0.40
0.38
0.35
0.34
0.34
0.28
0.27
0.34

m (Pa-sec™)

4.121
5.973
9.157
14.255
1.930
8.118
1.754
13.875
2.613
5.887
8.938
12.184
8.564
13.432
18.584
36.414
5.059
6.714
14.036
27.16
8.417
11.802
18.751
41412
39.2
14.6
10.8
79
59
2.7
1.6
0.9

9.09

20.22
0.94
1.38
2.11

134

18.0

44.0

585

85.5

440.0
72
5.8
4.5

ny (Pa)

Shear rate
ranges (sec‘1 )

0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500
0-500

20-450

0.1-140

80-1000
80-1000
2-300
2-300

5-50
5-50
160-3200

(Continued)
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TABLE 1.7
Continued
Total solids Temp. Shear rate
Product (%) °C n m (Pa.sec”) Ty (Pa) ranges (sec‘1)
PEAR
Puree 15.2 26.6 0.35 4.3 — —
24.3 26.6 0.39 5.8 — —
334 26.6 0.38 38.5 — 80-1000
37.6 26.6 0.38 49.7 — —
39.5 26.6 0.38 64.8 — 2-300
47.6 26.6 0.33 120.0 — 0.5-10
49.3 26.6 0.34 170.0 — —
51.3 26.6 0.34 205.0 — —
45.8 322 0.479 35.5 — —
45.8 48.8 0.477 26.0 — —
45.8 65.5 0.484 20.0 — —
45.8 82.2 0.481 16.0 — —
14.0 30.0 0.35 5.6 — 5-50
14.0 82.2 0.35 4.6 — 5-50
PLUM
Puree 14.0 30.0 0.34 2.2 — 5-50
14.0 8.2 0.34 2.0 — 5-50
— 25.0 0.222 5.7 — —
SQUASH
Puree A — 25.0 0.149 20.65 — —
Puree B — 25.0 0.281 11.42 — —
TOMATO
Juice Concentrate 5.8 32.2 0.590 0.223 — 500-800
5.0 48.8 0.540 0.27 — 500-800
5.8 65.5 0.470 0.37 — 500-800
12.8 32.2 0.430 2.00 — 500-800
12.8 48.8 0.430 1.88 — 500-800
12.8 65.5 0.340 2.28 — 500-800
12.8 82.2 0.350 2.12 — 500-800
16.0 322 0.450 3.16 — 500-800
16.0 48.8 0.450 2.77 — 500-800
16.0 65.5 0.400 3.18 — 500-800
16.0 82.2 0.380 3.27 — 500-800
25.0 32.2 0.410 129 — 500-800
25.0 48.8 0.420 10.5 — 500-800
25.5 65.5 0.430 8.0 — 500-800
25.0 82.2 0.430 6.1 — 500-800
30.0 32.2 0.400 18.7 — 500-800
30.0 48.8 0.420 15.1 — 500-800
30.0 65.5 0.430 11.7 — 500-800
30.0 82.2 0.450 7.9 — 500-800
Ketchup — 25.0 0.27 18.7 32 10-560
— 45.0 0.29 16.0 24 10-560
— 65.0 0.29 11.3 14 10-560
— 95.0 0.253 7.45 10.5 10-560
Puree — 25.0 0.236 7.78 — —
— 47.7 0.550 1.08 2.04 —

Source: Steffe, J.F., Mohamed, 1.O., and Ford, E.-W., 1986, Rheological properties of fluid foods: data compilation. In:
Physical and Chemical Properties of Food, M.E. Okos, Ed., ASAE Publications.
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TABLE 1.8
Properties of Apple and Grape Juice Concentrates
Temp range
°Brix no (Pa sec) E; kcal/gmole Q)
Apple juice concentrate 45.1 3.394 x 1077 6.0 —51t040
(from MclIntosh apples) 50.4 1.182 x 1077 6.9 —10to 40
552 2703 x 1079 9.4 —15 to 40
60.1  3.935x 10710 10.9 —151t0 40
649 7917 x 10712 13.6 —151t0 40
68.3 1.156 x 10712 153 —15to 40
Grape juice concentrate 43.1 8.147 x 1078 7.0 —51t040
(from concord grapes) 49.2 1.074 x 1078 8.5 —10to 40
540  9.169 x 1078 103 —15to 40
592 1243 x 10710 11.8 —15t040
64.5 1.340 x 10710 123 —151t0 40
68.3 6.086 x 1012 145 —15to 40

Source: Rao, M.A., Cooley, H.J., and Vitali, A.A., 1984. Flow properties of concentrated
juices at low temperatures, Food Technology, 38: 113—119.

such as shear rate range, total solids, and temperature are also given (Table 1.7). Additional data for
apple and juice concentrates reported by Rao et al. (1984) are given in Table 1.8.
The temperature dependence in most cases is considered to be an Arrhenius one given by

Ey
= €X —_—
m=10eXp | o

where 7 is the viscosity in Pa - sec, ng the viscosity at a reference temperature, E,, the activation
energy, T, the absolute temperature, and R, the gas constant. Data for meat, fish, and dairy products
are given in Table 1.9, and data for oils and other products are given in Table 1.10.

1.4.2 LINEAR VISCOELASTIC MODELS

Linear viscoelasticity is observed when the deformations encountered by food polymers are small
enough that the polymeric material is negligibly disturbed from its equilibrium state (Bird et al.,
1987). The level of deformation where linear viscoelasticity is observed depends on the molecular
architecture of the food polymer molecules and structure of the food. For example, for high viscosity
concentrated dispersions, linear viscoelastic behavior is observed when the deformation occurs very
slowly, as in creep tests or small amplitude oscillatory tests at very low frequencies. When the flow
is slow, Brownian motion can return the deformed molecule to its original state before the next
molecule tends to deform it again, and the viscoelastic material is the linear range.

Linear viscoelastic properties are very useful in terms of elucidating structural characteristics of
polymeric materials. In the linear viscoelastic region, moreover, the measured rheological proper-
ties are independent of the magnitude of the applied strain or stress. However, linear viscoelastic
properties are of little value in terms of predicting the deformation behavior of the materials during
many food processing operations which occur in the large strains (Table 1.11).

Constitutive equations enable the simulation of a wide range of rheological data obtained by a
variety of experiments. These models necessitate rheological constants, which are determined either
from molecular properties or from an independent set of experiments. The simplest constitutive
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TABLE 1.9

Properties of Meat, Fish and Dairy Products

% MC

66.8
65.9
63.2
575
54.5
45.9
45.9
1.8

Product
CREAM
10% Fat
20% Fat
30% Fat
40% Fat
FISH
Minced paste
MEAT
Raw comminated batters
% Fat % Prot.
15.0 13.0
18.7 12.9
22.5 12.1
30.0 10.4
33.8 9.5
45.0 6.9
45.0 6.9
67.3 28.9
MILK
Homogenized
Raw

Total
solids (%)

Temp.
Q)

40
60
80
40
60
80
40
60
80
40
60
80

3-6

20
30
40
50
60
70
80

n

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.156
0.104
0.209
0.341
0.390
0.723
0.685
0.205

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

m (Pa.sec™)

0.00148
0.00107
0.00083
0.00238
0.00171
0.00129
0.00395
0.00289
0.00220
0.00690
0.00510
0.00395

8.55

639.3
858.0
429.5
160.2
103.3
14.0
17.9
306.8

0.00200
0.00150
0.00110
0.00095
0.00078
0.00070
0.00060
0.00344
0.00305
0.00264
0.00231
0.00199
0.00170
0.00149
0.00134
0.00123

ny (Pa)

1600

1.53
0.28
0.00
27.80
17.90
2.30
27.60
0.00

Shear rate
ranges (sec‘1 )

0.7-238

300-500
300-500
300-500
300-500
300-500
300-500
300-500
300-500

(Continued)
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TABLE 1.9
Continued
Total Temp. Shear rate

Product solids (%) (o) n m (Pa.sec”) wy (Pa) ranges (sec™ 1)

WHOLE SOYBEAN
7% Soy Cotyledon Solids — 10 0.85 0.0640 — 0-1300
7% Soy Cotyledon Solids — 20 0.84 0.0400 — 0-1300
7% Soy Cotyledon Solids — 30 0.80 0.0400 — 0-1300
7% Soy Cotyledon Solids — 40 0.81 0.0330 — 0-1300
7% Soy Cotyledon Solids — 50 0.82 0.0270 — 0-1300
7% Soy Cotyledon Solids — 60 0.83 0.0240 — 0-1300
4.9% Soy Cotyledon Solids — 25 0.90 0.0187 — 0-1300
6.2% Soy Cotyledon Solids — 25 0.85 0.0415 — 0-1300
7.2% Soy Cotyledon Solids — 25 0.84 0.0665 — 0-1300
8.1% Soy Cotyledon Solids — 25 0.78 0.1171 — 0-1300
9.0% Soy Cotyledon Solids — 25 0.76 0.2133 — 0-1300
10.2% Soy Cotyledon Solids — 25 0.71 0.4880 — 0-1300

Source: Steffe, J.F., Mohamed, 1.0., and Ford, E.-W., 1986, Rheological properties of fluid foods: data compilation. In:
Physical and Chemical Properties of Food, M.E. Okos, Ed., ASAE Publications.

theories are Newton’s law for purely viscous fluids,
T=puy
and Hooke’s law for purely elastic materials
T =Gy

A classical approach to describe the response of materials which exhibit combined viscous and
elastic properties is based upon an analogy with the response of springs and dashpots arranged in
series or in parallel representing purely elastic and purely viscous properties (Figure 1.45).

1.4.2.1 Maxwell Model

The Maxwell element consists of a Hookean spring and a Newtonian dashpot combined in series,
representing the simplest model for the flow behavior of viscoelastic fluids. In this model, both spring
and dashpot are subjected to the same stress. The total strain in the Maxwell element is equal to the
sum of the strains in the spring and dashpot.

Y = Vspring + Vdashpot
The governing differential equation for Maxwell fluid model is (Darby, 1976):

T+AT =uy
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TABLE 1.10
Properties of Oils and Miscellaneous Products
Total Temp. Shear rate
Product solids (%) °C) n m (Pa.sec) wy (Pa) ranges (sec™ 1)
CHOCOLATE
Melted — 46.1 0.574 0.57 1.16 —
HONEY
Buckwheat 18.6 24.8 1.0 3.86 — —
Golden rod 194 24.3 1.0 2.93 —
Sage 18.6 259 1.0 8.88 —
Sweet clover 17.0 24.7 1.0 7.2 —
White clover 18.2 25.0 1.0 4.8 —
MAYONNAISE — 25.0 0.55 6.4 — 30-1300
— 25.0 0.54 6.6 — 30-1300
— 25.0 0.60 4.2 — 40-1100
— 25.0 0.59 4.7 — 40-1100
MUSTARD — 25.0 0.39 18.5 — 30-1300
— 25.0 0.39 19.1 — 30-1300
— 25.0 0.34 27 — 40-1100
— 25.0 0.28 33 —40-1100
OILS
Castor — 10.0 1.0 2.42 — —
— 30.0 1.0 0.451 — —
— 40.0 1.0 0.231 — —
— 100.0 1.0 0.0169 — —
Corn — 38.0 1.0 0.0317 — —
— 25.0 1.0 0.0565 — —
Cottonseed — 20.0 1.0 0.0704 — —
— 38.0 1.0 0.0386 — —
Linseed — 50.0 1.0 0.0176 — —
— 90.0 1.0 0.0071 — —
Olive — 10.0 1.0 0.1380 — —
— 40.0 1.0 0.0363 — —
— 70.0 1.0 0.0124 — —
Peanut — 25.0 1.0 0.0656 — —
— 38.0 1.0 0.0251 — —
— 21.1 1.0 0.0647 — 0.32-64
— 37.8 1.0 0.0387 — 0.32-64
— 54.4 1.0 0.0268 — 0.32-64
Rapeseed — 0.0 1.0 2.530 — —
— 20.0 1.0 0.163 — —
— 30.0 1.0 0.096 — —
Safflower — 38.0 1.0 0.0286 — —
— 25.0 1.0 0.0922 — —
Sesame — 38.0 1.0 0.0324 — —
Soybean — 30.0 1.0 0.0406 — —
— 50.0 1.0 0.0206 — —
— 90.0 1.0 0.0078 — —
Sunflower — 38.0 1.0 0.0311 — —

Source: Steffe, J.F., Mohamed, 1.0., and Ford, E.-W., 1986, Rheological properties In: Physical and Chemical
Properties of Food, M.E. Okos, Ed., ASAE Publications.
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TABLE 1.11

Typical Shear Rates Involved in Some
Processes

Operation or equipment Shear rate (sec™")
Particle sedimentation 1076103

Flow under gravity 10~ 1-10!
Chewing and swallowing 101-102

Mixing 10'-103

Pipe flow 109-103

Plate heat exchanger 102-103

Scrape surface heat exchanger 1015 x 102
Extruder 102-5 x 10*

Source: Lagarrigue, S. and Alvarez, G., 2001, Journal of
Food Engineering, 50: 189-202.

Linear elastic (Hookean) element  Linear viscous (Newtonian) element

dx .

F=kx F=DE=DX
=Gy L
'u_df HY

FIGURE 1.45 Linear elastic and viscous mechanical elements.

where the relaxation time (A) is given by

A==
G

During stress relaxation test, where a constant shear strain (}p) is instantly applied at = 0 and
maintained constant for times ¢ > 0, the resulting stress for a Maxwell fluid as a function of time is
given by

1/ —t/)

T(t) = Gype /" = e
The initial response is purely elastic, that is, 7 — Gy as t — 07, due to the initial extension of
the spring element, then it decays exponentially with time reaching 37% of its initial value at t = A
(Figure 1.46b) (Darby, 1976).

Another test that distinguishes relative viscous and elastic behavior is the creep test. When a
constant shear stress (7gp) is instantly applied at # = 0 and maintained constant for times ¢ < 71, the
resulting deformation observed as a function of time is given as (Darby, 1976):

y(0) = %{; A= [t — 1) + UG — 1)}

where U(t — 1) is the unit step function.

As shown in Figure 1.47b, the initial response is elastic, followed by a purely viscous flow
response with a slope 7o/ . When the stress is removed, the material again shows an elastic response,
indicating a recoverable strain of 79/G (Darby, 1976). This is also known as recoil or memory effect.
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FIGURE 1.46 Behavior of a Maxwell fluid during stress relaxation (a) input function, (b) material response.
(Reproduced from Darby, R., 1976, Viscoelastic Fluids: An Introduction to Their Properties and Behavior,
Dekker Inc., New York. With permission.)
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FIGURE 1.47 Behavior of a Maxwell fluid during creep test (a) input function, (b) material response. (Repro-
duced from Darby, R., 1976, Viscoelastic Fluids: An Introduction to Their Properties and Behavior, Dekker
Inc., New York. With permission.)

1.4.2.2 Voigt Model

The Voigt or Kelvin element consists of a Hookean spring and a Newtonian dashpot combined in
parallel. It is the simplest model for a viscoelastic solid. Due to parallel arrangements, both spring
and dashpot in the Voigt element are constrained to deform the same amount, and the total stress is
equal to the sum of the stress in the spring and dashpot.

T = Tspring + Tdashpot
The governing differential equation relating stress and strain is
T =Gy +ny
which can also be written
T n
G YTy

where the retardation time (1') is given as
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FIGURE1.48 Behaviorofa Voigtsolid during creep test (a) Input function, (b) material response. (Reproduced
from Darby, R., 1976, Viscoelastic Fluids: An Introduction to Their Properties and Behavior, Dekker Inc.,
New York. With permission.)

The strain response of a Voigt solid to creep test is calculated as (Darby, 1976):
o —t/X —(—1)/N
y@=_,ll—e)—(-e YUt —11)]

As shown in Figure 1.48b, the strain initially increases exponentially and reaches an equilibrium
strain (t9/G) asymptotically. The Hookean solid component of Voigt element retards the rate at
which the equilibrium strain is approached, and 63% of the final equilibrium value is attained at
t = A’. The quantity A’ represents a characteristic time of the material and is called as the retardation
time of the viscoelastic solid.

The response of a Voigt solid to stress relaxation test is:

() = ylG + 1é ()]

where 6 () represents the Dirac delta or impulse function, which has an infinite magnitude at t = 0
but is zero at r # 0 (Darby, 1976)

oo attr=0
5(”:{0 fort # 0

Response function to stress relaxation shows that viscous component relaxes infinitely fast in
Voigt solid, whereas the elastic component does not relax at all (Darby, 1976). Voigt solid shows
incomplete instantaneous relaxation, which is in contrast with the stress relaxation properties of the
Maxwell fluid shown in Figure 1.46.

1.4.2.3 Multiple Element Models

Although the Voigt and Maxwell elements are the building blocks for linear viscoelasticity, they
are inadequate for modeling real material behavior except for very simple fluid and solid materials.
More complex models are formulated by combining springs, dashpots, Voigt, and Maxwell elements
in a variety of mechanical analogs, in order to simulate the flow behavior of a specific viscoelastic
material.

An improvement over the simple viscoelastic fluids is obtained by using generalized models. The
generalized Maxwell model involves n number of Maxwell elements in parallel. Figure 1.49 shows
the mechanical analog of the generalized Maxwell model.
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FIGURE 1.49 Mechanical analog of the generalized Maxwell model. (Reproduced from Kokini, J.L.,
Wang, C.F., Huang, H., and Shrimanker, S., 1995b, Journal of Texture Studies, 26: 421-455. With permission.)

The total stress of this model is the sum of the individual stresses in each element (Darby, 1976):
n
=31
p=1

For each Maxwell element in the generalized model, 7, is associated with a viscosity 1, and
a relaxation time A,. Then the constitutive equation for each element in the generalized Maxwell
model can be formulated as follows:

T+ At = ipy

where p ranges from 1 to n for n elements.

Similarly, the generalized Kelvin model consists of Voigt elements arranged in series. For any
possible combination of Maxwell and Voigt elements in series and/or in parallel, the constitutive
behavior of the elements can be modeled in the form of an ordinary differential equation of the
nth order:

THpIE A pE AT A+t ™ = qoy + @V + @V + a3V + -+ gy ™

One to one correspondence exists between the parameters associated with the springs and
dashpots of the mechanical analog and the coefficients (p and g) of the associated governing equations.

A linear viscoelastic constitutive model is then an equation that describes all components of stress
and strain in all types of linear behavior. To develop such an equation, the “Boltzmann superposition”
principle is used. The superposition principle assumes that stresses resulting from strains at different
times can simply add on stresses resulting from strains at different times.

o(t) =Y Gt — )8y ()

i=1

where 8y (t;) is the incremental strain applied at time #; and G(¢ — 1;) is the influence function which
links stress strain behavior. The integral form of this equation when 8y (;) — 0 is:

t
o(f) = / Gt — t)dy (1)
0
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FIGURE 1.50 Relaxation modulus, G(¢), of 55% moisture gluten dough using 12 element generalized Max-
well model. (Reproduced from Kokini, J.L., Wang, C.F., Huang, H., and Shrimanker, S., 1995b, Journal of
Texture Studies, 26: 421-455. With permission.)

It is necessary to determine the relaxation modulus G(¢) in order to relate all components of
stress to all components of strain and strain rate. The relaxation modulus for Maxwell model element

given by:
G(t) = Goexp(—t/X)

and the linear integral constitutive model is given by:
'
Ti(t) = / Golexpl—(t — 1)) /A1}y; (Hdr'
—0oQ

The generalized Maxwell with n elements leads to the following integral model:

1 n
5@ = [ Gulexpl—(t = )/l ()

X k=1

where Gy and Ay, are the appropriate moduli and relaxation times of the Maxwell element.

The behavior of the relaxation modulus at sufficiently long times is dominated by the relaxation
time with the largest value and is called the “longest relaxation time” or “terminal relaxation time.”
Simulation of the relaxation modulus using the generalized Maxwell model for wheat flour dough
is shown in Figure 1.50 (Kokini et al., 1995b).

The Boltzmann superposition principle can also be used in dynamic measurements to obtain
equations for the storage and loss moduli when a generalized Maxwell model is used to represent
the relaxation modulus:

L Gilo)?
Gw_gnﬂwﬂ
/ _ - GiwA;
G@ =2 i @

i=1
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FIGURE 1.51 Dynamic measurements vs. strain for 40% moisture hard wheat flour dough sample at test-
ing frequency of 10 rad/sec. (Reproduced from Dus, S.J. and Kokini, J.L., 1990, Journal of Rheology, 34:
1069-1084. With permission.)
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FIGURE 1.52 Dynamic moduli as function of shear strain for 55% moisture gluten at testing frequency of
(a) 1.6 Hz and (b) 10 Hz. (Reproduced from Dhanasekharan, M., 2001, Dough rheology and extrusion: Design
and scaling by numerical simulation, Ph.D. Thesis, Rutgers University. With permission.)

Identifying a linear viscoelastic range is a challenge with many food materials. In particular,
dough has been the subject of many studies (Dus and Kokini, 1990; Wang and Kokini, 1995a,
1995b; Phan-Thien et al., 1997). It has been generally agreed that the wheat flour doughs exhibit
linear behavior until a strain of O(0.001) (Dus and Kokini, 1990; Phan-Thien et al., 1997) as shown
in Figure 1.51. Wang (1995) reported a linear viscoelastic strain limit of O(0.1) for gluten doughs.
Dhanasekharan (2001) found that the linear viscoelastic strain limit for gluten doughs is dependent
on the testing frequency (Figure 1.52). At low testing frequencies 10 rad/sec as used by Wang and
Kokini (1995b) a linear viscoelastic strain limit of O(0.1) is observed. At testing frequencies of 10 Hz
as used by Phan-Thien et al. (1997) for wheat flour dough, a viscoelastic strain limit of O(0.001) is
observed.
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1.4.2.4 Mathematical Evolution of Nonlinear Constitutive
Models

Linear viscoelastic models have limited applicability due to the nonlinear nature of a majority of
viscoelastic materials at realistic levels of applied strain. However, they are critical to the evolution
of nonlinear models, since any material, even the most nonlinear, exhibit essentially linear behavior
when subjected to a sufficiently small deformation. For food materials, more complicated nonlinear
viscoelastic models are needed.

Constitutive equations of linear viscoelasticity can be evolved into nonlinear models by replacing
the tensors as shown below (Bird et al., 1987):

Tensors in linear Tensors in nonlinear
viscoelasticity viscoelasticity

, o "y
Time derivatives of the rate of o Y(n)

strain tensor !

. o ot
Time derivative of the stress tensor m (1)
Strain tensor at ¢’ referred to y (1) v, ), v (2, 1)

state at ¢

Linear viscoelastic models are modified to nonlinear differential constitutive equations by
replacing the time derivatives of rate-of-strain tensor and stress tensor by convected derivatives.
The convected time derivatives of rate-of-strain tensor are given as follows:

Yay =V

D
Yoty = v = LV Yy + Ve - (V)
where y(,,41) is called as the nth convected derivative of the rate-of-strain tensor (.
The convected time derivative of the stress tensor is similarly given as follows:

D
=3t (Vo) T4 (Vo))

Integral constitutive equations are the integral form of differential linear viscoelastic models. They
involve the use of memory functions. Modification of general linear viscoelastic models to nonlinear
models is done by replacing the infinitesimal strain tensor y (#, ¢’) with relative strain tensors y[o; (z, t’).

Table 1.12 shows the classical evolution of nonlinear models (Bird et al., 1987). Many of the
nonlinear models have resulted from the rewriting of the Maxwell model in convected coordinates.
Nonlinear viscoelastic fluids exhibit dependence of stress not only on the instantaneous rate of strain
but also on the strain history.

Description of the flows with large displacement gradients necessitates evolution of linear con-
stitutive models to growing complexities to accurately represent real material behavior. Below is an
example of evolution of linear models to quasilinear model and then to nonlinear models:

Maxwell equation is given as

ot
T+AT=puy or r+)\§=m)
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TABLE 1.12
Mathematical Evolution of Nonlinear Models

Generalized Newtonian fluid model

— Linear viscoelastic fluid model

Retarded motion expansion

—— General constitutive equations

Differential models Integral models
Quasilinear models Quasilinear models
Differential nonlinear models Integral nonlinear models

By introducing the time derivative of y into the above equation and replacing p by ng (the
zero-shear-rate viscosity) we get Jeffrey’s model of the form:

P s+,
T _——=— —_—
15, = =m0 (7 +hag

where A is a relaxation and X is a retardation time.
By replacing the partial time derivatives with the convected time derivatives we generate a
quasilinear model known as Oldroyd’s fluid B model:

T+ A1ty = —no(Ya) + A2¥2)

where 7(1) is the convected time derivative of stress tensor, (1) is the convected time derivative of
the rate of strain tensor, and y(2) is the second convected derivative of the rate of strain tensor. When
retardation time, A, = 0, Oldroyd’s B equation reduces to “convected Maxwell” model:

T+ AT(1) = —N0Y(1)

where A is the relaxation time. This is one of the simplest models, which can be used to characterize
nonlinear viscoelastic effects. However, this model is primarily applicable to small strains because
it is a quasi-linear viscoelastic model.

1.4.3 NONLINEAR CONSTITUTIVE MODELS

1.4.3.1 Differential Constitutive Models

Nonlinear differential models are of particular interest in numerical simulations for process design,
optimization and scale-up. In a differential viscoelastic constitutive equation, the extra-stress tensor
(7p) is related to the rate of deformation tensors (y) by means of a differential equation. The total
stress tensor, T, is given as the sum of the viscoelastic component, 7,, and the purely Newtonian
component, Ty, as:

T=T7+T
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where 7y, = 2ny. Differential viscoelastic constitutive models that are frequently used for
characterizing the rheological properties of food materials are presented below.

1.4.3.1.1 The Giesekus Model

The Giesekus model considers polymer molecules as unbranched or branched chains of struc-
tural elements, which can be viewed as beads, joined either by elastic springs or rigid rods and
subjected to Brownian motion forces (Dhanasekaran and Kokini, 2001). Entanglement loss and
regeneration process cause the relative emotion of the beads with respect to the same or neighboring
molecules. The relationship between this relative motion and the generating force is described by
a configuration-dependent nonisotropic mobility tensor (Giesekus, 1982). The constitutive equation
has the following form:

A .
|:[ +Otn—‘l.':| T+ ATy = 2my
1

with a purely Newtonian component 7, = 2n,y, where y is the strain rate tensor, and 7(y) is the
upper-convected derivative of the stress tensor of the viscoelastic component, / is the unit tensor, and
A and 7 are the relaxation times and the viscosity factors. Parameter o controls the shear thinning
properties and extensional viscosity as well as the ratio of second normal stress difference to the first
one, when o > 0 shear thinning behavior is always obtained. The term involving « is the “mobility
factor” that can be associated with anisotropic Brownian motion and anisotropic hydrodynamic drag
on the constituent polymer molecules.
Material functions for the Giesekus model in steady shear flow are (Bird et al., 1987):

1=z+(l_x_z> (-7
n M A) 14+ 1 = 2a)f
v _ fU—af)
200(h —h2) () 2a(l—f)
14 =
no —A2)  (A1p)?

where

_ -

1+ (1 =2a)x

s (16l —a) (L)) —1
B 8ar(1 — &) (h17)?

f

and | and v, are the first and second normal stress coefficients, respectively.
Material functions in small amplitude oscillatory flow are:

N1+ Mh?
n 1+ 202
=)
nw 14 Ajw?

1.4.3.1.2 The White-Metzner Model
The White—Metzner (1963) model is derived from the network theory of polymers developed by
Lodge (1956) and Yamomoto (1956). The theory assumes a flowing polymer system consists
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of long chain molecules connected in a continuously changing network structure with temporary
junctions. The viscoelastic differential constitutive model is given by:

T+ )L‘L'(]) = 2)7)}

n is obtained from the experimental shear viscosity curve, and the function X is obtained from the
experimental first normal stress difference experimental curve. Both parameters, n and X, can be
obtained using Constant, Power law, or Bird—Carreau type dependences.

Using the Bird—Carreau type of dependence, for instance, we get the shear viscosity of the
following form:

1= Noo + (10 — Neo) (1 + A2y =D/2

The dependence of relaxation time on shear rate is found by fitting the experimental first normal
stress difference using a Bird—Carreau type model as:

A= ro(1 +A2)ptr=D/2

where 1 is zero shear rate viscosity, 1 is infinite shear rate viscosity, A, and A, are the natural
time (i.e., inverse of the shear rate at which fluid changes from Newtonian to power-law behavior),
and n, and n, are the power-law index.

So the first normal stress coefficient is given by:

Y1 =20k
The transient properties are given by:
nt=n—e"t)

t
v = (1 —e - Xe"“)

where " the transient viscosity and v T is the first normal stress coefficient.

1.4.3.1.3 Phan-Thien—-Tanner Model

Weilgel (1969) proposed an alternative approach to Lodge and Yamamoto’s network theory similar
to that of Boltzmann’s kinetic theory of gases. The stress tensor was shown to assume a Boltzmann
integral form. Phan-Thien and Tanner (1977) used this approach to show that the stress tensor can be
explicitly written in terms of an effective Finger tensor. They assumed specific forms for the creation
and destruction rates of the network junctions and derived a constitutive equation containing two
adjustable parameters ¢ and &£. The final form of the constitutive equation is:

o] (1-3) P3¢
exple—-tr(v)|t+A|[{l—=)T+=7T|=2ny
n 2 2

where the parameters 1 and X are the partial viscosity and relaxation time, respectively, measured from
the equilibrium relaxation spectrum of the fluid. They are not considered as adjustable parameters
of the model. The parameter £ can be obtained using the dynamic viscosity (n)-shear viscosity (1)
shift according to:

’ _ X
“”‘"( s(z—@)
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The shear viscosity, 1, is given by:

n
l
; 1+ s<2 s>x2
where the summation of n refers to the number of nodes. The first normal stress difference (1) is
given by:
n 2

GiAs
Y1 =2 -

; 1+E5Q2—8)r7y?

The transient shear properties are obtained numerically due to the nonlinear nature of the model.
The models can be used in multiple modes. This means that relaxation spectra can be chosen instead
of a single relaxation time and relaxation modulus. This enables good prediction of the oscillat-
ory shear properties. Figure 1.53a shows the predictions of the Giesekus, White—-Metzner, and
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FIGURE 1.53 Prediction of (a) the steady shear viscosity, (b) the first normal stress coefficient, (c) the transient
shear viscosity, and (d) the transient first normal stress coefficient of gluten dough using Giesekus, Phan-Thien—
Tanner and White—Metzner model. (Reproduced from Kokini, J.L., Dhanasekharan, M., Wang, C.-F., and
Huang, H., 2000, Trends in Food Engineering, J.E. Lozano, C. Anon, E. Parada-Arias, and G.V. Barbosa-
Canovas, Eds, Technomics Publishing Co. Inc., Lancaster, PA. With permission.)
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Phan-Thien—-Tanner models for the shear viscosity of gluten dough (Dhanasekharan et al., 2001).
The White—Metzner model resulted in the most accurate estimated values for shear viscosity using
Bird—Carreau type model which has a power law parameter to predict shear viscosity in the shear
thinning regime and the zero shear viscosity in the constant viscosity regime at low shear rates.
Figure 1.53b shows the predictions of first normal stress coefficient for gluten dough using three
different models. The White-Metzner model again provided the best fit for the first normal stress
co-efficient. Figure 1.53c and Figure 1.53d show the predictions of the transient shear properties of
gluten dough. The White—Metzner model under-predicted the observed transient properties while
the Phan-Thien—Tanner model provided the best fit for the transient shear viscosity and the transient
first normal stress coefficient.

Dhanasekharan et al. (1999) used the same three models to predict the steady shear and transient
shear properties of 50% hard wheat flour/water dough. The White—-Metzner model gave the best
overall prediction of the observed results, as shown in Figure 1.54. However, this model exhibited
asymptotic behavior at biaxial extension rates greater than 0.01 sec™! and therefore is not well suited
for predicting extensional flows. The Giesekus and Phan-Thien—Tanner models over-predicted the
steady shear viscosity in the shear-thinning region (Figure 1.54a), the first normal stress coefficient,
the transient properties (Figure 1.54b) and the biaxial viscosity (Figure 1.54d) but accurately predicted
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FIGURE 1.54 Comparison of (a) shear viscosity, (b) transient shear viscosity, (c) uniaxial extension, and
(d) biaxial extension data for hard wheat flour dough with the predictions of nonlinear differential viscoelastic
models. (Reproduced with permission from Dhanasekharan, M., Huang, H., and Kokini, J.L., 1999, Journal of
Texture Studies, 30: 603—623. With permission.)
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the dynamic properties. Only the Phan-Thien—Tanner model was able to give a good prediction of the
uniaxial extensional viscosity (Figure 1.54c), with the Giesekus model requiring a higher than has
been reported mobility factor («) in order to give good results.

1.4.3.2 Integral Constitutive Models

Nonlinear integral constitutive models evolve from the general linear viscoelastic models as well.
Since linear viscoelastic models are based on the infinitesimal strain tensor which specifically applies
to flows with small displacement gradients, it has to be generalized to describe flows with large
deformation levels. The infinitesimal strain tensor is replaced by the finite deformation tensor, a
mathematical operator that transforms material displacement vectors from their past to their present
state.

Finite deformation tensor (F') is used to describe the present (deformed) state in terms of the past
(undeformed) state:

dx = F - dx’

where x and x’ indicate the present and past states, respectively.
Finite deformation tensor Fj; describes the state of deformation and rotation at any point and it
depends on both the current and past state of deformation (Macosko, 1994):

ox;  0x;  Oxp

ox;  dx,  0x;

P dxy 0xp 0xp

YTl axp dxy 09X

0x3 0x3 0x3

dx;  dx, 0xj

There are two types of finite deformation tensors: Cauchy (C;;) and Finger (B;;) tensors, which
are the measures of finite strain.

Cauchy tensor: Cj; = FT.F
Finger tensor: By = F - FT

where FT is the transpose of finite deformation tensor. Physically Finger tensor describes the local
change in area within the sample, whereas the Cauchy tensor expresses deformation in terms of
length change.

The Finger tensor has three scalar invariants for a given deformation, a specific property of a
second order tensor. These invariants are as follows:

11 (Bjj) = B11 + B + B33
L(Bjj) = Ci1 + Co2 + C33
I3(Bjj) =1

The Boltzmann superposition principle is generalized using the Finger tensor to formulate a
theory of nonlinear viscoelasticity as follows:

t
0] :/_ m(t — t')B;j(t,1)dt’
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where m(t — t’) is the memory function. This is the equation for a rubber-like liquid developed by
Lodge (1964). The constitutive equation that results from Lodge’s network theory is:

' ) o
7;i (1) = / E exp [— @ . ! ):IB,']'(I, t)dt'

—00 )\'l i

The rubber-like liquid theory is of limited applicability since it predicts that the viscosity and first
normal stress coefficient are independent of shear rate which is not the case with most food materials.
Based on the concepts originally used in the development of the theory of rubber viscoelasticity
Bernstein, Kearsley and Zapas (Bernstein et al., 1964) proposed an equation known as the BKZ
equation to predict nonlinear viscoelastic behavior of materials:

! o o
_ 2—C;i(t,t') —2—B;i(z,¢) |dt
- /_w[an J0.0) = 250 B¢ )]

where i is a time-dependent elastic energy potential function given by:

M= M(119129t_t/)

and /1 and I, are the first and second invariants of the Finger tensor. A more practical form of the
BKZ equation involves a product of a time-dependent and a strain-dependent term:

w=pl,bt—1)=m@—"UdU )

Wagner (1976) further simplified the equation and proposed the following factorable model of
the form:

Mt —1), 11, L] = m(t — " )h(l, )

where h(l1, I7) is called the damping function. This is a form of the memory function, which is
separable and factorable and leads to the Wagner constitutive equation:

t
7(t) :/ m(t — t'Yh(I1, 1) Bjj(t,t')dr’

—00

The Wagner equation is not a complete constitutive equation since it contains the unknown A (I, I2)
which has to be determined experimentally. There are several approximations proposed for damping
functions which have all been shown to be valid in shear flows:

Wagner (1976) h(y) = exp(—ny)
Osaki (1976) h(y) = aexp(—n1y) + (1 — a) exp(—n2y)
Zapas (1966) h(y) = Tta?

Soskey and Winter (1984) h(y) = ———
1 4 ayb

where y is the shear strain, n, ny, ny, and a and b are fitting parameters.
Similarly, damping functions are proposed for extensional flows as well (Meissner, 1971):

h(e) = {alexpe)] + (1 — a) exp(ke)} ™!
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Damping functions have been obtained for food materials and in particular for gluten and wheat
flour doughs (Wang, 1995; Kokini et al., 1995b; Huang, 1998; Kokini etal., 2000). The form proposed
by Osaka was found to be the most successful in simulating the experimental data (Figure 1.55 and
Figure 1.56).

10_0 TTTTTTTT T TTT T T TT T T I T I T T T T TIT T T TTIT T ITTT TITTTT
® Experimental
h()=1/(1+ay?)

Where, a = 10.940
r b=0.752
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FIGURE 1.55 Simulation of shear damping function for 18.8% protein flour dough. (Reproduced from
Kokini, J.L., Dhanasekharan, M., Wang, C.-F., and Huang, H., 2000, Trends in Food Engineering, J.E. Lozano,
C. Anon, E. Parada-Arias, and G.V. Barbosa-Canovas, Eds, Technomics Publishing Co. Inc., Lancaster, PA.
With permission.)
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FIGURE 1.56 Simulation of the damping function /(y) using four types of mathematical models for 55%
moisture gluten dough at 25°C. (Reproduced from Kokini, J.L., Wang, C.F., Huang, H., and Shrimanker, S.,
1995b, Journal of Texture Studies, 26: 421-455. With permission.)
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FIGURE 1.57 Comparison of Wagner model prediction of the steady shear viscosities with experimental
data for (a) 18.8% protein flour dough and (b) 55% moisture gluten. (Reproduced from Kokini, J.L.,
Dhanasekharan, M., Wang, C.-F., and Huang, H., 2000, In: Trends in Food Engineering, J.E. Lozano, C. Anon,
E. Parada-Arias, and G.V. Barbosa-Canovas, Eds, Technomics Publishing Co. Inc., Lancaster, PA. With
permission.)
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FIGURE1.58 Comparison of Wagner model prediction of the first normal stress coefficients with experimental
data for (a) 18.8% protein flour dough and (b) 55% moisture gluten dough. (Reproduced from Kokini, J.L.,
Dhanasekharan, M., Wang, C.-F., and Huang, H., 2000, In: Trends in Food Engineering, J.E. Lozano, C. Anon,
E. Parada-Arias, and G.V. Barbosa-Canovas, Eds, Technomics Publishing Co. Inc., Lancaster, PA. With
permission.)

Figure 1.57 shows the comparison of the Wagner model prediction of the steady shear viscosities
with the experimental data for wheat flour and gluten doughs. Shear viscosity predictions using the
Wagner model showed an under-prediction of steady shear viscosities in the experimental shear rate
range of 1 x 1070 to 1 x 10~! sec™! (Kokini et al., 2000). Higher differences between experimental
and simulated steady shear viscosities were observed in the shear rate region where viscosities
were measured using a capillary rheometer. Figure 1.58 shows the predictions of first normal stress
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coefficient of wheat flour and gluten doughs using the Wagner model. The model over-predicted
the first normal stress coefficient values. The high volume percentage of starch fillers in the dough
violates the core assumptions included in the development of the Wagner model, which may account
for the discrepancy between simulated and experimental results (Kokini et al., 2000).

1.5 MOLECULAR INFORMATION FROM
RHEOLOGICAL MEASUREMENTS

1.5.1 DiLuTE SOLUTION MOLECULAR THEORIES

Molecular models of rheology aim at quantitatively linking rheological properties to molecular
structure and use rheological data as a diagnostic tool to understand the molecular conformation of
food polymers and the structural organization of complex materials. In order to achieve this goal,
idealizations of molecular architecture or conformation are necessary. Such idealizations lead to
molecular theories of rheology.

The simplest polymer systems are for a dilute solution of linear flexible polymers. The molecular
evolution of molecular theories started by considering dilute solutions of high molecular weight poly-
meric materials. These theories (Rouse, 1953; Zimm, 1956; Marvin and McKinney, 1965) are useful
in characterizing the effect of long-range conformation on the flexibility of some carbohydrates and
proteins. Dilute solution molecular theories have further evolved to predict rheological properties of
concentrated polymeric systems. They are based on key assumptions pertaining to network forma-
tion and dissolution which occur during deformation processes. There are many other constitutive
models, which count for the effect of entanglements or cross-links. The models that have an accurate
molecular and conformational basis enable us to predict rheological properties from the detailed
understanding of the molecular structure.

The Rouse (1953) and Zimm (1956) theories provide a basis for quantitative prediction of linear
viscoelastic properties for linear high molecular weight polymers in dilute solutions. The Rouse
model is based on the assumption that large polymer molecules can be simulated using straight
segments that act as simple linear elastic springs. The springs are connected by beads which give rise
to viscous resistance. The combination of elastic and viscous effects develops viscoelastic behavior
(Labropoulos et al., 2002a). The equations to predict the reduced storage and loss moduli of flexible
random coil molecules of the Rouse and Zimm type are given below:

n 0)21'2
Glo = P
[G1r Z(lerz)
p=1 P
" wT,
G// — P
[ r Z(Haﬂrg)
p=1

where [G]g is the reduced intrinsic storage modulus and [G” ] is the reduced intrinsic loss modulus,
T, is the spectrum of relaxation time and w is the frequency of the applied oscillatory deformation,
and p is an index number.

Estimation of intrinsic moduli [G'] and [G”] necessitates measurement of the storage modulus G’
and the loss modulus G” at several concentrations in dilute solution region. When (G’) and (G” — wny)
are plotted against concentration, the intercept at zero concentration gives:

G/
[G']1=1im — and [G"]= lim
c—0 ¢ c—0 Cc

G// — Wi
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FIGURE 1.59 Prediction of reduced moduli for flexible random coils as proposed by Rouse (1953) and Zimm
(1956). (Reproduced from Ferry, J., 1980, Viscoelastic Properties of Polymers, 3rd ed., John Wiley & Sons,
New York. With permission.)

Then the reduced moduli are calculated as
([G'IM [G"IM
R

d G// —
and [G']g RT

[G'g =

where c is the polymer concentration, M is the polymer molecular weight, T is the temperature, and
R is the gas constant.

The difference in the reduced moduli between Rouse and Zimm type of molecules is in the
calculation of relaxation time. Calculated theoretical values of [G']g and [G”]g for each model are
given by Ferry (1980). The predicted reduced moduli from the theories of Rouse and Zimm for
random coils as a function of wt are plotted in Figure 1.59. At high frequencies the reduced moduli
of the Rouse theory become equal and increase together with a slope of 1/2, while those in the Zimm
theory remain unequal and increase in a parallel manner with a slope of 2/3.

A number of theories have been developed for dilute solutions of elongated rigid rod-like macro-
molecules. The main feature of rod-like models is the prediction of an end-to-end rotation relaxation
time (Labropoulos et al., 2002a) which can be related to the relaxation behavior of clusters in solu-
tion. The reduced storage and loss moduli and the spectrum of relaxation time can be generalized as
follows:

(G'lg = myw’t?
=0+ o2ty
Gk = T | ——— +my
(1 + w?1?)
m[nlnsM
T=—"

RT

where

m= (m +m)”!
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TABLE 1.13
Geometrical Constants m; and
m3 for the Elongated Rigid Rod

Model

Model mq my m
Cylinder 0.60 0.29 1.15
Cylinder 0.46 0.16 1.61
Rigid dumbell 0.60 0.40 1.00
Prolate ellipsoid ~ 0.60 0.24 1.19
Shishkebob 0.60 0.20 1.25

Source: From Ferry, J., 1980, Viscoelastic
Properties of Polymers, 3rd ed., John Wiley
& Sons, New York. With permission.

Log [G']g, log [G']g
|

Log wt

FIGURE 1.60 Prediction of reduced moduli for the rigid rod theory of Marvin and McKinney (1965). (Repro-
duced from Kokini, J.L., 1993, In: Plant Polymeric Carbohydrates, F. Meuser, D.J. Manners, and W. Siebel,
Eds, Royal Society of Chemistry, Cambridge. With permission.)

where w is the frequency, 7 is relaxation time, [1] is the intrinsic viscosity of the solution, and 7 is
the viscosity of the solvent. m; and my are constants for different geometrical variations such as a
cylinder of a dumbell for the elongated rigid rod model (Ferry, 1980). Table 1.13 shows the values
of the geometrical constants calculated using different rigid-rod models.

The predicted reduced moduli from the theory of Marvin and McKinney (1965) for rigid rods as
a function of wt are given in Figure 1.60 (Kokini, 1993).

Dilute solution theories found some applications in food polymer rheology. Chou and Kokini
(1987) and Kokini and Chou (1993) studied the rheological properties of dilute solutions of hot
break and cold break tomato, commercial citrus and apple pectins. Tomato processing was found to
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have a significant effect on the chain length and rheological properties of tomato pectins. Tomato
pectin from cold break tomato paste had intrinsic viscosity value three times lower than that of
tomato pectin from hot break paste, suggesting that cold break processing affected the chain length
of tomato pectins through the action of pectic enzymes. Consistent with the viscosity data, the
weight-average molecular weight of cold break tomato pectin was found to be 38 times lower than
that of hot break tomato pectin. Kokini and Chou (1993) studied the conformation of tomato, apple,
and citrus pectins as a function of the degree of esterification using constitutive models. The fit of
the experimental [G']g and [G”]g with the theoretical rigid model of Marvin and McKinney for
apple pectin of degree of methylation of 73.5% is shown in Figure 1.61a. The graph clearly shows
that this apple pectin does not follow rod-like behavior. Experimental reduced moduli were also
compared with the predictions of Rouse and Zimm models. The Rouse model gave a slightly better

(a) (b)

1_

0_
£
o
o 17
ke
i3
& -2
o
o
- -3

—4

-5 T T T T T

-3 -2 - 0 1 2 3

Log wt
2

Log (G)g log (G")r
!

2
®log [G]p
*l0g [G'lr

-3 -2 -1 0 1 2 3
Log wt

FIGURE 1.61 Comparison of experimental reduced moduli of apple pectin with (a) rod model, (b) Rouse
model, and (c) Zimm model. (Reproduced from Kokini, J.L., 1994, Carbohydrate Polymers, 25: 319-329. With

permission.)
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agreement with the experimental data compared to rod-like model (Figure 1.61b) but still not well
approximated by the flexible random coil theory. Among the dilute solution theories, the random coil
theory of Zimm best explained the experimental data (Figure 1.61c) and suggested a certain level
of intermolecular interaction present in the dilute pectin. This interaction is expected since opposite
charges on the molecule will tend to attract providing an environment for considerable intermolecular
interactions.

1.5.2 CONCENTRATED SOLUTION THEORIES

1.5.2.1 The Bird—Carreau Model

The rheological properties of concentrated dispersions cannot be predicted accurately using dilute
solution theories due to the fundamental conformational differences between dilute polymer solutions
and undiluted polymers. In a concentrated solution, the polymer chain cannot freely move sideways
and its principal motion is in the direction of the chain backbone. James (1947) was the first to
develop a mathematical model for the statistical properties of a molecular network, which consist
of physically cross-linked polymer chains, forming a macromolecular structure. This theory was
expanded by Kaye, Lodge, and Yamamoto to better explain viscoelastic behavior by assuming that
deformation creates and destroys temporary cross-links (Leppard, 1975).

The Carreau constitutive model is an integral model that incorporates the entire deformation
history of a material. The model can describe non-Newtonian viscosity, shear-rate dependent normal
stresses, frequency-dependent complex viscosity, stress relaxation after large deformation shear flow,
recoil, and hysteresis loops (Bird and Carreau, 1968). The Bird—Carreau model employs the use of
zero-shear-rate limiting viscosity, 19, and the time constants, A1 and A;, and o and o;.

The prediction for 5 is (Bird et al., 1987):

o0

n=Y

—1 I+ ()Llpj})2

and large shear rates above equation is approximated by

__mmo (2% p) e/
© Z(a) — 1 2apsin[((1 — a1)/Qe)) - 7]

where

The Bird—Carreau prediction for %’ is:

2:: 1+ ()\Zpa))z
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FIGURE 1.62 Determination of the Bird—Carreau constants A1, A, &1, and . (Reproduced from Bird, R.B.,
Armstrong, R.C., and Hassager, O., 1987, Dynamics of Polymeric Liquids, 2nd ed., John Wiley & Sons Inc.,
New York. With permission.)

and at high frequencies it is approximated by

, o Qazhyw) -0/
T = @) — 1 2an sin[((1 + 207 — a1)/ Qo)) ]

Finally, the prediction for n”/w is:

M
"l = pap
7/ l;l+()»2pw)2

and at high frequencies it converges to

292 )1 g (222 ) (-1 =)/
= 2(an) — 1 2ap sin[((1 + @2 — 01)/ (2]

n"/w

where

2 @
Aoy = A
> 2[1)“]

The empirical model constants are obtained from steady shear and oscillatory shear experiments: 7,
M1, and « are determined from a logarithmic plot of 1 vs. y, while A, and a» are obtained from a
logarithmic plot of n’ vs. w (Figure 1.62).

1o is readily obtained by extrapolating the steady shear viscosity to low shear rates. The time
constant A| represents the characteristic time for the onset of non-Newtonian behavior under steady
shear conditions. A values are taken as the inverse of the shear rate at the intersection of the line
extending from 7 to the line tangent to the high-shear-rate non-Newtonian region of the log n vs.
log y curve. The time constant A, represents the characteristic time for the onset of non-Newtonian
behavior under oscillatory shear conditions and is determined by the same procedures as for A,
where w replaces y.

The constant ¢/ is obtained from the slope of the non-Newtonian region of the logn vs. log y
curve as follows:

1 — oy

slope of n =
o
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FIGURE 1.63 Comparison of predictions of the Bird—Carreau constitutive model and experimental data for
1% guar. (Reproduced from Kokini, J.L., 1994, Carbohydrate Polymers, 25: 319-329. With permission.)

where slope 7 is the slope of the steady shear non-Newtonian region; o5 is then determined from either
the slope of the non-Newtonian region of the log 1’ vs. log @ curve or the slope of the high-frequency
region of the log n” /w vs. log  curve as follows:

l -«
slope of n’ = !
a3
and
"o l—a —a
slope of — = S e
w o)

where the slopes 1" and n” /w are the slopes of the logn’ vs. logw curve and log n”/w vs. log w,
respectively.

The semiempirical nature of the Bird—Carreau model facilitates the estimation of parameters
and makes the models easily applicable to a variety of materials such as concentrated dispersions of
polysaccharides including guar gum and CMC (Plutchok and Kokini, 1986; Kokini and Plutchok,
1987b), protein networks as well as doughs (Dus and Kokini, 1990; Cocero and Kokini, 1991). As
an example, Figure 1.63 shows that the Bird—Carreau model was able to predict 1, n” and n”/w in
the high and low frequency regions for 1% guar solution.

Such constitutive models can also be used to predict the rheological properties of concentrated
gum blend systems. Plutchok and Kokini (1986) developed empirical equations capable of predicting
n0, A1, and Ay, as well as the slope of non-Newtonian region of 1 and 5/, using concentration and
molecular weight data. A generalized correlation to predict rheological constants from concentration
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FIGURE 1.64 Comparison of predictions of the Bird—Carreau constitutive model and experimental data for
a 3:1 CMC/guar blend at a combined 1% concentration. (Reproduced from Kokini, J.L., 1994, Carbohydrate
Polymers, 25: 319-329. With permission.)

and molecular weight of the following form was used:

f(cblend, M w,blend) = po(Cplend )pl (M, w,blend )p2

where
Po, p1, and po parameters to be determined
c concentration (g/100 ml)
Mw weight-average molecular weight

f(cblend> Mwplend) 70> Al» A2, slope of n and 7’

The rheological properties of guar gum-CMC blends at several proportions were predicted using
these empirical equations (Plutchok and Kokini, 1986). In the case of 3:1 CMC-guar gum blend, the
Bird—Carreau model explained steady-shear and dynamic properties very well in the higher shear
rate or frequency region of 1 to 100 sec™'. However, 1” /w does not tend to a zero shear constant
value (Figure 1.64).

In the case of cereal biopolymers, the rheological properties at moderate to low moisture contents
are highly significant. Proteins exist in any amorphous metastable glassy state which is very sensitive
to changes in moisture, temperature, and processing history. Cocero and Kokini (1991) showed that
both gluten and its high molecular weight component glutenin are plastizable polymers. Dus and
Kokini (1990) used the Bird—Carreau model to predict the rheology of gluten and glutenin. The
model successfully predicted the apparent steady shear viscosity for 40% moisture glutenin at 25°C
(Figure 1.65). The Bird—Carreau parameters suggested that 40% moisture glutenin is indeed in
the free-flow region. Since glutenin is the principal protein component of wheat flour dough, the
presence of disulfide bonds and noncovalent interactions determine the density of entanglements.
40% moisture glutenin at 25°C experienced rubbery flow, where the entanglements slip so that
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FIGURE 1.65 Bird—Carreau prediction of the steady shear viscosity for 40% moisture glutenin at 25°C.
(Reproduced from Kokini, J.L., 1994, Carbohydrate Polymers, 25: 319-329. With permission.)

FIGURE 1.66 A schematic representation of a worm-like polymer chain (dashed line) surrounded by an outer
tube-like cage. (Reproduced from Doi, M. and Edwards, S.F., 1978a, Journal of Chemical Society, Faraday
Transactions 11, 74: 1789-1801.)

configurational rearrangements of segments separated by entanglements can take place (Kokini,
1993 and 1994).

1.5.2.2 The Doi-Edwards Model

Doi and Edwards viscoelasticity is explained by considering entanglements within the polymer
network (Doi and Edwards, 1978a,b). Accordingly, a model chain (or primitive path) is constructed
which describes molecular motions in a densely populated system assuming that each polymer chain
moves independently in the mean field imposed by the other chains. The mean field is represented
by a three-dimensional cage. In this cage each polymer is confined in a tube-like region surrounding
it as shown in Figure 1.66. The primitive chain can move randomly forward or backward only along
itself.

A sliplink network concept is introduced to define dynamic properties under flow. The junctions
of sliplinks are assumed not to be permanent cross-links but small rings through which the chain can
pass freely as shown in Figure 1.67. In highly entangled polymer systems, the molecular motion of a
single chain can be divided into two types: (i) the small-scale wiggling motion which does not alter the
topology of the entanglement and (ii) the large-scale diffusive motion which changes the topology.
The time scale of the first motion is essentially the Rouse relaxation time (Shrimanker, 1989).
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FIGURE 1.67 A schematic representation of the sliding motion of the wiggling chain through sliplinks (small
circles). (Reproduced from Doi, M. and Edwards, S.F., 1978b, J. Chem. Soc., Faraday Trans. I1., 74: 1802-1817.
With permission.)

The Doi—-Edwards theory is only concerned with motion of the second type. The time scale of the
second motion is a renewal proportion of the topology of a single chain is proportional to M> (Doi
and Edwards, 1978a,b).

The theory has been modified by Rahalkar et al. (1985) for a polydisperse system. The following
results are relevant to the storage and loss moduli (G’ and G”) of a monodispersed polymer.

8 o0
G =Gy Y @I/l + @T)?/p']
p=1,0dd

8 o0
G'(@) = =Gy > [@I)/p°)/11 + @T)?/p*]
p=1,0dd

where G?\, is the plateau modulus obtained at high frequency, T is the extra stress tensor and p is an
integer.

For a polydisperse polymer with a molecular weight distribution of f(x), the weight fraction of
chains with molecular weight between M and M + dM is given by W(M)dM, where

WM) = 1/Myf (1)

and where u is the dimensionless molecular weight (=M /M,,).
For this case, the storage and loss modulus are by:

© g o
G'(0) = Gy fo — 2 L@ Go/p)/1 + @T0) i p*du
p=1,0dd

and
0 * 8 = 3 6 2,.6/,.4
G'(w) = GN/ = Z [T f(w)/p°1/11 + (@T) 1 /p*1dp
0 p=1,0dd
where G?,, and the plateau modulus, is given by

Gy = Go,,./5

Shrimanker (1989) used the Doi—Edwards theory to predict G’ and G” values for a 5% apple pectin
dispersion, assuming both monodisperse and polydisperse polymer. Figure 1.68 shows the plot
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FIGURE 1.68 G’ and G” values for 5% pectin solution predicted by the Doi-Edwards model. (Reproduced
from Kokini, J.L., 1994, Carbohydrate Polymers, 25: 319-329. With permission.)

of predicted values along with the experimental values for the simulation of G’'(w) and G” (w). The
polydisperse model explained the experimental data better than the monodisperse model, expectedly,
since apple pectin is highly polydisperse with a reported polydispersity ratio (Mw/Mn) of 15 to 45.

Although the constitutive models discussed above provide major clues in designing food
molecules with desired rheological properties, they usually do not permit prediction of the rhe-
ological properties of complex mixtures. For structurally complex materials it is difficult to describe
the viscoelastic behavior with just one polymer model. Agar gel is a typical example for such a case.
At high temperatures, the rheological behavior of agar sols is similar to dilute solutions of linear
polymers. On the other hand, at low temperatures below the gelation point, their behavior is similar
to that of cross-linked polymers. In the temperature range where the sol-gel transition occurs, the
situation is further complicated. Moreover, the rheological properties of agar gels depend on their
thermal history (Labropoulos et al., 2002a, 2002b).

Labropoulos et al. (2002a) developed a theoretical rheological model for agar gels, based on
the bead-spring model for linear flexible random coils and the model for cross-linked polymers.
A temperature dependence was introduced into the proposed model to determine the fraction of
molecules that undergo gelation and thus to predict the gelation behavior of agar gels as a function
of time and temperature. At high temperatures, agar molecules take on a random coil conformation.
During cooling, agar molecules associate with each other forming double helices and higher order
assemblies. At temperatures below gelation temperature the rheological behavior of agar gel is
dominated by contributions from an agar network.

The proposed model was successfully fitted to experimental gelation curves obtained over a wide
range of cooling rates (0.5-20°C/min) and agar concentrations in the range of (1-3%w), demon-
strating a good flexibility of the model to fit a wide range of thermal histories. Figure 1.69 shows
dynamic moduli as a function of time for a 2% (w/w) agar cooled from 90 to 25°C at 0.5°C/min.
Solid lines represent the theoretical predictions of the model. Similar results were obtained for other
agar concentrations and cooling rates. The theoretical predictions for G’ and G” are very close to the
experimental data, and the theoretical G’ — G” crossover matches the experimental one closely.

1.5.3 UNDERSTANDING POLYMERIC PROPERTIES FROM
RHEOLOGICAL PROPERTIES

1.5.3.1 Gel Point Determination

Crosslinking polymers undergo phase transitions from liquid to solid at a critical extent of reaction,
which is called gelation. Gel point is defined as the moment at which a polymer/biopolymer system
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FIGURE 1.69 Dynamic storage (G) and loss (G”) moduli as a function of time for a 2% agar cooled from
90 to 25°C at 0.5°C/min. (Reproduced from Labropoulos, K.C., Niesz, D.E., Danforth, S.C., and Kevrekidis,
P.G., 2002b, Carbohydrate Polymers, 50: 407-415. With permission.)
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FIGURE 1.70 Dynamic mechanical spectra of storage and loss modulus for (a) an entanglement network
system and (b) a covalently cross-linked network. (Reproduced from Ross-Murphy, S.B., 1995b, Journal of
Rheology, 39: 1451-1463. With permission.)

changes from a viscous liquid (sol) to an elastic solid (gel) (Ross-Murphy, 1995a, 1995b). It can
be determined from rheological properties such as steady shear viscosity for the liquid state and
equilibrium shear modulus for the solid state (Gunasekaran and Ak, 2000). The polymer is considered
to be at the gel point where its steady shear viscosity is infinite and its equilibrium modulus is zero
(Winter and Chambon, 1986).

Small amplitude oscillatory measurements have been widely used for determining gel point and
properties of the final gel network. Dynamic measurements provide continuous rheological data for
the entire gelation process in contrast to steady rheological measurements. This is extremely import-
ant due to lack of singularity in the gelation process. Two commonly used rheological measures to
detect gel point are the cross-over point between G’ and G” (Figure 1.70) and the point when loss
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and Ak, M.M., 2000, Trends in Food Science & Technology, 11: 115-127. With permission.)

tangent (tan §) becomes frequency independent (Figure 1.71), also known as the Winter—Chambon
method (Gunasekaran and Ak, 2000). The cross-over method is a special case of the Winter—Chambon
method. The gelation time determined by these two methods does not necessarily match in a single
frequency experiment (Winter and Chambon, 1986). The cross-over method depends on the fre-
quency of the oscillation depending on the gel strength. Entangled polymer network systems (weak
gels) show a strong frequency dependence, that is, G’ increases with increasing test frequency as
shown in Figure 1.70a, while the cross-linked network gels (strong gels or chemical gels) show very
little frequency dependence (Figure 1.70b).

Both cross-over and Winter—Chambon methods have been extensively used for gel point determ-
ination of biopolymers. Svegmark and Hermansson (1991) reported that cross-over criterion becomes
difficult to use in complex mixed systems such as potato, wheat, and maize starch dispersions.
Lopes da Silva and Goncalves (1994) studied rheological properties of curing high methoxyl pectin/
sucrose gels at different temperatures using small amplitude oscillatory experiments. They observed
that the time of G’ — G” crossover point is dependent on the oscillation frequency (Figure 1.72).
Thus, the G’ — G” crossover method could not be used as a criterion to identify the gel point; they
instead applied the Winter—Chambon criterion.

Jauregui et al. (1995) studied the viscoelastic behavior of two commercial hydroxyl ethers
of potato starch with different degrees of substitution. They reported three different viscoelastic
behaviors of hydroxyethylated starch aqueous systems at different concentrations as shown in
Figure 1.73:

I. Fluid-like behavior at low concentrations: G” is greater than G’, G’ & w?, and G” x @
as predicted by the general linear viscoelastic model.
II. Fluid-gel transition zone at intermediate concentrations: G” is still greater than G’ but
both moduli are proportional to frequency as @,
III. Gel-like behavior at concentrations of >30%: G’ is greater than G” and is independent

of frequency at low frequencies.

The loss tangent (tan §) vs. frequency plots at different starch concentrations (Figure 1.74) confirmed
the existence of the three viscoelastic behaviors defined as fluid-like, fluid-gel transition, and gel-like
zones. When the system is not a gel, tan § decreases as the frequency increases, as is typical for a
viscoelastic liquid. However, when gelation takes place, the loss factor increases with frequency
indicating that the system has changed into the viscoelastic solid state. An intermediate behavior is
observed for 25% w/w, which gives rise to an almost frequency-independent tan §, as corresponds
to the transition region.
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FIGURE 1.73 Storage moduli (G’; open symbols) and loss moduli (G”; solid symbols) of aqueous starch
systems as a function of frequency. I, II, and III correspond to 15, 25, and 30% polymer concentrations,
respectively. (Reproduced from Jauregui, B., Mufioz, M.E., and Santamaria, A., 1995, International Journal of
Biological Macromolecules, 17: 49—-54. With permission.)

Labropoulos and Hsu (1996) studied the gel forming ability of whey protein isolate (WPI)
dispersions subjected to different processing variables (e.g., temperature, pH, and concentration)
using small amplitude oscillatory measurements. They observed a wide range of gelation times from
12 to 164 min depending on the experimental conditions when the Winter—Chambon method was
applied. A frequency-independent tan § was determined from a multifrequency scan of tan§ vs.
gelling time at the gel point (Figure 1.75). The rheological data demonstrated a power-law frequency
dependence of the viscoelastic functions G’ and G” (i.e., G'(w) = Aw" and G’ (w) = Bw™). A unique
power low exponent n at the gel point was obtained from linear regression fits of log G’ and log G”
vs. logw. The experimental results showed that high correlations between the applied processing
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FIGURE 1.75 Time evolution of tan § during gelation for different frequencies, showing critical gel points
of WPI. (Reproduced from Labropoulos, A.E. and Hsu, S.-H., 1996, Journal of Food Science, 61: 65-68. With
permission.)

conditions and resulting gelling times would serve as valuable tools for controlling the variables
during gelation of WPI dispersions.

1.5.3.2 Glass Transition Temperature and the Phase Behavior

Synthetic amorphous polymers exhibit five regions of time-dependent viscoelastic behavior: glassy
zone, glass transition zone, rubbery zone, rubbery flow region, and free flow region. Amorphous
materials undergo transition from a solid glassy state to viscous liquid state at a material specific tem-
perature called the glass transition temperature. In complex systems, such as food formulations, this
transition occurs over a wide range of temperature although it is usually referred to as a single tem-
perature value (Cocero and Kokini, 1991; Madeka and Kokini, 1996; Ross et al., 1996; Morales and
Kokini, 1997; Toufeili et al., 2002). Molecular mobility and physicochemical properties change dra-
matically over the temperature range of glass transition. Understanding the thermal behavior of food
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biopolymers and mapping the changes in their rheological properties resulting from plasticization
and other processing parameters are very important to control the final quality of the food products.
Glass transition has a great effect on processing, properties, quality, safety, and stability of foods
(Ross et al., 1996). It affects the physical and textural properties of foods (e.g., stickiness, viscosity,
brittleness, crispness, or crunchiness), the rates of deteriorative changes, such as enzymatic reactions,
nonenzymatic browning, oxidation, and crystallization.

State transitions and chemical reactions in food systems can be identified and characterized
using differential scanning calorimetry, rheometry, dilatometry, thermal expansion measurements, or
dielectric constants measurements (Kokini et al., 1994). During transition from glassy to rubbery state
the properties such as heat capacity, thermal expansion and dielectric constant show a discontinuity,
which is used as the basis for most of the experimental techniques for 7; measurements. Differential
scanning calorimetry (DSC) and rheometry, in particular small amplitude oscillatory measurements,
are the most common techniques used to study the glass transition of biopolymers.

In the glassy state, the storage modulus, G, is in the range 10°~10'! Pa. At the glass-to-
rubber transition, a characteristic drop of 103—103 Pa in G’ is observed, reflecting the change in the
rheological properties. The experimental T, can be determined from the change in storage moduli
as function of temperature either as the onset of drop in storage modulus (G’) or as the peak of loss
modulus (G”) as shown Figure 1.76. When the material is at rubbery plateau region, G’ shows little
dependence on the frequency at which the material is oscillated during measurements, whereas the
loss modulus, G”, shows a characteristic maximum which is considered as the T,. The tan § peak
(tan§ = G”/G’) is also used to identify the Ts. However, in complex systems the tan § peak may be
very broad and does not show a single maximum. Among the techniques mentioned, the temperature
corresponding to G’ or tan § peak is the most commonly used marker of T, (Cocero and Kokini,
1991; Kalichevsky and Blanshard, 1993; Kokini et al., 1994).

Molecular weight, composition, crystallinity, and chemical structure alter the glass transition
temperature of materials significantly. Low molecular weight compounds such as water act as an
effective plasticizer by lowering the T, of biopolymers. Kalichevsky and Blanshard (1993) studied
the effect of fructose and water on the glass transition of amylopectin and observed that the fructose
has more significant effect on T, at low water contents. Gontard et al. (1993) reported on the strong
plasticizing effect of water and glycerol on mechanical and barrier properties of edible wheat gluten
films.

Glass transition and phase behavior of several cereal proteins have been studied extensively.
Kokini et al. investigated the phase transitions of gliadin, zein, glutenin, 7S and 118 soy globulins, and
gluten to map the changes in their rheological properties as a function of moisture and temperature.
The state diagrams of glutenin (Cocero and Kokini, 1991), gliadin (Madeka and Kokini, 1994),

Log G'log G"
Tan ¢

Temperature

FIGURE 1.76 Determination of glass transition temperature from storage modulus, loss modulus, and tan §.
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zein (Madeka and Kokini, 1996), 7S and 11S soy globulins (Morales and Kokini, 1997, 1999), and
gluten (Toufeili et al., 2002) are given Figure 1.77 through Figure 1.80.

Cocero and Kokini (1991) demonstrated the plasticizing effect of water, as measured by the
storage modulus (G’), on the glutenin component of wheat proteins. Small amplitude measurements
showed that hydrated glutenin between 4 and 14% moisture content showed a wide range of glass
transition temperatures between 132 and 22°C. The temperature and frequency dependency of storage
(G') and loss (G”) moduli were obtained to characterize the physical states of gliadin (Madeka and
Kokini, 1994). Morales and Kokini (1997) studied the glass transition of soy 7S and 11S globulin
fractions as a function of moisture content.

Moraru et al. (2002) studied the effect of plasticizers on the mechanical properties and glass
transitions of meat—starch extruded systems. Water, in general, decreased the mechanical properties
and glass transition temperatures. However, at low moisture content, the addition of water caused
an increase in mechanical properties, interpreted as antiplasticization effect. Peleg (1996) reported
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FIGURE 1.77 State diagram for Glutenin. (Reproduced from Kokini, J.L., Cocero, A.M., Madeka, H., and
de Graaf, E., 1994, Trends in Food Science and Technology, 5: 281-288. With permission.)
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1999, Journal of Rheology, 43: 315-325. With permission.)

that the addition of low molecular weight diluents, such as fructose and glycerol, to glassy polymers
lowers T but at the same time exerts an antiplasticizing effect on the mechanical properties.
Predicting the changes in rheological properties that occur as a result of plasticization with
water or of processing conditions is central to the ability to predict the physical properties and the
resulting quality and stability of a food (Kokini et al., 1994). Knowledge of the rheological behavior
of food products is essential for process design and evaluation, and quality control and consumer
acceptability (Dervisoglu and Kokini, 1986b; Kokini and Plutchok, 1987a; Slade and Levine, 1987;
Roos and Karel, 1991). For instance, rheological property changes encountered by wheat dough
during baking affect the final texture of breads, cookies, and snacks. The state diagrams allow the
prediction of the material phases that can be expected during processes such as baking and extrusion.
The state diagrams also describe the moisture content and temperature region at which the material
will undergo appropriate reactions. For example, during extrusion and baking the protein phase
is expected to undergo crosslinking reactions to generate appropriate texture in the extrudate or
on the crumb of the baked product. The physical states of a material during wetting, heating and
cooling/drying stages of extrusion cooking is shown in a hypothetical diagram in Figure 1.81.
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FIGURE 1.81 Hypothetical phase diagram showing the physical states of material during wetting, heating
and cooling/drying stages of extrusion cooking. (Reproduced with permission from Kokini, J.L., Cocero, A.M.,
Madeka, H., and de Graaf, E., 1994, Trends in Food Science and Technology, 5: 281-288. With permission.)

1.5.3.3 Networking Properties

Molecular weight between entanglements (Me) or cross-links (Mc), and the slope and magnitude
of the storage modulus (G’) are the most commonly used rheological measures for quantifying
the network formation in biopolymers. When a polymer undergoes cross-linking, this molecular
orientation results in a major increase in its solid-like properties. As the network density increases
the molecular weight between entanglements/cross-links decreases, and G’ increases and remains
approximately constant with frequency.

The theory of elasticity can be used to estimate the molecular weight cross-links (Mc) and the
number of cross-links (Nc). The rubber elasticity theory explains the relationships between stress
and deformation in terms of numbers of active network chains and temperature (Sperling, 2001).
The dependence of the stress necessary to deform the amorphous cross-linked polymers above T
is on the cross-links density and temperature. The statistical theory of rubber elasticity is based on
the concept of an entropy driven restraining force. The shear modulus, G, is affected by the work
of deformation and the total change in free energy of the deformed network due to the deformation
(Treloar, 1975). The resulting equation is given as:

G = NRT

where R is the ideal gas constant and 7 is the absolute temperature. The number of chains per unit
volume (N) is given as:

N = p/Mc

where p is density in g/cm?, and Mc is the average molecular weight of each chain segment in
the network in g/mol. Then the molecular weight between cross-links can be calculated using the
equation:

PRT

Mce="F
G/
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TABLE 1.14

Calculated Values for Cross-Linked Waxy Maize Starches
Degree of Mc Swell factor Nc

Starch cross-link (g/mol) (ml/g) Mw =5 x 107)

Cleargel S Low 2.7 x 10° 18.0 9

W-13 Low 2.6 x 10° 162 10

400S Moderate 2.5 x 100 14.5 10

WNA High 1.2 x 106 125 20

W-11 High 1.2 x 10° 11.6 21

Source: From Gluck-Hirsh and Kokini, J.L., 1997, Journal of Rheology, 41(1):
129-139. With permission.

Gluck—Hirsh and Kokini (1997) used the theory of elasticity for solvent swollen rubbers to
calculate the average molecular weight of chain between cross-links of five waxy maize starches
with different degrees of cross-linking. This work is the first study in which the cross-link densities
of swollen deformable starch granules were quantified. It was hypothesized that a starch with a
high degree of cross linking swells less than its lightly cross-linked counterpart. Highly cross-
linked starches therefore require a higher concentration to reach maximum packing. In the regime
above the threshold concentration of maximum packing, when the granules become tightly packed,
rubberlike behavior occurs. A rubbery plateau is achieved, whereby storage modulus (G’) remains
approximately constant with frequency. Above this critical starch concentration, the interior of the
granules controls the rheological behavior of the starch suspensions. Calculated Mc values based on
the maximum packing (plateau modulus G’) are shown in Table 1.14. As expected, a lower degree
of cross-linking resulted in a higher molecular weight between the covalent bonds.

Morales (1997) studied thermally induced phase transitions of 7S and 11S soy globulins, main
soy storage proteins, as a function of moisture by monitoring their rheological and calorimetric
properties. Pressure rheometry and DSC were used to characterize the denaturation and completing
reactions as a function of moisture and temperature. The frequency dependence of G/, G”, and
tan § was monitored to identify phase behavior of soy proteins: the rubbery zone, the entangled
polymer flow region, and the reaction zone. Figure 1.82 shows G'(w) and G’ (w) for the 7S globulin
fraction with 30% moisture (Morales and Kokini, 1998). At 65°C, G’ and G” were both frequency
dependent, and their relative values were very close to each other. The slope of the logarithmic plots
of G’ vs. w was 0.30, high enough to suggest that the material had a nonnetwork structure capable
of experiencing flow, that is, entangled polymer flow. At 70°C, G’ and G” were farther apart from
each other than they were at 65°C. Both moduli became less frequency dependent as well. The slope
of G’ vs. @ was 0.19. At the highest @ values G’ and G” became frequency independent, reaching
a plateau and suggesting shorter range networking compared to 65°C. At 115°C, G’ and G” were
almost frequency independent in the whole frequency range that was evident by a slope of 0.07. The
value of G’ was about eight times larger than that at 70°C, and the relative difference between G’ and
G” was larger than at 70°C as well indicating all characteristics of a cross-linked polymer (Ferry,
1980). At 138°C, G’ and G” decreased, suggesting depolymerization of the cross-linked network.
G’ and G” continued to show little frequency dependence.

The molecular weight between cross-links of the network under different time and temperature
conditions were calculated to study the kinetics of complexing reactions. The cross-linked process
was shown to be time dependent in the temperature reaction zone. The evolution of the molecular
weight between cross-links (M) of the 7S and 118 fraction subjected to different time—temperature
conditions is shown in Figure 1.83. M, continued to decrease from the initial M, (i.e., M. o) during
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FIGURE 1.83 Molecular weight between cross-links (M) vs. time for (a) 7S and (b) 11S globulin fractions.
(Reproduced from Morales, A.M. and Kokini, J.L., 1998, In: Phase/State Transitions in Foods, M.A. Roa and
R.W. Hartel, Eds, Marcel Dekker, Inc., New York. With permission.)

the complexing reactions of the globulins, which is an indication of the existence of an increasingly
cross-linked network.

Significant differences were observed in the decreasing rate of M, at different temperatures.
The higher the treatment temperature, the higher the rate of M. reduction, which is related to
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FIGURE 1.84 Cross-linking kinetics for the (a) 7S and (b) 11S globulin fractions. (Reproduced from
Morales, A.M. and Kokini, J.L., 1998, In: Phase/State Transitions in Foods, M.A. Roa and R.W. Hartel,
Eds, Marcel Dekker, Inc., New York. With permission.)

the rate of network formation. At all temperatures studied, the M, values of each protein reached an
equilibrium. Good correspondence was observed between the data and the predictions of the model
when In[(M. — M,)/(M.o — M,.)] was plotted vs. time suggesting that the cross-linking process of
both globulin fractions follows first-order reaction kinetics (Figure 1.84).

(Mc - Me) _

n————— = —kt
(MC,O - Me)

1.6 USE OF RHEOLOGICAL PROPERTIES IN
PRACTICAL APPLICATIONS

The rheology of food products influences their sensory properties and plays a major role in texture
and texture—taste interactions. Changes in rheology is a strong indicator of changes in food quality
during its shelf life and finally most food engineering operations need be designed to with knowledge
of rheological properties of foods. We will give examples of the role of rheology in some of these
applications.

1.6.1 SENSORY EVALUATIONS

Texture is a key quality factor for acceptability of food materials. Quality attributes such as
thickness, spreadability, and creaminess are extremely important to the acceptance of semisolid
food products by consumers. Rheological behavior is associated directly with texture, taste and
mouth feel (Kokini et al., 1977, 1984b; Kokini and Cussler, 1983; Elejalde and Kokini, 1992a,
1992b).

Subjective viscosity is the most studied sensory attribute in fluid foods, since it is generally
recognized that the rheological properties liquid food materials have a profound impact on the
perceived texture by the consumers (Shama and Sherman, 1973; Shama et al., 1973; Kokini et al.,
1977). Early studies by Shamaetal. (1973) initiated the first semiquantitative design rules in reference
to liquid and semisolid food materials. These were then followed by mathematical models that are
able to predict liquid perception in the mouth, developed by Kokini et al. (1977).

Psychophysical models have been used to evaluate the effect of external stimulus on the impres-
sion of subjective intensity. According to the psychophysical power law model, the sensation
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magnitude, ¥, grows as a power function of the stimulus magnitude, ¢ (Stevens, 1975).
¥ =ag’

The constant a depends on the units of measurement. The value of exponent b serves as a signature
that may differ from one sensory continuum to another.
The exponent of the power function determines its curvature:

b ~ 1.0 sensation varies directly with the intensity of stimulus
b > 1.0 concave upward, sensation grows more and more rapidly as the stimulus increases
b < 1.0 downward curvature, sensation grows less and less rapidly with increasing stimulus

The linear form of the power law model gives the simple relation between stimulus and sensory
response:

logy =loga+ blogg

According to this linear relationship, equal stimulus ratios produce equal subjective ratios, which
means a constant percentage change in stimulus produces a constant percentage change in the sensed
effect. Once the appropriate sensory perception mechanisms are identified they can be linked to the
operating conditions of each sensory test through psychophysical models.

The sensory thickness is one of the most important textural attributes of semisolid foods. To
develop predictive correlation between thickness and rheological properties of foods, it is necessary
to understand the deformation process in the mouth. Kokini (1977) estimated sensory viscosity
of liquid foods in the mouth from the fundamental physical properties of these fluids using the
lubrication theory. Kokini et al. (1977) showed that sensory thickness was perceived as the shear
stress between the tongue and the roof of the mouth, smoothness as the inverse of the boundary force,
and slipperiness as the average of the reciprocal boundary friction and hydrodynamic forces.

Elejalde and Kokini (1992b) approximated the roof of the mouth and the tongue to squeeze flow
solution assuming parallel plate geometry to estimate the sensory viscosity in the mouth (Figure 1.85).
The proposed psychophysical model is:

Subjective viscosity = a (Shear stress in the mouth)”

Elejalde and Kokini (1992b) estimated the sensory viscosity of low calorie viscoelastic syrups
in the mouth, while pouring out of a bottle, and spreading over a flat surface from the fundamental
physical properties of these fluids. In order to estimate the sensory viscosity during pouring, the flow
conditions were approximated by an inclined trough, with circular channel profile identical to that
on the neck of the bottle (Figure 1.86) with incompressible, steady and fully developed flow. The
following psychophysical model was proposed:

Subjective viscosity = a(Ac)b

where A, is the degree of fill of the flow channel, or the cross-sectional area of the neck of the bottle
that fills up when a given amount of syrup is being poured.

In a third study, Elejalde and Kokini (1992b) approximated the flow during spreading by a squeeze
flow solution, where the height of liquid under gravitational forces provides the squeezing force at
any instant. The squeezing force is equal to the hydrostatic force exerted by the height of the syrup
in the puddle (Figure 1.87). Thus a transient force exists. The proposed psychophysical model is
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FIGURE 1.85 A model geometry of the mouth. (Reproduced from Kokini, J.L., Kadane, J.B., and
Cussler, E.L., 1977, Journal of Texture Studies, 8: 195-218. With permission.)

FIGURE 1.86 A model geometry for flow out of a bottle. (Reproduced from Elejalde, C.C. and Kokini, J.L.,
1992b, Journal of Texture Studies, 23: 315-336. With permission.)

therefore:
Subjective viscosity = a (1/Radial Growth of Syrup Puddle)”

All of the sensory cues were found to be appropriate in estimating the sensory response of
subjective viscosity in the mouth, pouring out of the bottle and spreading over a flat surface. Oral
sensory viscosity correlated with the shear stress in the mouth (R> = 0.96); pouring sensory viscosity
correlated well with the cross-sectional area filled by the fluid at the neck of the bottle (R2 = 0.86);
and spreading sensory viscosity correlated inversely with the radial growth of the spreading fluid
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FIGURE 1.87 A model geometry for flow during spreading over a flat surface. (Reproduced from
Elejalde, C.C. and Kokini, J.L., 1992b, Journal of Texture Studies, 23: 315-336. With permission.)
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1992b, Journal of Texture Studies, 23: 315-336. With permission.)

puddle (R? = 0.96). Figure 1.88 shows the correlations between sensory and experimental measures
(Elejalde and Kokini, 1992b).

1.6.2 MoLECULAR CONFORMATIONS

Similar to the synthetic polymers, functional and rheological properties of food biopolymers (pro-
teins and polysaccharides) are directly related to their structure and conformation. Consistency is a
major quality factor in many semisolid foods such as purees and pastes. Polymer concentration and
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intermolecular interactions that are most likely to occur at high concentrations are two important
factors involved in viscosity development.

Food producers are continuously seeking economical food ingredients which will impart the
same level of quality to the final product as would the expensive ones. Two ingredients having
similar chemical structures may behave differently. Therefore, when there is a need to replace one
ingredient with another one it is extremely critical to monitor the behavior of all ingredients and
compare their performance.

Two commonly used generalization techniques nsp vs. ¢[n], and np vs. cMw allow comparison
of the rheological properties of polymers, where 7, is the specific viscosity, [#] is intrinsic viscosity,
c is the concentration and Mw is the molecular weight (Chou and Kokini, 1987).

Specific viscosity is defined as:

n—"7ns
Ns

Nsp =

where n and n; are the viscosity of the solution and the solvent, respectively. Intrinsic viscosity is
then calculated using:

(7] = lim 2
c—0 ¢

Intrinsic viscosity is a measure of the hydrodynamic volume occupied by a molecule. The nondi-
mensional parameter c[n] can be taken as a measure of the extent of overlapping between polymer
molecules (Morris and Ross-Murphy, 1981). When polymer coils start to overlap, molecules will
start free draining behavior, and frictional interactions between neighboring polymers generate the
major contribution to the viscosity. In addition, entanglement coupling may occur and the solution
behaves like a cross-linked network (Ferry, 1980). At the onset of the molecular contact, the slope
of the nsp vs. c[n] curve increases sharply as shown in Figure 1.89. The concentration at which this
transition from dilute to concentrated solution behavior occurs is called as the critical concentration
(cx). This behavior is also typical to random coil polysaccharides. Critical concentration varies from
system to system, depending on the hydrodynamic volume of polymer molecules (Morris et al.,
1981; Lazaridou et al., 2003).

Chou and Kokini (1987) showed that pectins of different plant origins behave similarly when
their intrinsic viscosities are taken into consideration When 7, data were plotted against c[n] for
citrus pectin, apple pectin, hot break, and cold break tomato pectins all data points fell on one curve
as shown in Figure 1.89. It was concluded that tomato, citrus, and apple pectins all have a random coil
conformation because their common transition from dilute to concentrated solution region occurs
at a common c[n] value. Lazaridou et al. (2003) studied the molecular weight effects on solution
rheology of pullulan and observed a systematic increase in ¢* with increasing molecular weight (Mw)
of the polysaccharide.

The second way of superposition of viscosity data to compare the rheological properties of
polymers is by plotting 1y, vs. cM,,. In this case it is assumed that only molecules with the same
approximate shape and conformation will superimpose. Such a curve is proven to be useful in terms
of identifying polymers of similar solution properties (Chou and Kokini, 1987; Kokini and Chou,
1993). The slope of the concentrated solution region is also a useful indication of the conformation
of biopolymers in solution. For flexible random coil the slope of log nsp vs. log cM,, curve gives
exponents around 3.5 while for stiffer chains molecules it is around 8.

The steady shear viscosity data of biopolymers can also be superposed if 1/ng is plotted vs. Ty,
where t is the characteristic relaxation time, 1g is the zero-shear viscosity, and y is the shear rate
(Chou and Kokini, 1987). For flexible monodisperse random coil molecules the Rouse relaxation
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FIGURE 1.89 Specific viscosity nsp vs. c[n] for tomato, citrus, and apple pectins. (Reproduced from
Chou, T.C. and Kokini, J.L., 1987, Journal of Food Science, 52: 1658—1664. With permission.)
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FIGURE 1.90 n/ng vs. ty for tomato, citrus, and apple pectins. (Reproduced from Chou, T.C. and
Kokini, J.L., 1987, Journal of Food Science, 52: 1658—1664. With permission.)

time provides a good approximation in the semidilute solution region:

2 M
= (6/n2) "L

[(n]ns
RT

where [n] is intrinsic viscosity, 7 is solvent viscosity, M is the molecular weight, R is gas constant
and T is absolute temperature. Chou and Kokini (1987) superimposed the steady shear viscosities
of tomato, citrus and apple pectins measured at several concentrations (Figure 1.90). The slope of
limiting non-Newtonian region was found to be —0.6, which is typical for random coil molecules.
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Branching is an important factor that affects the rheological properties of synthetic polymers.
Side branches lead intermolecular entanglements in concentrated systems, which result in unique
rheological properties. The presence of side branches are known to influence the intrinsic viscosity,
zero shear viscosity, shear rate dependence of viscosity, temperature dependence of viscosity, zero
shear recoverable compliance, and extensional viscosity (Cogswell, 1981).

Gelling is an important attribute of carbohydrate polymers, where the elastic properties determine
the overall quality of the gels in food systems such as jams and jellies. The clear understanding on the
contribution of side branches to the elasticity is of critical importance in designing the gelling systems
constituted by carbohydrate polymers such as polysaccharides. Hwang and Kokini (1991, 1992)
investigated the contribution of side branches to rheological properties of carbohydrate polymers
using apple pectins which naturally posses significant branching size. It was observed that the side
branches of apple pectins greatly influence steady shear rheological properties such as zero-shear
viscosity and shear rate dependence of viscosity. Based on the rheological theories developed in
synthetic polymers, the results suggested that side branches of pectins exist as significant entangled
states in concentrated solutions (Hwang and Kokini, 1991).

The rheological data were superimposed using a variety of generalization curves such as 7, vs.
c[n], and nsp vs. cM,,. Increased degree of branching resulted in higher 5o and increased shear rate
dependence of viscosity. The gradients of 7y, vs. ¢[n] in the concentrated region (¢ > c¢*) were
dependent upon the degree of branching, that is, the higher the branching, the higher the gradients,
whereas there was no significant difference in the dilute region (¢ < ¢*) irrespective of the degree
of branching. Circular dichroism (CD) studies of pectins showed that the conformation of pectin
molecules was not affected by the degree of branching. It is concluded that side branches of pectins
can result in significant entanglements in concentrated solutions (Hwang and Kokini, 1992).

Branching is also known to affect the elastic properties of synthetic polymers. Hwang and Kokini
(1995) studied the branching effects on dynamic viscoelastic properties of carbohydrate polymers
using apple pectins with varying branching degrees. The storage and loss moduli of apple pectin
solutions were measured in the range of 2—6% pectin concentration. A typical dynamic moduli vs. fre-
quency profile for low (sample-I) and high (sample-II) branched pectin samples at 4% concentration
is shown in Figure 1.91. Both G’ and G” increased with increasing pectin concentration suggesting
that increasing intermolecular entanglements enhance the elasticity as well as the viscosity. G” was
observed to be higher than G’ for both samples indicating the predominant liquid-like behavior of
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FIGURE 1.91 Dynamic storage modulus (G') and loss modulus (G”) vs. frequency of 4% apple pectins.
Sample II posses twice as much side branches as sample I. (Reproduced from Hwang, J. and Kokini, J.L., 1995,
The Korean Journal of Rheology, 7: 120-127. With permission.)
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pectin solutions. Moreover, G’ of more branched pectin sample was observed to be higher than that
of less branched sample reflecting the positive contribution of side branches to the elasticity of pectin
solutions.

The frequency dependence of G’ and G’ was expressed using a power-law type relation
(i.e., G x w* and G” ox wP). Pectins of high degree of branching were found to give lower & and 8
values than less branched samples indicating lower frequency dependence of loss and storage mod-
uli. Zero-shear recoverable compliance, a useful parameter of fluid elasticity, was also calculated
to confirm the findings of branching effects on elastic properties (Figure 1.92). Experimental data
showed the same trend with observed storage modulus indicating the positive contribution of side
branches to the elastic properties of pectins.

1.6.3 Probpuct AND PROCESS CHARACTERIZATION

Food products are complex mixtures of several ingredients where individual ingredients are mixed
together to produce a particular finished product. Each ingredient and its interactions have a strong
influence on the finished product characteristics. The behavior of each component has to be monitored
under the test conditions that mimic the processing, storage, and handling conditions that the product
will be subjected to.

A small change in the amount of certain ingredients such as stabilizers and emulsifiers can have a
dramatic effect on the final product’s characteristics. Food researchers continuously seek alternative
food ingredients due to both cost and health/nutrition considerations. It is extremely important to fully
compare the rheological behavior of alternative ingredients with the conventional ones both during
processing and storage before switching formulations. Two ingredients having similar chemical
structures and conformation may behave differently in processing. It is also critical to adjust the
processing conditions accordingly to achieve desired performance from the end product.

Rheological measurements are useful in storage stability predictions of emulsion-based products
such as ice cream, margarine, butter, beverages, sauces, salad dressings, and mayonnaise. These
measurements also allow for a better understanding of how various emulsifiers/stabilizers interact to
stabilize emulsions. The relationship between rheology and processing and formulation of emulsions
has been studied extensively. Goff et al. (1995) studied the effects of temperature, polysaccharide
stabilizing agents, and overrun on the rheological properties of ice cream mix and ice cream using
dynamic rheological techniques. Storage and loss moduli and tan§ decreased significantly with
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FIGURE 1.92 Zero-shear recoverable compliance (Jg) vs. concentration of apple pectin samples I and II
(Reproduced from Hwang, J. and Kokini, J.L., 1995, The Korean Journal of Rheology, 7: 120-127. With
permission.)
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increasing temperature. Unstabilized samples demonstrated significantly higher G’ and G” and tan §
than stabilized samples. Experimental results indicated the importance of considering both ice and
unfrozen phases in determining the impact of stabilizers on ice cream rheology. Dickinson and
Yamamoto (1996) investigated the effect of lecithin addition on the rheological properties of heat-set
B-lactoglobulin emulsion gels. The storage and loss modulus data showed that the lecithin-containing
emulsion gels behave like a strong gel as indicated by less frequency-dependence as compared to
the gels without lecithin.

Among many food materials, wheat dough is one of the most complex and also the most widely
studied one. The gas cell expansion during proofing and baking has been shown to be closely related
to biaxial stretching flow (Bloksma, 1990; Huang and Kokini, 1993; Dobraszczyk and Morgenstern,
2003). Wang and Sun (2002) studied the creep recovery of different wheat flour doughs and its
relation to bread-making performance. The maximum recovery strain of doughs has been observed
to be highly correlated to bread loaf volume. Stress relaxation has also been widely used to study the
viscoelastic behavior of wheat flour doughs. Bagley and Christianson (1986) reported that the stress
relaxation behavior is closely related to bread volume. Slow relaxation is usually associated with
better baking quality since the strength of gas cells are important in maintaining stability against
premature failure during baking (Dobraszczyk and Morgenstern, 2003).

Understanding the flow and deformation behavior of biopolymers is important both in designing
the process equipments and setting appropriate parameters during several food processing operations.
Rheological techniques can be used to predict the performance of a material during mixing, extrusion,
sheeting, baking, etc. For instance, mixing is a critical step in bread making as it develops the
viscoelastic properties of gluten which dictates the bread quality. Dough development and protein
networking depend on the right balance of mechanical work and temperature rise within the mixer
as well as the entrainment of air (Prakash and Kokini, 2000). Knowledge of the velocity profiles
and velocity gradients across the mixer makes it possible to design equipment for optimum mixing,
correct mixing deficiencies and to set scale up criteria for rheologically complex fluids like wheat
flour dough. The shear rate in Brabender Farinograph was found to be a function of blade geometry,
blade position, and location (Prakash and Kokini, 2000). The equations developed for shear rate
were suggested to be used as powerful design tools to predict the state of gluten development in real
time nonintrusively, helping in better process control and enhanced finished product quality.

Madeka and Kokini (1994) used small amplitude oscillatory measurements to monitor chemical
reactions zones, which served as a basis for the construction of phase diagrams. During the processing
of wheat doughs gluten proteins (gliadin and glutenin) undergo physical and chemical changes due
to applied heat and shear. Storage and loss moduli were observed to increase significantly at the
process conditions where the chemical reactions lead to the formation of higher molecular weight
products (Figure 1.93). In the temperature range of 50-75°C the storage modulus (G’) was roughly
equal to the loss modulus (G”). As the material is heated above 75°C, G’ increased almost 100 fold
during heating throughout the reaction zone. The storage modulus reached a peak at 115°C where
loss modulus G’ made a minimum indicating maximum structure build up. When the reaction was
complete, the expected temperature-induced softening was observed.

1.7 NUMERICAL SIMULATION OF FLOWS

1.7.1 NUMERICAL SIMULATION TECHNIQUES

Mathematical simulations provide a very effective way to probe the dynamics of a process and learn
about what goes on inside the material being processed nonintrusively (Puri and Anantheswaran,
1993). Numerical simulations have a wide range of applications in equipment design, process optim-
ization, trouble shooting, and scale up and scale down in many food processing operations. The
geometrical complexities of process equipments and the nonlinear viscoelastic properties of food
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FIGURE 1.93 Temperature sweep of 25% moisture gliadin showing different reaction zones. (Reproduced
from Madeka, H. and Kokini, J.L., 1994, Journal of Food Engineering, 22: 241-252. With permission.)

materials makes it a necessity to invest in numerical simulation if appropriate progress is to be made
in improving food operations (Connelly, 2004).

Computational fluid dynamics (CFD) offers a powerful design and an investigative tool to pro-
cess engineers. The advent of powerful computers and work stations has provided the opportunity
to simulate various real-world processes. CFD has only recently been applied to food processing
applications. It assists in a better understanding of the complex physical mechanisms that govern the
operations of food processes, such as mechanical and thermal effects during processing.

When simulating the processing of food products, it is necessary to take the rheological nature of a
food into account as this will dictate its flow behavior. There are many CFD approaches to discretizing
the equations of conservation of momentum, mass, and energy, together with the constitutive equation
that defines the rheology of the fluid being modeled and the boundary and initial conditions that
govern the flow behavior, in particular geometries such as extruders and mixers (Connelly and
Kokini, 2003, 2004; Dhanasekharan and Kokini, 2003). The most important of these are finite
difference (FDM), finite volume (FVM), and finite element (FEM) methods. Other CFD techniques
can be listed as spectral schemes, boundary element methods, and cellular automata, but their use is
limited to special classes of problems.

The use of the finite element method (FEM) as a numerical procedure for solving differential
equations in physics and engineering has increased considerably. The finite-element method has
various advantages contributing to this popularity: Spatial variations of material properties can be
handled with relative ease; irregular regions can be modeled with greater accuracy; element size can
be easily varied; it is better suited to nonlinear problems; and mixed-boundary value problems are
easier to handle (de Baerdemaeker et al., 1977). The major disadvantage of the method is that it is
numerically intensive and can therefore take high CPU time and memory storage space.

In FEM there are three primary steps: The domain under consideration is divided into small
elements of various shapes called finite elements. All elements are connected at nodal points loc-
ated throughout the domain and along the boundaries, and the collection of elements is called the
mesh. Over each element, the solution is approximated as a linear combination of nodal values and
approximation functions, and then algebraic relations are derived between physical quantities and
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the nodal values. Finally the elements are assembled in order to obtain the solution to the whole
(Reddy, 1993).

FEM numerical simulation of flow processes is conducted by simultaneously solving the FEM
representations of the continuum equations that describe the conservation laws of momentum and
energy, with arheological equation of state (constitutive models) of the food material to be processed,
along with boundary/initial conditions.

1.7.2 SeLECTION OF CONSTITUTIVE MODELS

Constitutive models play a significant role in the accuracy of the predictions by numerical simulations.
A proper choice of a constitutive model that describes the behavior of the material under investigation
is important. Three classes of flow models are being used in numerical simulations: Newtonian,
generalized Newtonian, and viscoelastic.

Differential viscoelastic models have generally been more popular than integral models in
numerical developments (Crochet, 1989). Nonlinear differential models are of particular interest
in numerical simulations for process design, optimization, and scale-up. This is because integral
viscoelastic models are not well suited for use in numerical simulation of complex flows due to high
computational costs involved in tracking the strain history, particularly in three-dimensional flows
(Dhanasekharan, 2001).

Dhanasekharan et al. (1999, 2001, 2003) focused on the proper choice of constitutive models
for wheat flow doughs for the design and scaling of extrusion by numerical simulation. The flow in
an extruder is shear dominant, and therefore two groups of models which give a good prediction of
shear properties of dough were tested: Generalized Newtonian models (Newtonian fluid, power-law
fluid, Hershel-Bulkley fluid, and Morgan fluid) and differential viscoelastic models (Phan-Thien
Thanner, White—-Metzner, and Giesekus—Leonov model).

1.7.3 FINITE ELEMENT SIMULATIONS
For an incompressible fluid, the stress tensor (o) is given as the sum of an isotropic pressure (p)
component and an extra stress tensor (7). The extra stress tensor is obtained using the constitutive
models as shown in Section 1.4.

o=—-pl+T

The conservation of linear momentum is then given by:

av

V- =
o+ pf ’O(at

+v~Vv>

where p is the fluid density and f is the external body force per unit mass. For incompressible fluids,
conservation of mass yields the continuity equation:

V.v=0
and the conservation of energy equation is given as:

oT
,OC(T)-(E+V~VT>=T:Vv+r—V-q

where C(T) is the heat capacity as a function of temperature, r is the given volumetric heat source,
q is the heat flux, and T : Vv is the viscous heating term. These equations together with constitutive



Rheological Properties of Foods 99

models form a complete set of governing equations. The solutions of these equations give velocity
and temperature profiles for a particular problem. In most cases, the solution of these equations
requires numerical methods, such as the finite element method. An abundance of software tools are
available in the market using finite element methods to solve flow problems.

1.7.3.1 FEM Techniques for Viscoelastic Fluid Flows

A variety of numerical methods based on finite element methodology are available for use with
viscoelastic fluids. One of the formulations is the so-called weak formulation. In this method, the
momentum equation and the continuity equation are weighted with fields V and P and integrated
over the domain 2. The finite element formulations are given by:

/(—Vp—i—V-T—i—f)-udQ:O, YueV
Q
/(V~v)~qd§2=0, Yq € P
Q

where T is the extra stress tensor, V and P denoting the velocity and pressure fields, respectively.
The domain €2, is discretized using finite elements covering a domain, 2" on which the velocity
field and pressure fields are approximated using v and p”. The superscript / refers to the discretized
domain. The approximations are obtained using:

Vh — Z Villfi, ph — Zpij_[i

where V/ and p' are nodal variables and ; and 7; are shape functions. The unknowns V* and p’ are
calculated by solving the weak forms of equations of motion and the continuity equation, along with
the formulations for the constitutive models, using two basic approaches.

The first approach, also known as the coupled method, is the mixed or stress-velocity-pressure
formulation. The primary unknown, the stress tensor, is formulated using an approximation 7" with:

Th = "T¢,

where T' are nodal stresses while ¢; are shape functions. This procedure is normally used with
differential models. The main disadvantage of this method is the large number of unknowns and
hence high computational costs for typical flow problems.

The second approach, called the decoupled scheme, uses an iterative method. The computation
of the viscoelastic extra-stress is performed separately from that of flow kinematics. The stress field
is calculated from flow kinetics. In this approach, the number of variables is much lower than in the
mixed method, but the number of iterations is much larger.

A straightforward implementation of these two approaches gives an instability and divergence of
the numerical algorithms for viscoelastic problems. FEM solvers use a variety of numerical methods
to circumvent convergence problems for viscoelastic flows as explained below.

Viscoelastic fluids exhibit normal stress differences in simple shear flow. Early attempts to
simulate viscoelastic flows numerically were restricted to very moderate Weissenberg numbers
(i.e., a nondimensional measure of fluid elasticity) as the solutions invariably became unstable at
unrealistically low Wi values. This problem is called the “high Weissenberg number problem,” and
it is mostly due to the hyperbolic part of the differential constitutive equations. Numerical methods
were unable to handle flows at Wi values sufficiently high to make comparisons with the experimental
results. Progress has been made by the use of central numerical methods, such as central finite differ-
ences or Galerkin finite elements, by which small Weissenberg numbers are attainable. More insight
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into the type of the system of differential equations led to the development of upwind schemes,
such as the Streamline Upwind (SU) by Marchal and Crochet (1987) and streamline integration
method by Luo and Tanner (1986a, 1986b). Furthermore, the Streamline Upwind/Petrov-Galerkin
(SUPG) method was developed by rewriting the set of partial differential equations in the explicit
elliptic momentum equation form. The SUPG method is considered more accurate compared to the
SU method but it is only applicable to smooth geometries.

In order to ease the problems caused by the high stress gradients, viscoelastic extra-stress field
interpolation techniques, which include biquadratic and bilinear subelements, are used. Marchal and
Crochet (1987) introduced the use of 4 x 4 subelements for the stresses. These bilinear subelements
smoothed the mixed method solution of the Newtonian stick-slip problem, as well as aided in the
convergence of the viscoelastic problem. Perera and Walters (1977) introduced a method known as
Elastic Viscous Stress Splitting (EVSS) by splitting the stress tensor into an elastic part and a viscous
part, which stabilizes the behavior of the constitutive equations.

1.7.3.2 FEM Simulations of Flow in an Extruder

Dhanasekharan and Kokini (1999) characterized the 3D flow of whole flour wheat dough using
three nonlinear differential viscoelastic models, Phan-Thien—Tanner, the White—Metzner and the
Giesekus models. The Phan-Thien—Tanner (PTT) model gave good predictions for transient shear
and extensional properties of wheat flour doughs as shown in Figure 1.53. Based on the rheological
studies using differential viscoelastic models, it was concluded that the PTT model was most suitable
for numerical simulations (Dhanasekharan et al., 1999).

Dhanasekharan and Kokini (2000) modeled the 3D flow of a single mode PTT fluid in the metering
zone of completely filled single-screw extruder. The modeling was done by means of a stationary
screw and rotating barrel. The pressure build up for the PTT model was found to be smaller than the
Newtonian case, which is explained by the shear-thinning nature incorporated into the differential
viscoelastic model. The velocity profile generated using the viscoelastic model, however, was found
to be very close to the Newtonian case.

A fundamental analysis was done using two important dimensionless numbers, Deborah number
(De) and Weissenberg number (Wi). For the chosen flow conditions and the extruder geometry
Deborah and Weissenberg numbers were reported to be 0.001 and 5.22, respectively. De = 0.001
explained the velocity profile predictions close to Newtonian case, as De — 0 indicates a viscous
liquid behavior. When the relaxation processes are of the same order of magnitude of the residence
time of flow (i.e., De ~ 1), the impact of viscoelasticity on the flow becomes significant. Wi = 5.22
indicated “high Weissenberg number problem.” In spite of the difficulties in convergence due to
high Wi, these results provided a starting point for further simulations of viscoelastic flow using
more realistic parameters.

Dhanasekharan and Kokini (2003) proposed a computational method to obtain simultaneous
scale-up of mixing and heat transfer in single screw extruders by several parametric 3D nonisothermal
numerical simulations. The finite element meshes used for numerical simulations are shown in
Figure 1.94. The numerical experiments of flow and heat transfer modeling studies were conducted
using the Mackey and Ofoli (1990) viscosity model for low to intermediate moisture wheat doughs
in the metering section of a single screw extruder. In order to develop the trend charts, numerical
simulations of nonisothermal flow were conducted by varying screw geometric variables such as helix
angle (0), channel depth (H), screw diameter to channel depth ratio (D/H), screw length to screw
diameter ratio (L/D), and the clearance between the screw flights and barrel (¢). The nonisothermal
flow model included viscous dissipation and the complete three-dimensional flow geometry including
leakage flows without any simplifications such as unwinding the screw.

The down channel velocity profile, temperature profile in the flow region between the screw
root and the barrel, pressure along the axial distance, and local shear rate along the axial distance
were predicted under nonisothermal conditions. Residence time distribution (RTD) and specific
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FIGURE 1.94 A typical screw geometry and FEM mesh used for the nonisothermal simulation. (Repro-
duced from Dhanasekharan, K.M. and Kokini, J.L., 2003, Journal of Food Engineering, 60: 421-430. With
permission.)

mechanical energy (SME) were chosen as the design parameters for the scale-up of mixing and heat
transfer, respectively. Effect of helix angle, clearance, channel depth, and L/D on RTD was studied
with various screw geometries (Figure 1.95). Increasing D/H at constant helix angle shifted the RTD
curve to the right and increased the peak. Increasing helix angle while keeping D/H constant shifted
the RTD curve to the left and decreased the peak, while decreasing channel depth at constant D/H
and helix angle reduced RTD peak. The clearance between the flights and the barrel did not have any
significant impact on the RTD curve. Decreasing L/D at constant helix angle and D/H decreased
RTD because of smaller channel volume.

Numerical simulations showed that similar residence time distributions can be maintained by
decreasing D/H and helix angle and decreasing the channel depth. Two differently sized extruders
that would have the same SME input were chosen following these scaling rules to illustrate the
effect of screw geometries on RTD (Figure 1.96). Two different geometries (geometry I and II)
had a scale-up of about 10 times based on throughput rates as calculated from the design charts.
The throughput rates are 1.6 and 17.4 kg/h for the small and big extruder, respectively. The results
obtained for these two extruders gave SME values of 164.4 klJ/kg and 152.6 kJ/kg and average
residence times for the two extruders were 31.2 and 31.8 sec, respectively. Figure 1.97 shows the
RTD distribution for the two geometries.

The computational method used was capable of taking viscoelastic effects and the three-
dimensional nature of the flow in the extruder into consideration. SME and RTD curves vs. screw
parameters developed from the numerical simulations provided powerful tools for accurate extrusion
design and scaling.

1.7.3.3 FEM Simulations of Flow in Model Mixers

Research on mixing flows can be classified according to the complexity of the geometries that have
been studied. These include:

1. Studies using classical geometries such as eccentric cylinder, flow past cylinder, or sphere
and lid-driven cavity mixers (Anderson et al., 2000a, 2000b; Fan et al., 2000)

2. Studies involving simple model mixer geometries including stirred tank reactors and couette
geometries (Alvarez et al., 2002; Binding et al., 2003)

3. Mixing research on complex geometries such as twin-screw continuous mixers, batch
Farinograph and helical mixers (Bertrand et al., 1999; Connelly and Kokini, 2003, 2004,
2006b, 2006c)

The classical geometries such as contraction flows, flow past a cylinder in a channel, flow past a sphere
in atube, and flow between eccentrically rotating cylinders have been traditionally used as benchmark
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Effect of (a) helix angle, (b) clearance, (c) channel depth, and (d) L/D on RTD. Other screw
parametersaree = 0.3 mm, H = 0.381cm, L/D = 6,and 6 = 17.66°. (Reproduced from Dhanasekharan, K.M.
and Kokini, J.L., 2003, Journal of Food Engineering, 60: 421-430. With permission.)

Geometry-l (Big)
D=35cm
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Helix angle = 17.66°
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D=6 b)

FIGURE 1.96 Screw geometry and FEM meshes (a) big and (b) small extruder. (Reproduced from
Dhanasekharan, K.M. and Kokini, J.L., 2003, Journal of Food Engineering, 60: 421-430. With permission.)
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FIGURE 1.97 RTD curve comparison between scaling geometries I and II. (Reproduced from
Dhanasekharan, K.M. and Kokini, J.L., 2003, Journal of Food Engineering, 60: 421-430. With permission.)

problems for testing new techniques and understanding fundamental effects involved in mixing.
Studies involving simple model mixer geometries have been done to understand mixing phenomena
in mixers with geometries closer to industrial mixers. Only recently mixing in complex geometries
such as the twin-screw continuous mixers and batch Farinograph mixers has been addressed utilizing
new advances in numerical simulation techniques and computational capabilities (Connelly and
Kokini, 2004).

Good progress has been made in understanding the effects of rheology and geometry on the
flow and mixing in batch and continuous mixers, as well as in identifying conditions necessary for
efficient mixing (Connelly and Kokini, 2003, 2004). The finite element method (FEM) was used for
numerical simulations of the flow of dough-like fluids in model batch and continuous dough mixing
geometries. Several FEM techniques, such as elastic viscous stress splitting (EVSS), Petrov-Galerkin
(PG), 4 x 4 subelements, streamline upwind (SU) and Streamline Upwind/Petrov-Galerkin (SUPG)
were used for differential viscoelastic models. The mixing of particles was analyzed statistically
using the segregation scale and cluster distribution index. Efficiency of mixing was evaluated using
lamellar model and dispersive mixing. Series of strategies to systematically increase the complexity
were used to encounter the flows in commercial dough mixers properly as discussed below.

Connelly and Kokini (2004) explored the viscoelastic effects on mixing flows obtained with
kneading paddles in a single screw continuous mixer. A simple 2D representation of a single paddle
in a fully filled, rotating cylindrical barrel with a rotating reference frame was used as a starting
point to evaluate the FEM techniques. The single screw mixer was modeled by taking the kneading
paddle as the point of reference, fixing the mesh in time. Here, either the paddle turns clockwise with
a stationary wall in a reference frame or the wall moves counterclockwise in the rotating reference
frame originating from the center of the paddle.

The single-mode, nonlinear Phan-Thien—Tanner differential viscoelastic model was used to simu-
late the mixing behavior of dough-like materials. Different numerical simulation techniques including
EVSS SUPG, 4 x 4 SUPG, EVSS SU, and 4 x 4 SU were compared for their ability to simulate
viscoelastic flows and mixing. Mesh refinement and comparison between methods were also done
based on the relaxation times at 1 rpm and the Deborah number (De) to find the appropriate mesh
size and the best technique to reach the desired relaxation time of 1000 sec. The limits of the De that
were reachable in this geometry with the PTT model are listed in Table 1.15. The coarser meshes
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TABLE 1.15
Limits of De Reached by Several Methods Used in Viscoelastic Simulations during Mesh
Refinement at 1 rpm

EVSS SUPG 4 x 4 SUPG EVSS SU 4 x 4SU
Mesh size A (1 rpm) De A (1 rpm) De A (1 rpm) De A (1 rpm) De
360 elements 0.327 0.034 0.23 0.024 651.04 68.20 1000 104.7
600 elements 0.178 0.019 1.04 0.109 14.12 1.47 23.40 2.45
1480 elements 0.089 0.009 0.089 0.009 0.73 0.076 131.78 13.8
2080 elements — — 0.066 0.007 0.79 0.082 543.58 56.9
3360 elements — — — — 0.58 0.061 110.32 11.6

Source: From Connelly, R.K., and Kokini, J.L., 2003, Advances in Polymer Technology, 22(1): 22—41. With permission.
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FIGURE 1.98 Velocity magnitude distribution at 1 rpm of (a) Newtonian (A = 0 sec), (b) Oldroyd-B
(A = 0.5 sec), (c) Bird—Carreau Viscous (A = 60 sec), and (d) PTT (A = 100 sec) where the units of velocity
are cm/sec. (Reproduced from Connelly, R.K., 2004, Numerical simulation and validation of the mixing of
dough-like materials in model batch and continuous dough mixers, Ph.D. Thesis, Rutgers University. With
permission.)

allowed convergence at higher De since the high gradients at the discontinuity are smoothed in the
boundary layers.

The SUPG technique and less computationally intensive EVSS technique were found to be in
adequate for this geometry. Only the 4 x 4 SU technique was able to attain De values representative
of the level of viscoelasticity closer to dough viscoelasticity. Even with this technique it was not
possible to reach the desired relaxation time of 1000 sec at low rpm values. High rpm values are more
representative of the actual conditions found in this type of mixer. At high rpm levels the instabilities
in the calculations were found to disappear.

The effect of shear thinning and viscoelastic flow behavior on mixing was systematically explored
using the Newtonian, Bird—Carreau viscous, Oldroyd B, and Phan-Thien—Tanner models using single
screw simulations with the rotating reference frame approach. For the application of these techniques
the rheological data and nonlinear viscoelastic models for wheat flour doughs previously studied
by Dhanasekharan et al. (1999), Wang and Kokini (1995a, 1995b) were utilized. Comparison of
the predictions by these viscoelastic models with experimental data showed that viscoelastic flow
predictions differ significantly in shear and normal stress predictions resulting in a loss of symmetry
in velocity (Figure 1.98) and pressure profiles (Figure 1.99) in the flow region. Introduction of shear
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FIGURE 1.99 Pressure distributions at 1 rpm of (a) Newtonian (A = 0 sec), (b) Oldroyd-B (A = 0.5 sec),
(c) Bird—Carreau Viscous (A = 60 sec), and (d) PTT (A = 100 sec) where the units of pressure are
dyne/cm2 (Reproduced from Connelly, R.K., 2004, Numerical simulation and validation of the mixing of
dough-like materials in model batch and continuous dough mixers, Ph.D. Thesis, Rutgers University. With
permission.)

thinning behavior resulted in a decrease in the magnitude of the pressure and stress and an increase
the size of low velocity or plug flow regions.

Remeshing or a moving mesh technique is required to model the flow in mixers that contain more
than one mixing element or a nonsymmetrical geometry that does not contain a reference point from
which the mesh can be fixed. The mesh superposition technique is very useful since it allows the
use of a periodically changing moving element without remeshing (Avalosse, 1996; Avalosse and
Rubin, 2000).

Connelly (2004) compared the mesh superposition and rotating reference frame techniques
using a generalized Newtonian dough model. The first step in mesh superposition techniques
is to mesh the flow domains and moving elements separately. Then the meshes are superim-
posed as they would be positioned at a given time interval. The mesh superposition technique
(Polyflow, 2001b) uses a penalty force term, H(v — v;), that modifies the equation of motion as
follows:

D
H(v—vp>+<1—H)[—Vp+v.T+pf—p3f] =0

where v, is the velocity of the moving part. H is zero outside the moving part and 1 within the
moving part (Connelly and Kokini, 2006a). When H = 0, the normal Navier-Stokes equations are
left, but when H = 1 the equation degenerates into v = vj,.

The results of the comparison between the rotating reference frame and mesh superposition
technique show relatively good agreement between the velocities from the rotating reference frame
and the mesh superposition technique, except near the wall where there is uncertainty in the exact
shape that is dependant on the mesh discretization. This uncertainty also leads to a significant number
of material points bleeding into the paddles during particle tracking.

1.7.3.4 FEM Simulations of Mixing Efficiency

There are various parameters such as segregation scale, cluster distribution index, length of stretch,
and efficiency of mixing which are used to characterize the nature and efficiency of mixing (Connelly
and Kokini, 2006a).
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The Manas-Zloczower mixing index (Cheng and Manas-Zloczower, 1990), which is also known
as the flow number, is used for analysis of the dispersive mixing ability and the type of the flow:

Amz = _DL
ID| + |€2]
where D is rate of strain tensor and €2 is vorticity tensor. The flow number characterizes the extent
of elongation and rotational flow components with values from 0 to 1.0 (0 for pure rotation, 0.5 for
simple shear, and 1 for pure elongation). High flow number values combined with high shear rates
have been shown to indicate areas of highly effective dispersive mixing (Yang and Manas-Zloczower,
1992), although the results from different reference frames cannot be compared because the measure
is reference frame dependant (Manas-Zloczower, 1995).
The cluster distribution index (¢) is defined as follows (Yang and Manas-Zloczower, 1994):

_ Jo~ Le(r) = c(r)igeal]*dr
f()Oo [c(r)ideat]>dr

where c(r) is the coefficient of probability density function. This index is used to measure the
difference of the current distribution of particles that were initially in a noncohesive cluster from an
ideal random distribution.

Li and Manas-Zloczower (1995) proposed a similar approach based on the correlation coefficient
of the length of stretch experienced by particles in a noncohesive cluster:

2M(h, 1)

GO )= —— 2
SN — 1)

= g(A )AL

where G(A, 1) and g(A, t) are the length of stretch correlation functions and A is length of stretch.

In a random mixing process of two components, the maximum attainable uniformity is given
by the binomial distribution. A quantitative measure of the binomial distribution is the scale of
segregation, L, which is defined as:

&
L, =/ RArDdIr]
0

where R(|r|) is the Eulerian coefficient of correlation between concentration of pairs of points and
it is given as:

Y =) (] =)

R(r]) = T

where cj’- and c]’.’ are concentration of the pairs in the jth pair while ¢ is the average concentration,
M is number of pairs, and S is sample variance.

Another model developed by Ottino et al. (1979, 1981) gives a kinematic approach to modeling
distributive mixing by tracking the amount of deformation experienced by fluid elements. The length
of stretch of an infinitely small material line is defined as:

A= _|dx|
dX|
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FIGURE 1.100 Velocity profiles generated for different fluid models as stream lines (cm?/sec) at 1 rpm.
(a) Newtonian, (b) Oldroyd-B, (c) Bird—Carreau viscous, and (d) Phan-Thien-Tanner fluid. (Reproduced
from Connelly, R.K. and Kokini, J.L., 2004, Journal of Non-Newtonian Fluid Mechanics, 123: 1-17. With
permission.)

The local efficiency of mixing is defined as:

A/A —D:wm  Dlni/Dt

T DD (D:D)2 (D:D)?

%

where D is the rate of strain tensor, and m the current orientation unit vector.

Connelly and Kokini (2004) used the simulated flow profiles (Figure 1.100) in a model 2D mixer
they developed for purely viscous, shear thinning inelastic and viscoelastic fluids to calculate the
trajectories of initially randomly placed neutral material points. Then the effect of viscoelasticity on
mechanism and efficiency of mixing was explored. Mixing parameters such as segregation scale,
cluster distribution index, length of stretch, and efficiency of mixing were used to characterize the
nature and the effectiveness of mixing.

The mechanism of dispersive mixing within the mixer in a rotating reference frame environment
for different fluid models was mapped using the flow number as shown in Figure 1.101. The flow
number results indicate that the mixing is primarily due to shearing mechanism. The effect of the
variation in rheology is also evident in the simulations as depicted by the increase in the size of
regions dominated by elongational flow. Larger areas of high dispersive mixing flow number values
were observed with the presence of viscoelasticity. Moreover, low values of dispersive mixing flow
number values were obtained with an increase in the intensity of shear thinning as depicted by the
increase in the size of the poorly mixed plug flow regions.

Experimental results indicated that shear thinning is detrimental to dispersion, since it decreases
the magnitude of the shear stress and increases the sizes of dead zones. However, the effect of
viscoelasticity on the overall dispersive ability of the mixer was observed to depend on whether or
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FIGURE 1.101 Flow number distribution at 1 rpm of (a) Newtonian, (b) Oldroyd-B, (c) Bird—Carreau viscous,
and (d) Phan-Thien—Tanner fluid models (Reproduced from Connelly, R.K. and Kokini, J.L., 2004, Journal of
Non-Newtonian Fluid Mechanics, 123: 1-17. With permission.)
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FIGURE 1.102 Initial positions of fixed 0.5 x 0.5 cm boxes containing 100 randomly placed points. (Repro-

duced from Connelly, R.K. and Kokini, J.L., 2004, Journal of Non-Newtonian Fluid Mechanics, 123: 1-17.
With permission.)

not it increases the coincidence of elongational flow. This elongational flow includes high enough
shear stresses that would overcome the cohesive or surface forces in clumps and immiscible droplets
in a given situation.

The ability of the mixer to distribute clusters of material is analyzed statistically by comparing
the distance between pairs of points at each recorded time step of clusters of material points placed
initially in one of three boxes in the flow domain as shown in Figure 1.102 (Connelly and Kokini,
2004).

The ability of this mixer to distribute noncohesive clusters of 100 material points was studied
by positioning the cluster at the center and upper and lower corners of flow region as shown in
Figure 1.102. The effect of fluid rheology on mixing efficiency was evidenced by superimposing
the cluster positions in Figure 1.103 over the streamlines shown in Figure 1.100. The streamlines
indicates that the center of rotation is not centered in the cluster but is near the left edge. This
causes most of the particles to move up towards the back of the blade. A small fraction of the
material points located on the left edge of the cluster move slowly down toward the front of the

blade. Also, some particles move faster than others due to the velocity gradients, causing the points
to spread out.
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FIGURE 1.103 Distribution of 100 particles in cluster b1 after one and two revolutions while mixing at 1 rpm
(Reproduced from Connelly, R.K. and Kokini, J.L., 2004, Journal of Non-Newtonian Fluid Mechanics, 123:
1-17. With permission.)

The points in the Newtonian fluid are farther along in the circulation pattern than those in the
inelastic Bird—Carreau fluid, with the PTT fluid points falling in the middle. Shear thinning causes
irregularity in the shape of the cluster when it is moving towards the back of the blade tip. Circulation
of the points caught in the plug flow region will be retarded, allowing all the points to become more
spread out over time. It is also apparent that there is no mechanism for moving particles out of the
circular streamlines that are present in this region. In order for the distributive mixing to be improved,
a mechanism to fold the fluid is required.

Both the scale of segregation and the cluster distribution index showed dependence of rheology
on the period of circulation. The length of stretch and efficiency of mixing showed some stretching
near the walls. The overall efficiency decreased with increasing mixing times since there is no
mechanism to reorient the material lines in this geometry. The secondary flow pattern caused the
material to circulate around a central point, and it was shifted in the presence of viscoelasticity. This
circulation dominated the mixing, with a period of circulation of approximately two revolutions that
was dependant on the fluid rheology. Material is trapped within the circular streamlines, except very
near the gap and did not distribute effectively in this geometry (Figure 1.104).

The positions of color-coded particles after 1, 5, and 10 revolutions during mixing at 1 rpm
for a Newtonian, inelastic Bird—Carreau and a PTT fluid are shown in Figure 1.105. Clusters of
1000 material points initially were placed randomly in the flow domain. The concentration of neutral
material points randomly distributed throughout the flow domain are arbitrarily set to a value of 1,
while the concentration of the rest of the neutral material points are set to 0. Then the positions
of the particles at any given time are used to calculate the value of the scale of segregation at that
point in time. The calculation is done at each recorded time step in order to track the evolution of
this parameter over time. After 1 revolution, the particles are still segregated between the upper
and lower halves, except near the wall and paddle surfaces. After five revolutions, there are still
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FIGURE 1.104 Distribution of 100 particles initially in cluster b1 after 2, 5, and 10 revolutions while mixing
at 1 rpm with length of starch scales. (Reproduced from Connelly, R.K. and Kokini, J.L., 2004, Journal of
Non-Newtonian Fluid Mechanics, 123: 1-17. With permission.)

considerable amounts of segregated regions with all three fluid models. However, their interfaces
and positions are not located in similar manner indicating that the circulation time is rheology
dependent. After 10 revolutions, the size of the segregated regions has been reduced significantly,
with some randomness in the distribution of particles apparent near the wall. The material is observed
to flow through the gap and along the blade surfaces near the walls. However, the material in the
center of the flow region that was originally segregated between the upper and lower halves is unable
to be redistributed randomly with the flow pattern. It is also evident that the sizes of the central
segregated regions are larger with the PTT viscoelastic fluid, likely due to the asymmetry of the
velocity distribution (Connelly and Kokini, 2004).

Finite element simulations were also performed in 2D co-rotating twin paddles in a figure eight
shaped barrel using the viscous Bird—Carreau dough model of Dhanasekharan etal. (1999) to compare
the effectiveness of single and twin screw mixers. Flow profiles were generated from the FEM
simulations and particle tracking was conducted to analyze for measures of mixing efficiency. The
mixing ability of the single screw and twin screw mixers were then compared. Although the 2D
single screw mixer had limited mixing capability, particularly in distributing clumps of material in the
upper and lower halves, the 2D twin screw mixer had greater mixing ability with the length of stretch
increasing exponentially leading to positive mixing efficiencies over time (Figure 1.106). The results
from the 2D twin screw simulation also showed the presence of dead zones in the twin-screw mixer.

The studies mentioned above demonstrate the effectiveness of numerical simulation in study-
ing the flow of materials with different rheological properties in different mixer geometries



Rheological Properties of Foods 111

Initial position and
concentration of 1000
points

After 1 revolution

After 5 revolutions

After 10 revolutions

?%" Newtonlan {2 Bird—Carreaye s {
(3] 4?

-

,,. 435 \:j‘x'_.._?.{,'i'

FIGURE 1.105 Distribution of 1000 massless particles with concentration of 1 (blue) and O (red) initially
and after 1, 5, and 10 revolutions. (Reproduced from Connelly, R.K. and Kokini, J.L., 2004, Journal of
Non-Newtonian Fluid Mechanics, 123: 1-17. With permission.)

nonintrusively. Numerical simulations were clearly shown to serve as valuable tools for process and
design engineers to examine the flow behavior of materials of different rheological characteristics.
It is also a very effective way to test new ideas to see if they will actually improve a specific food
process application without having to build the process equipment in question.

1.7.4 VERIFICATION AND VALIDATION OF MATHEMATICAL
SIMULATIONS

The first step in the verification and validation of a numerical simulation is to determine the potential
sources of error or uncertainty in the simulation. There are two basic types of uncertainties in the sim-
ulations: numerical or physical (Karniadakis, 2002). Numerical uncertainty includes discretization
error, round-off error, programming bugs, solution instability, and incomplete convergence. Physical
uncertainty includes insufficient knowledge of the geometry, bad assumptions in the development of
the physics, simplifications, approximate constitutive laws, unknown boundary conditions, imprecise
parameter values, etc. that are the inputs for the simulations.

Several measurement and visualization techniques have been utilized to experimentally validate
numerical simulation results and gain a deeper understanding of the processes involved in flow and
mixing such as measurements of velocities, at either specific points or through an entire plane,
pressure, and residence time. Flow visualization can be achieved using acid-base reactions or the
diffusion of a dye in a flow and then using imaging techniques to capture the flow patterns. Velocity
measurement has traditionally been carried out at point locations using laser doppler velocimetry
(LDA). Velocity measurements through entire planar cross sections are done using particle image or
tracking velocimetry (PIV) and planar laser-induced fluorescence (PLIF).
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FIGURE 1.106 Distributive mixing between upper and lower halves of single and twin screw mixers at
100 rpm (a) initial position of blades and particles, (b) particle positions after 1 revolution, and (c) particle
positions after 10 revolutions. (Reproduced from Connelly, R.K. and Kokini, J.L., 2006a, Journal of Food
Engineering (accepted). With permission.)

LDA has been used extensively by various authors to estimate velocities at point locations in 2D
or 3D flows. Prakash et al. (Prakash, 1996; Prakash and Kokini, 1999, 2000; Prakash et al., 1999)
used the LDA to measure velocity distribution in a twin sigma blade mixer (Brabender Farinograph)
and estimated the shear rate and various mixing parameters such as instantaneous area stretch effi-
ciency, time averaged efficiency of mixing, strain rate, vorticity rate, dispersive mixing index, and
lineal stretch ratio using the velocity vectors. Connelly and Kokini (2006b) compared these LDA
results to validate numerical simulations of the flow and mixing in a Brabender Farinograph mixer
using exact representations of the blade geometry utilizing the mesh superposition technique. Two
positions (180°/270° and 270°/405°) were undertaken for three experimental fluids particle tracking.
As an illustration, the comparison of the experimental shear rates and mixing index with numerical
simulation results from the Farinograph are shown in Figure 1.107 and Figure 1.108, respectively
for three different fluid rheologies.

Moreover, Connelly and Kokini (2006¢) simulated the flow of a viscous Newtonian fluid during
a complete cycle of the blades positions in a sigma blade mixer. The distributive mixing and overall
efficiency of the mixer over time were analyzed using particle tracking. The differential in the blade
speeds was observed to allow an exchange of material between the blades with a circulation pattern
of material moving up toward the top. The fast blade pushes material towards the slow blade near
the bottom of the mixer. The zone in the center of the mixer between the two blades is shown to have
excellent distributive and dispersive mixing ability with high shear rates and mixing index values. In
contrast, the area away from the region swept by the blades that is generally not filled during normal
use of this mixer demonstrates very slow mixing that is made worse by the presence of shear thinning.
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FIGURE 1.107 Simulated shear rates on plane across center of bowl and compared with the experimental
LDA results mapped in 3D across the flow domain at the 270°/405° position. Shear rate (sec™1): ¢:0-50;
®: 50-100; %: 100-150; A: 150-200; M: above 200 (figures at the left reproduced from Prakash, S. and
Kokini, J.L., 2000, Journal of Food Engineering, 44: 135-148. With permission; figures at the right reproduced
from Connelly, R.K. and Kokini, J.L., 2005b, Advanced Polymer Technology (in review). With permission.).

The length of stretch calculated for material points in the Newtonian fluid increased exponentially,
indicating effective mixing of the majority of material points. In the area swept by the blades, the
highest values of the length of stretch are generally located near the blade edges or in the area
swept by the blade edges. High points, however, are also found outside these zones in a more
random position. The instantaneous efficiency indicates which blade positions are the most and least
effective at applying energy to stretch rather than displace material points. The efficiency was found
to be the lowest when the flattened central sections of both blades are horizontal, while the most
effective mixing occurred when the flattened section of the fast blade is vertical. The mean time
averaged efficiency was found to remain above zero while its standard deviation reduces over time,
indicating that the majority of the points are experiencing equivalent levels of stretching over time.

Mixing analysis results reported by Connelly and Kokini (2006b and 2006c) demonstrate how
CFD numerical simulations can be used to examine flow and mixing and mixing efficiency in model
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FIGURE 1.108 Distribution of mixing index values at the 270°/405° position for (a) the portion of the
~44 points between the blades. (Reproduced from Prakash, S. and Kokini, J.L., 1999, Advances in Polymer
Technology, 18: 208-224. With permission.) and (b) the 456 nodes from the simulation on the vertical cen-
ter plane between the blades. (Reproduced from Connelly, R.K. and Kokini, J.L., 2006b, Advanced Polymer
Technology (in review). With permission.)

food mixers. The continuous improvements both in hardware and software capabilities will allow
process engineers to better predict the behavior of complex materials in complex mixing geometries.
Advances in numerical simulations will ultimately lead to better understanding, and control in mixing
process thus will allow the design of systems which facilitate effective mixing.

1.8 CONCLUDING REMARKS

Food rheology has grown as a useful tool for many applications in food processing, food handling and
storage during the last 20 years. As the chapter points out, better and well understood measurement
techniques are currently available with a strong body of work to interpret experimental data. Only
20 years ago the first serious viscoelasticity papers had begun to be published. Today 100s of excellent
papers with excellent interpretations from laboratories around the world are available. The quality,
novelty, and creativity of the work is of such high level that a significant part of worldwide advances
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are published in prestigious journals such as the Journal of Rheology, Rheology Acta, the Journal of
Non Newtonian Mechanics, and the premier food rheology journal, the Journal of Texture Studies.

Rheology has become a routine research and quality control tool for companies around the
world. Many companies have been able to develop on-line or at-line measurement programs making
rheology an integral part of their process control and monitoring tools. Rheology has also found many
applications in the sensory evaluation of texture. With the availability of reliable psychophysical
models rheology is being successfully and reliably used for texture design. The ability of rheology
to provide information on polymeric properties of food materials, in particular, about enabling the
industry to conduct reliable measurements on the glass to rubber transition has given a powerful
tool for shelf life characterization of many foods. Food rheology has also provided the necessary
constitutive models applicable to various food materials that can be used in numerical simulation
of various complex processes such as extrusion, mixing, dough sheeting, and others allowing better
understanding of these processes and the improvement of their design based on sound understanding.
Clearly rheology has delivered on its promise.

The advances in modern food rheology should further motivate the scientific community to
expand the development of more powerful rheological tools. For example, rheology is showing
promise as a very accurate and quantitative analytical tool to determine the weight average molecular
distribution of many polymers. It has the potential to extend these capabilities to the measurement of
particle size distributions in suspensions and droplet size distribution in emulsions. With advances
in imaging including Atomic Force Microscopy it is possible to study the nano-scale rheological
properties of food molecules and obtain thorough evidence on their conformation and aggregation
properties. Molecular models including constitutive models with a molecular basis have not yet
found their way in food rheology. Only very simple attempts have been made so far, and this is
an area where remarkable predictability can be gained about molecular structure and structural
changes during processing. With the advent of a variety of nonthermal processing technologies,
electrorheology and the effect of very high pressures on rheological properties are needed, and this
area should be a fertile ground for research in the next decade.

In this chapter, we have made an attempt to give an overview of the most recent advances in food
rheology with a goal to enable the practitioner to find key ideas and then to expand further into the
field with the available references. We hope that this chapter will serve as a useful reference to those
who want to capture some of the key advances in the field.
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2.1 INTRODUCTION

Advances in more efficient and versatile methods of food processing and preservation have been
occurring exponentially over the past few decades in order to meet the continually increasing
population and consumer demands for quality foods with particular focus on their nutritional aspects.
The quality of processed foods depends not only upon the initial integrity of the raw materials but
also on the changes occurring during processing and subsequent storage that may result in potential
losses and decreased bioavailability. Emphasis is growing in the area of nutraceuticals and fortified
high-energy foods (Giese, 1995; Molyneau and Lee, 1998; Sloan, 1999, 2005). Trends also indicate
that fortification of food products has increased tremendously in the past years in multiple categories,
including beverages, meals, biscuits, etc. Not only is the nutritional quality important to the food
processor, but also the general appearance of the food, its flavor, color, and texture, factors which are
highly dependent upon the target consumer. It is, therefore, of critical importance to the food industry
to minimize losses of quality in food products during processing and subsequent storage. It is through
the development of mathematical models to predict behavior of food components and optimization
of processes for maximum product quality that continued advancement can be achieved. To obtain
these goals, extensive information is needed on the rates of destruction of quality parameters and
their dependence on variables such as temperature, pH, light, oxygen, and moisture content. A food
engineer can then develop new processing techniques to achieve optimum product quality based
on an understanding of reaction rates and mechanisms of destruction of individual quality factors
combined with heat and mass transfer information. The need for this type of information has become
critically important to the food industry with required nutritional labeling for food products.

Chemical kinetics encompasses the study of the rates at which chemical reactions proceed. The
area of kinetics in food systems has received a great deal of attention in past years, primarily due to
efforts to optimize or at least maximize the quality of food products during processing and storage.
Moreover, a good understanding of reaction kinetics can provide a better idea of how to formulate or
fortify food products in order to preserve the existing nutrients or components in a food system or, on
the other hand, minimize the appearance of undesirable breakdown products. Unfortunately, limited
kinetic information is available at present for food systems or ingredients that would facilitate the
development of food products with improved stability or the optimization of processing conditions.
A major consideration, however, is that indirectly some of the information available may be used
to predict kinetic trends and, thus, establish major guidelines in formulation, storage, and process
conditions. Thus, it is within the scope of this chapter to (a) present a general discussion on kinetics,
outlining some of the fundamental principles and (b) provide information on a variety of food systems,
indicating their reactivity and reported kinetic behavior. It is considered that a better understanding
of kinetics in food systems will facilitate the development of a more complete and sound database.

It should be emphasized that the level of accuracy of kinetic data is dependent upon its final
application. For instance, if mathematical models are developed to optimize the retention of a
particular attribute in a given food system, it is evident that more sophisticated techniques are
required than for those where the measurement is used for routine quality control. This is an area
where careful judgement needs to be exerted. In fact, many of the major drawbacks existing in current
kinetic data have originated in the analytical technique selected to compile kinetic information. Not
only sensitivity but also selectivity in the assay procedure needs to be taken into account when
monitoring individual compounds in highly complex food systems.

There are three main areas of concern when dealing with reaction kinetics: (1) the stoichiometry,
(2) the order and rate of reaction, and (3) the mechanism. For simple reactions, the stoichiometry
is probably the first consideration. Once this is clarified or elucidated, the mechanisms involved
in the reaction are determined. It should be mentioned that based on kinetic data, our idea of the
stoichiometry may change. In highly complex reactions, as in the case of many reactions occurring
in food systems, a great deal of overlap exists among the three aforementioned areas. Thus, it is of
critical importance to take a close and analytical look at the overall system to be able to characterize
reaction pathways.
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2.2 BASIC PRINCIPLES OF KINETICS

2.2.1 ORDER OF REACTION

Of particular significance to the area of kinetics, is the determination of the order of the reaction.
Understanding of the mechanisms involved in the reaction is important to properly obtain and report
meaningful kinetic information, select reaction conditions leading to a desired end product, and/or
minimize the appearance of undesirable compounds. Unfortunately, very seldom has effort been
made to clearly understand the mechanisms involved in the reaction in complex systems, as in the
cases with food and biological materials. Most information available has been oversimplified. In
fact, most investigators have often tried to adapt fairly simple zero- or first-order reaction kinetics
to complex situations without trying to understand the actual pathways involved. Although from a
practical point of view it is clear that simplifications may be taken, applicability of the information
may be restricted only to the conditions encompassed by the experimental design, and thus, one may
incorrectly predict trends by directly extrapolating reported information.

The reaction pathway, also called reaction mechanism, may be determined through proper exper-
imentation. A chemical reaction may take place in a single step, as in the case of elementary reactions,
or in a sequence of steps, as would be the case of most reactions occurring in food systems. Conditions
such as temperature, oxygen availability, pressure, initial concentration, and the overall composition
of the system may affect the mechanism of the reaction. For instance, the degradation of folic acid
and ascorbic acid can be affected by the presence of oxygen, resulting in modification of the reac-
tion pathway and, thus, the type of breakdown products. Moreover, the rate at which these parent
compounds disappear may be highly influenced by the presence and concentration of the breakdown
products generated. It is true that the level of complexity involved in these reactions may be of such
magnitude that a complete understanding of the mechanism of deterioration cannot always be easily
determined or identified or, worse, may hinder the development of simple techniques to rapidly eval-
uate the stability of a given system. Nevertheless, it should be stressed that more reliable information
is obtained when understanding of the reaction pathways is achieved.

A basic approach for the determination of the reaction order for a simple reaction, taking into
consideration its initial rate is as follows:

dcC
s = kC" 2.1

which after taking the natural logarithm on both sides of the equation results in:
dC
In 4 =Ink+nlnC 2.2)

where C is the concentration, k is the reaction rate constant, n is the order of the reaction, and ¢
is time. According to this approach, a plot of the In(—dC/dt) vs. In C will give a straight line,
whose slope corresponds to the reaction order (n), as shown in Figure 2.1. Although the intercept
should correspond to the reaction rate constant (k), it is normally considered that, for the sake of
accuracy, this would not be the preferred approach for its estimation. Rather, once the reaction order
has been determined, the rate constant can be calculated by applying the corresponding equation for
that reaction order.

The method of least squares can also be used to determine the order of the reaction with respect
to the reactants and products involved in the reaction. For instance, for a given reaction A+ B — P,
where A and B are the reactants and P is the product, the reaction rate (r) can be defined by an
equation such that:

—r = k[A]Y[B]” (2.3)
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First step Second step

dC

In (~dC/dt)
3>

t InC

where: ¢ = concentration
k = rate constant
n = reaction order
t=time

FIGURE 2.1 Graphical representation for determining reaction order () of a reaction.

where [A] and [B] are the respective concentrations, and a and b are the respective reaction orders
of the reactants A and B. By taking the natural log on each side, the equation becomes:

In(—r) =Ink + aln[A] + b1n[B] 2.4)
which is of the form:
y =ap+ ax) + bx 2.5)

where ag, a, and b are constants. Thus by the least squares approach, the coefficients a and b,
corresponding to the order of the reaction, can be determined.

For the particular case of complex reactions, such as in the case of lipid oxidation, many investig-
ators have tried to apply simple reaction kinetics to describe their behavior. In this particular situation
it is obvious that a clear understanding of the overall chain reaction including initiation, propagation
and termination stages may reach levels of complexity, totally undesirable from a practical point
of view and extremely difficult to express in simple mathematical terms. Complex reaction kinetics
will be discussed in a subsequent section.

2.2.2 REACTION RATE

When dealing with food systems, a common approach to report reaction rates is as the change in
concentration of a reactant as a function of time. The reaction rate thus provides a measurement of
the reactivity and stability of a given system. A number of variables have been observed to influence
the reaction rate. Major factors include: (a) concentration of reactants, products, and catalysts;
(b) environmental factors such as temperature, pressure, and oxygen availability; (c) wavelength
and intensity of light; and (d) physicochemical properties such as viscosity, ionic strength, and
conductivity. Depending upon the type of reaction and the components, other factors will also be
influential in controlling reaction kinetics.

Although traditionally one can apply reaction kinetics to monitor chemical changes occurring
in a system, other physicochemical changes may also be described using a kinetic approach. For
instance, textural and color changes occurring in food systems can be described using reaction
rates. It is obvious that the numbers obtained represent the final effect caused by other complex
reaction mechanisms leading to an overall result. For instance, color changes in a product containing
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carotenoids may be an indication of the stability of the system, and in particular, stability of the
carotenoids as related to environmental conditions. Another example is the textural changes in starch-
based systems as a function of time, which may be the result of starch retrogradation mechanisms
as well as lipid-amylose interactions as influenced by environmental conditions.

How to properly measure the changes occurring in a system as influenced by different factors
becomes a key issue. Changes may be measured by monitoring, for instance, the disappearance of a
compound, the appearance of a breakdown product, or changes in the physicochemical properties of
the system such as in thermal conductivity. Colored species may be monitored through their appear-
ance and disappearance by using spectrophotometric techniques. Depending very much on the final
application of the kinetic data, one may need to actually monitor the reaction rate in such a way that
the reaction does not proceed to any significant extent during the analytical test. Quenching of the
reaction may be accomplished in many different ways, such as by lowering the temperature of the
system or by addition of the reaction mixture to a system that provides stability. For most cases in
food systems, the rates of chemical reactions that proceed slowly can be easily studied through con-
venient methods. Since nutrient retention is of primary concern in food systems subject to deleterious
conditions, a great deal of attention has been given to the study of vitamin degradation. A number
of different techniques have been developed for their analyses, a summary of which is presented in
Table 2.1. Many of these techniques, however, suffer from the lack of differentiation of intermediate
compounds that may form, resulting in erroneous conclusions. For instance, the transformation of

TABLE 2.1
Methods Used for Vitamin Assays

Vitamin C: Indophenol Method (Using Tillman’s Reagent — titration or photometric); monitors color changes due to
2,6-dichloroindophenol reduction
2,4-dinitrophenylhydrazine (DNPH), monitors total ascorbic acid (AA) based on oxidation of AA to
dehydroascorbic acid (DHAA) followed by coupling with DNPH to form red-colored osazones
Microfluorometric (based on reaction of DHAA with o-phenylenediamine)
HPLC (direct measurement)
Polarographic
Oxidation-Reduction Methods (with iodine, bromine, iron, copper, mercury or selenious acid)
Capillary Zone Electrophoresis (separation of L- and D-isoascorbic acids)
Vitamin By: Fluorometric Thiochrome (alkaline oxidation of thiamine to fluorescent thiochrome)
HPLC (direct measurement)
Microbiological (Lactobacillus viridescens [intact thiamine-specific])
Animal (rat, pigeon, chick)
Vitamin B»: Fluorometric (native fluorescence of riboflavin)
Polarographic
Microbiological (Lactobacillus casei [non-specific]; Tetrahymena pyriformis [B,-specific])
HPLC (direct measurement)
Animal (rat, chick)
Vitamin Bg: Microbiological (Saccharomyces uvarum)
HPLC (fluorescence detection)
Animal (chick and rat growth)
Vitamin Byj: Microbiological (Lactobacillus leichmennii)
Radioassays (competitive inhibition assay based on isotope-dilution principle)
Protozoan assays (Euglena gracilis, Ochromonas malhamensis)
Folates: Microbiological (Lactobacillus casei, Streptococcus faecalis, Pediococcus cerivisiae)
Radiometric Assay (competitive binding radioassay using liquid or dry skim milk as binder)
Electrophoretic (polyglutamyl chain-length determination)
HPLC (direct measurement)
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TABLE 2.1
Continued
Stable isotope LC-MS method
Polarographic
Animal (chick and rat)
Niacin: Microbiological (Lactobacillus plantarum)

Pantothenic acid:

Vitamin A:
(Carotenoids):

Vitamin D:

Vitamin E:

Vitamin K:

Biotin:

Radiometric Assay
HPLC (direct measurement)
Spectrophotometric:
based on Ko6nig reaction (niacin 4+ cyanogen bromide — pyridinium compound —
+ aromatic amine — glutaconic dialdehyde derivative [colored])
niacinimide in potassium dihydrogen phosphate + cyanogen bromide + barbituric acid —
purple color
Metabolite Measurement:
NI -methyl nicotinamide (NMN) and 6-pyridone of N! -methyl nicotinamide
NMN + ketones in alkali solution — green fluorescent compound
Animal (dog, chick, weanling rat)
Fluorometric: alkaline hydrolysis + o-phthalaldehyde + 2-mercaptoethanol in boric acid
solution — fluorogenic compound
Microbiological (Lactobacillus plantarum, Saccharomyces carlsbergensis, S. cerivisiae)
Radioimmunoassay
Enzyme-linked immunosorbent assay (ELISA)
Animal (chick)
Spectrophotometric
Fluorometric
HPLC (direct measurement)
Supercritical Fluid Chromatography (direct measurement)
Spectrophotometric (UV)
Colorimetric (Vit. D + SbCl3 in ethylene dichloride — pink complex)
HPLC
GLC
Animal (rat [line test]; chick [bone ash])
Spectrophotometric (UV)
Colorimetric (based on Emmerie & Engel’s Reaction:
tocopherols + bathophenanthroline + FeCls — + orthophosphoric acid — pink-colored
complex)
Spectrofluorometric
HPLC (direct measurement)
GLC (native or trimethylsilyl derivatives)
Animal (rat, chick, duckling)
GLC
Spectrophotometric
Reduction-Oxidation Method
Animal (chick prothrombin time determinations)
Ethylcyanoacetate Method
2,4-Dinitrophenylhydrazine Method
Microbiological (L. plantarum)
Animal (chick, rat)
Radiometric (not for general use)
Fluorometric (for non-biological materials)
HPLC/avidin binding assay
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trans-carotenoids into their cis-form is difficult to detect unless a very specific technique is utilized.
Since iomerization causes losses of the provitamin activity, it is critical to be able to identify the
different isomers. Most techniques utilized thus far to monitor kinetics of carotenoid degradation
have not taken this factor into account. A great deal of effort has recently been directed towards
more conclusive methods such as high-performance liquid chromatography (HPLC) and supercrit-
ical fluid chromatography, which afford separation of the individual compounds, thus enabling the
collection of proper kinetic information to elucidate mechanisms of deterioration and characterize
kinetic parameters. Other methods include the use of liquid chromatography in combination with
mass spectrometry (LC-MS) for the quantitative determination of 5-methyltetrahydrofolic and folic
acids (Pawlosky and Flanagan, 2001; Thomas et al., 2003), and capillary zone electrophoresis for
the separation of L-ascorbic and D-isoascorbic acids (Liao et al., 2000).

Since reactions in food systems are normally complex and are a combination of several ele-
mentary steps, additional basic information may be necessary to postulate reaction rate expressions.
Identification of intermediates and previous knowledge of rate equations to fit data for other sys-
tems may provide assistance in properly characterizing a given reaction. Additional factors that may
affect reaction rates are the type of energy and/or conditions surrounding the process to which the
food is subjected such as those associated with nontraditional techniques including high pressure,
irradiation, ohmic, and pulsed electric field processing.

In the following paragraphs, a short summary of the mathematical description of concentration vs.
time for single irreversible and complex reactions is presented. The most commonly found reactions
in food and biological systems are the zero-, first-, and second-order reactions.

2.2.3 Types OF REACTIONS

2.2.3.1 Zero-Order Reactions

In zero-order reactions, the rate is independent of the concentration. This may occur in two different
situations: (a) when intrinsically the reaction rate is independent of the concentration of reactants
and (b) when the concentration of the reacting compound is so large that the overall reaction rate
appears to be independent of its concentration. Many catalyzed reactions fall in the category of
zero-order reactions with respect to the reactants. On the other hand, the reaction rate may depend
upon the catalyst concentration or other factors unrelated to the concentration of the compound under
investigation.
Thus for a zero-order reaction at constant density, the overall expression would be as follows:

dc
—— =K 2.6

i 0 (2.6)
where C is the concentration, ¢ is time, and kg is the zero-order reaction rate constant, which by
integration would result in:

Co — C = kot 2.7

where C is the concentration at time (¢), and Cy is the initial concentration. According to this
mathematical expression, a distinguishing feature of this type of reaction is a linear decrease in
concentration as a function of time, as illustrated in Figure 2.2.

Typical reactions that have been represented by zero-order reactions include some of the autoox-
idation and nonenzymatic browning reactions. It is clear that zero-order reactions do not appear to
occur as frequently in food systems as other reaction orders. In most cases, it is evident that the most
common situation for this type of reaction is when the concentration of the reactants is so large that
the system appears to be independent of concentration.
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Concentration (C)

Time (t)

FIGURE 2.2 Graphical representation for the determination of a zero-order rate constant (k).
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FIGURE 2.3 Graphical representation for the determination of a first-order rate constant (ky).

2.2.3.2 First-Order Reactions

A large number of reactions occurring in food systems appear to follow a first-order reaction.
A mathematical expression for this behavior would be as follows:

—— =k C 2.8
i 1 (2.3)

where kj is the first-order reaction rate constant. By integration, this equation becomes:

C
—1In (C—()) = kit (2.9)

Thus, according to this mathematical expression In C vs. time will be a linear function where the
slope corresponds to —kj as shown in Figure 2.3.
The half-life (#12) is given by:

kit = —1In(1/2) (2.10)
= 11’12/](1 (2.11)

The mathematical expressions above clearly indicate that the half-life and the reaction rate for a true
first-order reaction are independent of the initial concentration. However, although in a number of
systems this may be the case, formulated products will not follow true first-order reaction kinetics,
but rather a pseudo-first-order reaction. In fact, in formulated systems the presence of breakdown
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products may strongly influence the order of the reaction. However, for only a given value of initial
concentration the reaction may follow apparent first-order kinetics. To determine if a given reaction
does indeed follow a pseudo-first-order kinetics, conditions for the kinetic study can be chosen to
follow the technique of flooding. Through this approach, all but one of the concentrations are set
sufficiently high such that compared to the one reagent present at lower concentration the others are
effectively constant during the time of the experiment. Since only one of the concentrations changes
appreciably during the run, the effective kinetic order is reduced to the reaction order with respect to
that one substance. If the order of the reaction is determined to be one, the reaction is said to follow a
pseudo-first-order reaction. The degradation of ascorbic acid, for instance, has been primarily found
to follow first-order kinetics in food systems. On the contrary, degradation of ascorbic acid in model
systems has frequently been found to follow pseudo-first-order kinetics. It appears that the presence
of breakdown products modifies the kinetics of deterioration of ascorbic acid and, thus, its initial
concentration will influence its rate of degradation.

2.2.3.3 Second-Order Reactions

Two types of second-order reaction kinetics are of importance:
Typel: A 4+ A—P

Tk CA? 2.12
” 2Ca (2.12)

and

Typell: A + B— P

——— =k CAC, 2.13
i 2CACB (2.13)

where Cj is the concentration of reactant species (A) at time (¢), Cp is the concentration of reactant
species (B) at time (¢), and k> is the second-order reaction rate constant. For Type I, the integrated
kinetic expression yields:

1 1
— — — =kt (2.14)
Ca  Ca,
which in terms of the half-life becomes:
t ! (2.15)
12 = .
/ kaCa,
For Type II, the integrated form yields:
1 Cp,C
kot = ln( Bo A) (2.16)
Ca, — Cg, Ca,CB

where Ca, and Cg, are the respective initial concentrations and Cao and Cp are the respective
concentrations at time (¢). It should be stressed, however, that Type II reactions do not necessarily
have to follow a second-order reaction. For instance, for the particular case where component A is
present in large amounts as compared with component B, the reaction may follow first-order kinetics
with respect to B. A typical plot of second-order kinetics is presented in Figure 2.4.
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Time (t)

FIGURE 2.4 Graphical representation for the determination of a second-order rate constant (k) for a Type I
reaction.

2.2.3.4 Nonelementary Reactions

To characterize the kinetics of nonelementary reactions, one can assume a series of individual ele-
mentary reactions taking place. In these reactions, intermediates may not be observed or quantitated,
either because they are present in very small amounts or because they are unstable. Such reactions
would fall under three main categories: (1) consecutive or series reactions, (2) reversible or opposing
reactions, which attain a finite equilibrium, and (3) parallel or competitive reactions. The types of
intermediates postulated may fall in any one of the following categories, namely, (a) free radic-
als, (b) ions and polar substances, (c) molecules, and (d) transition complexes (chain reactions and
nonchain reactions). The following are examples of the various mechanisms proposed.

2.2.3.4.1 Intermediates

2.2.3.4.1.1 Free radicals Free atoms or fragments of stable molecules containing one or more
unpaired electrons are called free radicals. For these compounds, a standard convention is to designate
the unpaired electron by a dot (). Some of these radicals are stable as in the case of ascorbic acid,
where its hydroxyl on the C-3 readily ionizes (pK; = 4.04 at 25°C) and may undergo degradation to
dehydroascorbic acid in the presence of oxygen. Other free radicals are unstable as in the case of lipid
oxidation. For instance, when a hydroperoxide decomposes to form RO" radicals, such compounds
can participate in other reactions, thus being capable of continuing the chain propagation process and
forming several products. Hydroxy acids, keto acids, and aldehydes have been isolated from oxidizing
lipid systems. The formation of protein free radicals in systems undergoing lipid oxidation is another
example of reactions involving unstable radicals. Free radicals may form on the a-carbons of the
proteins, while cysteil radicals may form in proteins containing cysteine or cystine (Karel, 1973).

2.2.3.4.1.2 lons and polar substances Electrically charged atoms, molecules or fragments
of molecules such as Nat, NH4t, I~ and NO, ™~ are called ions, which may serve as reactive
intermediates in a variety of reactions.

2.2.3.4.1.3 Molecules 1Inreactions such as: A — B — C, where compound B is highly reactive
orits concentration in a given reaction mixture is very small, such compound B acts as an intermediate.

2.2.3.4.1.4 Transition Complexes

Chain-reactions
Catalyzed reactions may fall in the category of chain reactions. In these reactions an intermediate is
formed in the initiation step. Such an intermediate then interacts with the reactant to obtain a product
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and more intermediate to participate in the reaction. A key consideration is that the intermediate may
catalyze a series of reactions before being destroyed.

A classical example for the case of chain reactions is the degradation of 8-carotene, an autooxida-
tion reaction involving three main periods: (1) induction (formation of free radicals), (2) propagation
(free radical-chain reactions), and (3) termination (formation of nonradical products). According to
this pathway, the reaction may be expressed as follows:

2RH A R o
k (1) induction

R'+0, == RO

k
RO, +RH - R'+ROOH _
) (2) propagation

k
R'+RH -2 R +RH

kt
R*"+RO, — duct .
2 / products (3) termination

k
R+ R’ —  products

Although different approaches have been taken to mathematically describe the kinetic behavior of
B-carotene, a simplified free-radical recombination has been suggested by a number of authors
(Alekseev et al., 1968; Gagarina et al., 1970: Finkel’shtein et al., 1973, 1974).

According to this approach, the rate of consumption of a hydrocarbon, that is, carotenes, in a
chain process with a second-order chain termination can be described by:

dC

= aCy (2.17)

By replacing the value corresponding to w;, the rate of formation of free radicals, the rate of
consumption of the hydrocarbon can be expressed as being:

dC
Tl aC+/bpC + b(Cy — C) (2.18)

d

where C is the carotenoid concentration at time (¢), Cy is the initial carotenoid concentration, a is
the constant derived from Equation 2.19, b is the initiation rate constant of the products, by is the
initiation rate constant of unoxidized carotenoids, and 7 is time.

The initiation rate is considered to be the sum of the initiation rates of radicals formed by the
unreacted carotene and by the intermediate products. The value of constant “a” can be represented by:

kP
a= -2 JkKsPo (2.19)
Vk; :

where kj, k;, and k are rate constants as previously shown; Kg is the solubility coefficient of oxy-
gen in carotenoids; and Po, is the partial pressure of oxygen. Integrating Equation 2.19 using the
dimensionless variables suggested by Gagarina et al. (1970) yields:

1+/T=C/Cy\ _
In <m> = a/(b — by)y/Cot (2.20)
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If all the constants on the right side of the previous equation are lumped together to denote the
effective rate constant, namely (o),

o =ay/(b— by)/Co (2.21)

Equation 2.20 can be simplified to yield:

1 (l—i_— VI_C/CO>_ ¢ (2.22)
SN = ooy ANd '

which corresponds to the equation for a straight line. It is evident that the slope of a graph of
In[(1 + /T —C/Cp)/(1 — /T — C/Cy)] vs. t will give the value corresponding to the effective rate
constant.

The aforementioned simplified models have been successfully used by various investigators to
describe the reaction kinetics of carotenoids assuming a scheme of an unbranched chain as previously
described. It is obvious that in systems where oxygen accessibility is limited due to the density of the
material, higher rates of oxidation will take place close to the surface. Hence, different rates of
degradation of the carotenoids will take place simultaneously, highly complicating the analysis of
the kinetics for the overall system.

Nonchain reactions

Nonchain catalyzed reactions may involve the interaction of the substrate with the catalyst to form
a complex, followed by its decomposition to form the product. Upon decomposition, the catalyst
is then regenerated and is capable of taking part in the reaction once again. A typical example of
this behavior is the acid-catalyzed hydrolysis of pyranosides according to the pathways presented
in Figure 2.5. According to this diagram, the mechanism involves rapid reversible protonation of
the glycosidic oxygen atom to produce a protonated oligosaccharide (2), which undergoes a slow
unimolecular decomposition to a stable monosaccharide and an acyclic carbonium ion (3). It is

CH,OH CH,OH
(@) (0]
O Gy A IS IO
OH H/A — NOH H
RO OR'" RO O-R'
H OH HlOH
CH,OH CH,OH

® wHATOH o A 0 ®
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H
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OH H OH ROO H
H OH H  OH

FIGURE 2.5 Tllustration of a non-chain catalyzed reaction: the acid-catalyzed hydrolysis of pyranosides.
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considered that the carbonium ion is stabilized by resonance with the oxonium ion (4). Nucleophilic
addition of water would yield a protonated reducing sugar (5), which through the loss of a proton
would result in the hydrolytic products (6) and reappearance of the catalyst.

Enzyme kinetics

Another example of transition complex reactions is that of enzyme-catalyzed reactions. It should
be mentioned that most of the reactions occurring in biological systems are catalytic in nature. The
basic principles for enzyme-catalyzed reactions have been presented by Michaelis—Menten, who
proposed the theory of complex formation according to the following equation:

k k
E4+S == ES == E+P
Ky k_s

where E is the enzyme, S is the substrate, ES is the enzyme-substrate complex, and P is the
product. Both reactions are considered to be reversible. In this equation, ki, k_1, k2, and k_»
are the specific constants for the designated reactions.

Although the general principle of chemical kinetics may apply to enzymatic reactions, the phe-
nomenon of saturation with substrate is unique to enzymatic reactions. In fact, at low substrate
concentrations the reaction velocity is proportional to the substrate concentration, and thus the reac-
tion is first-order with respect to the substrate. As the substrate concentration increases, the reaction
progressively decreases, being no longer proportional to the concentration of the substrate and deviat-
ing from any first-order kinetics. The reaction follows zero-order reaction kinetics, due to saturation
with the substrate (Figure 2.6).

For the particular case of enzyme kinetics, the cases of competitive and noncompetitive inhibition
need to be considered. In the first case, the competitive inhibitor (I) is able to interact with the enzyme
to generate a complex (EI), according to the reaction:

k
E+1 = EI
k_1

In this type of reaction, the complex EI does not break down to create products. However, the reaction
can be reversed by increasing the substrate concentration.

—

Vmax

Velocity (V)

5 max

K,;, Substrate (S)

FIGURE 2.6 [Illustration of reaction rate dependence on substrate concentration for the initial phase of an
enzyme-catalyzed reaction, indicating maximum velocity (Vimax), %Vmax and Michaelis constant (Kj;;).
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On the other hand, in the case of noncompetitive inhibition, the inhibitor may bind to the enzyme
on a locus different from the active site of the enzyme, and thus, it may bind to the free enzyme or
to the complex according to the equations presented below:

E+4+1 == EI

ES+1 == ESI

where the forms EI and ESI are inactive.

The most common type of competitive inhibition is that created by compounds that bind revers-
ibly with the sulfhydryl groups of cysteine residues that are essential for the catalytic activity of
some enzymes. Such groups may be located at or near the active site. In this second case, the cata-
Iytic activity may be related to stearic hindrance or the ability to maintain the three-dimensional
conformation of the enzyme.

It is of critical importance to be able to identify competitive and irreversible inhibition. For the
particular case of irreversible inhibition, the inhibitor binds to the enzyme irreversibly, and some may
modify its molecular structure. It is obvious that for this particular case the use of the Michaelis—
Menten equation is not possible since this approach assumes that the interaction between the enzyme
and the inhibitor is reversible. A typical case of irreversible reactions would be the case of the trypsin
inhibitors found in soybeans, namely, the Kunitz and the Bowman-Birk inhibitors. Chymotrypsin
has been found to be strongly inhibited by the Bowman-Birk inhibitor, while only weakly inhibited
by the Kunitz inhibitor. Both inhibitors have also been shown to be active against bovine trypsin.
The activity of human trypsin has been observed to be inhibited to a significant extent by the Kunitz
inhibitor.

2.2.3.5 Consecutive Reactions

Consecutive reactions form another category of reactions of importance in food products. Interme-
diates are formed in such reactions that may decompose or react to create other compounds. In many
cases, the intermediate may have a short life, and thus, simplifications may be taken to describe their
kinetics. Since decomposition of the intermediates may proceed under different reaction kinetics,
complex situations may arise.

For the particular case of reactions in sequence, following first-order or pseudo first-order kinetics:

A g R o

and for the particular case where the aforementioned reactions are not reversible, the rate of
disappearance of A can be expressed as follows:

@ = ki[A] (2.23)
Tar ! '
which becomes:
[A] = [Ao]l exp(—k1?) (2.24)

The concentration of the intermediate can be determined by:

d[B
% — ki[A] - k2B (225)
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By substituting Equation 2.24 into Equation 2.25 and multiplying each term by exp (k2t), the
following expression is derived:

d[B
exp(kat) (%) + fexp(kan) I[Blkz = ki [Aollexp(ka — k1)) (2.26)

Integration of this equation with [B] = 0 at r = 0 yields:

k1[Ao]

B = ko — ky

[exp(—ki1) — exp(—ka)] (2.27)

It can be easily illustrated that the final product (C) does not form immediately as A is decomposed
due to the formation of B. This period is normally termed an induction period.

It is evident that the aforementioned case is a simple case for these particular types of reactions.
More complicated situations correspond to the cases for consecutive reactions with a reversible
step or when the individual steps do not follow the same order reaction kinetics. If the rate of
disappearance of B is fairly rapid, it is evident that if one monitors the appearance of C only based
on the concentration of A, inaccuracies may be introduced in the kinetic analysis.

2.2.3.6 Reversible First-Order Reactions

For the most part, we have considered reactions whose rate constant consists of a single value with
an integral reaction order. However, now we will consider the reaction:

ki

A = B
k_1

in which the rate of disappearance of A is given by:

d[A
—% — Ki[A] — k_[B] (228)

To solve this equation, two considerations are to be taken into account: (1) from the stoichiometry:
[Ao]l + [Bo] = [Asc] + [Bool = [A] + [B] (2.29)
and (2) from the condition —d[A]/dt = O at equilibrium:
k1[Aso] = k_1[Boo] (2.30)
Through substitution and rearrangement:

d[A
_Ei_t] = (ki + k-1 ([A] — [Ax]) (2.31)

Integration between the corresponding limits will give:

1 ( [A] — [Ax]
n

_—— | = —(k k_ 2.32
[AO]_[AOO]) (ki +k_1)t (2.32)

According to this equation, a plot of In([A] — [Ax]) vs. time will be a straight line, whose slope
corresponds to —(k; + k_1). Figure 2.7 describes the concentration of reactant A as a function of
time for two different situations. In the first case, the reaction will reach a certain equilibrium with
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FIGURE 2.7 Illustration of time dependence of a hypothetical reversible first-order reaction.

retention values leveling off. On the other hand, if a reactant is added to rapidly consume B, this will
prevent its return to A. In this situation only the forward reaction controls —d[A]/df with a continuous
depletion of reactant A. For both cases, the initial rate of the reaction is the same. Although this
type of behavior may be possible in food systems, as in the interconversion of pyridoxamine and
pyridoxal, where these compounds may undergo further degradation, most information reported in
the literature will consider the rate for the overall reaction with no simultaneous information for
the forward and the reverse reactions. Huang and von Elbe (1985), however, developed a kinetic
reaction model accounting for the forward and reverse reactions for the degradation and regeneration
of betanine in solution and its degradation products, betalamic acid and cyclodopa-5-O-glycoside.
This model could predict the amount of betanine remaining before and after regeneration of the
pigment under different experimental conditions. Since in most practical situations dealing with
food products the majority of investigators have not explored the mechanisms of degradation of the
compound under question to minimize the amount of work involved, it becomes simple to visualize
the limitations of available kinetic information if one tries to extrapolate to other systems.

2.2.3.7 Simultaneous Competitive Reactions

In reference to complex reactions, another case of significance corresponds to the degradation of a
single compound to different products, following different pathways. The degradation of ascorbic
acid is a typical example of a complex reaction where several pathways may operate simultaneously.
Seldom have investigators taken the time to identify the contribution of each pathway to the degrad-
ation of this vitamin but rather have reported an overall value. In the case of chlorophylls, Heaton
et al. (1996a, 1996b) developed a general mechanistic model for rates of chlorophyll degradation to
pheophorbides via either pheophytins or chlorophyllides. Depending upon the contribution of each
pathway when dealing with competitive reactions, variable levels of inaccuracy may result since
each reaction will proceed at a different rate. Thus if the reaction is expressed by the following
mechanism:

k
—1>P1
k;
Al 32 p,
n

k,
— P,
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where P, Py, ..., P, = products, ki, k2, ..., k, = rate constants. The rate of disappearance of A is
given by:
d[A]

which by integration results in:
[A] = [Ao]exp(= Y knt) (2.34)

where >k, = ki +ky + - - + kn.

Since the products are generated with different yields, it is obvious that information on product
formation is needed to evaluate the rates of the reaction. Moreover, it is evident that solely monitoring
the rate of disappearance of A and assigning an overall reaction rate may be highly inaccurate, since
each pathway may have a different reaction order and a different associated rate constant. This
approach has been commonly taken by many investigators in determining reaction rates for the
degradation of vitamins, pigments, etc. This discussion should emphasize the need for a better
understanding of the reaction mechanisms to properly report kinetics. Since this is a more time-
consuming approach, it is understandable why many investigators circumvented the complexity of
the reaction kinetics.

2.2.4 EFFeCcT OF TEMPERATURE

When considering reaction rates, it is clear that these values may be influenced by a large number of
parameters, including temperature and pressure. In fact, equilibrium yields, chemical reaction rates,
and product distribution may be drastically influenced by temperature. Since chemical reactions are
accompanied by heat effects, if these are large enough to cause a significant change in temperature of
the reaction mixture, these effects also need to be taken into consideration. This would be particularly
important in reactor design. The effect of temperature for an elementary process may follow, in most
cases, the Arrhenius equation:

k = koe Ea/RT (2.35)

where k, is the frequency or collision factor; E, is the activation energy; R is the gas constant
(1.987 cal/mol - °K); and T is the absolute temperature (°K). It is obvious that if the frequency factor
and the activation energy could be evaluated from the molecular properties of the reactants, it would
be possible to estimate the values corresponding to the reaction rate. Unfortunately, our knowledge
of kinetics is limited, particularly for complex systems, as would be the case of food systems or
products.

It is, however, important to mention the collision theory as an approach to deal with kinetics.
In Figure 2.8, the energy levels involved in a reaction are illustrated. According to the colli-
sion theory, upon the collision of reactive molecules, enough energy is generated to provide the
necessary activation energy. Such a theory was used as the foundation for the determination of
rate expressions based on the frequency of molecular collision required to generate a minimum
energy.

Another theory, the activated-complex or transition-state theory, has also been suggested. Accord-
ing to this approach which still relies on reactions occurring due to collision between reactive
molecules, an activated complex is formed from the reactants, which eventually decomposes to
generate products. The activated complex is in thermodynamic equilibrium with the reactants. Com-
plex decomposition is then the limiting step. Regardless of the theory considered, these approaches
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FIGURE 2.8 Representation of potential energy levels during the process of a given endothermic reaction.

do not provide the means to rapidly and easily calculate activation energies from simple thermo-
dynamic information. Thus in practical terms, one has to obtain basic kinetic information to be
able to determine the effect of temperature as affecting reaction kinetics. Based on the Arrhe-
nius equation it is clear that if one plots the Ink vs. 1/7T, the slope would correspond to the
activation energy divided by the gas constant. Moreover, this value will not provide by itself
any idea of the reactivity of a given system, only information on temperature dependence of the
reaction.

Although the Arrhenius equation is commonly used to describe temperature dependence of the
reaction rate in most food systems, deviations may occur as reported by several authors including
Labuza and Riboh (1982) and Taoukis et al. (1997). In fact, a large number of factors may contribute
to deviations. Changes in reaction mechanisms may occur for a large temperature range. For instance,
it is highly possible that mechanisms of deterioration may change at conditions below freezing point
due to a concentration effect. On the other hand, at high temperatures, changes in the physical
state of some compounds, including fats and sugars, may occur. Lipids may change from a solid
to a liquid state, while sugars may change from an amorphous to a crystalline or to a liquid state.
Because of the high complexity of food systems, it is also possible that when various mechanisms
of deterioration operate simultaneously, the effect of temperature may alter the rates of one, thus
causing inhibition or catalysis in the other mechanisms. Finally, irreversible changes such as starch
hydrolysis or protein denaturation may occur due to temperature, thus modifying the reactivity of
the system. In fact, although enzyme-catalyzed reactions will have an increasing reaction rate upon
an increase in temperature, a decrease will be observed beyond a certain temperature due to enzyme
inactivation. Typical values for activation energies for a number of reactions are summarized in
Table 2.2.

2.2.5 EFFECT OF PRESSURE

Traditionally, processing of foods has involved thermal treatments with the specific goal of making
foods microbiologically safe. With greater concerns over the nutritional benefits of foods as well as
qualitative aspects such as texture and color, investigation into advanced food processing techniques
has resulted in the emergence of various new technologies within the food industry. One area of
recent interest is the use of ultra-high pressure (UHP) processing of foods, also referred to as high
hydrostatic pressure (HHP) and high pressure processing (HPP). According to the Le Chatelier
principle, any reaction, conformational change, or phase change that is accompanied by a decrease
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TABLE 2.2
Activation Energies for Selected Reac-
tions in Food Related Systems

Activation energy

Reaction (Kcal/mole)
Enzyme reactions 0-8
Chlorophyll degradation 5-27
Ascorbic Acid 5-40
Anthocyanins 7-30
Alpha-tocopherol 9-13
Trans-retinol 9-29
Betalains 9-29
Non-enzymatic browning 9-40
Hydrolysis of disaccharides 10-15
Carotenoid oxidation 10-22
Lipid oxidation 10-25
Spore destruction 60-80
Vegetative cell destruction 50-150
Protein denaturation 80-120

in volume will be favored at high pressure, while reactions involving an increase in volume will be
inhibited (Williams, 1994).

The kinetics of reactions as influenced by pressure may be best approached from the Eyring
(activated complex or absolute theory) relation where reaction rates are based on the formation of an
unstable intermediate complex, which is in quasi-equilibrium with the reactants. For instance in a
bimolecular reaction, reactants A and B form an intermediary complex (AB)*, with an equilibrium
rate constant (k1), which may further decompose at a rate constant (k) to form product(s).

ki
A+B = (B 2 p

The overall reaction rate is therefore controlled by the rate of formation of the activated complex which
is a function of the change in Gibbs free energy (AG) going from the normal to the activated state,
similar to the previous discussion (Section 2.2.3.4.1.). In the case of effect of changing temperature,
the relationship was given by the Arrhenius equation, assuming pressure was held constant. The
influence of pressure on reaction rate, however, may be described by the basic thermodynamic
relationship, as shown in Equation 2.36 as applied to the Eyring Equation 2.37:

dAG°
dp

) = AV° (2.36)
T

where AG® is the standard free energy associated with the formation of one mole of substance at
25°C and 1 atm (molal free energy), P is pressure and AV*® is the associated volume at constant
temperature (7') and, the Eyring equation, where AG* = AH* — AS*T:

kgT AS* AH* ksT AG*
_ — = — 2.
k h exp< R )exp( RT > A exp( RT ) (2.37)

where AG* is the change in free energy, AS™ is the entropy, AH* is the enthalpy, kg is the Boltzman
constant, & is Plank’s constant, and R is the gas constant. Combining these equations results in
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the following expression at constant temperature:

<d1nk> _ AV 238)
T

dp RT
By integration this gives the expression for the rate constant, k:

Ink = Ink AV*P (2.39)
nKk =1In _ .
° RT

where k, is a constant dependant on the system, AV* is the volume of activation, and T is temperature
(°K). The activation volume relates the change in volume between that of the reactants and that of the
activated complex. Basically this expression indicates that the rate constant increases with increasing
pressure if AV* is negative. In other words, the molar volume of the activated complex is smaller
than that of the reactants together. From a practical point of view, the activation volume can be
determined from the slope (—AV*/RT) of the plot of Ink vs. P at constant temperature. This is
similar to the method of determination of the activation energy (E,) from the slope (—E,/R) from
a plot of In k vs. 1/T at constant pressure. It is also important for the rate constant (k) to be
measured above the “critical” or “threshold” pressure in order for activation volume constants to be
meaningful.

It should be pointed out that in the process of pressure treating foods, there is an increase in
temperature due to the work of compression. It is therefore, critical to maintain a constant temper-
ature during the pressure treatment in order to obtain meaningful kinetic data. Farkas and Hoover
(2000) pointed out several critical process factors to take into account when conducting pressure
related studies. These factors include maintaining constant composition, pH, water activity, come-
up-times and pressure release times, change in temperature due to compression, and in the case of
microorganism testing, the type, age, culturing, and growth conditions should all be kept the same
for comparison.

Limited work on the effect of pressure on kinetics of vitamin and pigment degradation has been
reported in the literature. Thus far, much of the emphasis has been placed on the microbiological
aspects, as would be expected. A further discussion on effects of pressure will be addressed in a later
section of this chapter.

In the following section, a brief discussion of the mechanisms of deterioration of food com-
ponents including vitamins and pigments, and some of the most relevant kinetic information are
presented.

2.3 KINETICS OF FOOD COMPONENTS

Several reviews on the stability of various nutrients and pigments have been published (Harris
and von Loesecke, 1960; Harris and Karmas, 1975; DeRitter, 1976; Archer and Tannenbaum,
1979; Thompson, 1982; Villota and Hawkes, 1986; Clydesdale et al., 1991; Delgado-Vargas et al.,
2000). It is evident by analyzing these reviews that, although a large number of kinetic studies
have been reported in the literature on the stability of nutrients, pigments, textural properties, etc.,
systematic studies geared to elucidate mechanisms of reaction and to provide information to develop
comprehensive kinetic models are still scarce. Moreover, it is also clear that although work carried out
in model systems greatly contribute to our understanding of reactions, the actual kinetic information
obtained may not be readily applicable to highly complex systems such as foods. Thus, information
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compiled for this review considers primarily real food products, with limited emphasis given to
model systems.

2.3.1 VITAMINS
2.3.1.1 Water-Soluble Vitamins

2.3.1.1.1 Vitamin C (Ascorbic Acid)

Ascorbic acid, chemically known as L-3-keto-threo-hexuronic acid lactone, is naturally found as
the L-isomer in various citrus fruits, hip berries and fresh tea leaves. It also exists in a stereoi-
someric form referred to as D-isoascorbic acid (also called D-araboascorbic or erythorbic acid)
and has only a twentieth of the bioavailability of L-ascorbic acid. L-ascorbic acid can reversibly
convert to dehydroascorbic acid in the presence of mild oxidants, and may subsequently and irre-
versibly convert to 2,3-diketogulonic acid, which has no bioavailability. This makes it important for
proper differentiation during its analysis for nutritional purposes. Considerable amounts of ascorbic
acid may be lost during processing and storage of food products. In fact, ascorbic acid is read-
ily destroyed by heating and oxidation, and its protection is particularly difficult to achieve. Other
factors influencing the degradation of this vitamin include water activity or moisture content, pH,
and metal traces, especially copper and iron. In general, it has been observed for a wide num-
ber of products containing ascorbic acid that the reaction appears to follow first-order kinetics. It
should be mentioned, however, that different pathways exist for the degradation of ascorbic acid.
Such pathways give origin to different breakdown products, and therefore, affect the overall rates
of vitamin degradation. In fact the reaction may proceed under aerobic or anaerobic conditions, or
through catalyzed or uncatalyzed aerobic pathways (Figure 2.9). Understanding of the mechanisms
involved facilitates the handling of kinetic data. However, because of the fact that many parameters
influence the kinetics of ascorbic acid decomposition, it is difficult to establish a precursor-product
relationship, except for the earlier part of the reactions. For instance in stored canned products, the
reaction may occur at the beginning through catalyzed or uncatalyzed aerobic mechanisms. Upon
storage after the disappearance of the free oxygen, subsequent losses may be due to anaerobic
decomposition of the compound. It is also possible that various mechanisms of deterioration can
operate simultaneously, thus highly complicating the treatment of the kinetic data. For instance,
in the presence of oxygen, it is possible that the anaerobic pathway will take place, although its
contribution appears to be less significant than even the pathway for uncatalyzed degradation. Eison—
Perchonok and Downes (1982) used second-order kinetics to describe the degradation of ascorbic
acid under limiting oxygen concentrations. Finholt et al. (1963) indicated a maximum rate for anaer-
obic degradation of ascorbic acid at pH 4 and attributed this behavior to a 1:1 complex of ascorbic
acid molecules and hydrogen ascorbate ions which would be present at the highest concentration at
a pH near 4.0. Since at normal temperatures the anaerobic degradation proceeds at low rates, it is
considered that normally its contribution can be considered insignificant in the presence of excess
oxygen.

It is a well-known fact that the autooxidation of ascorbic acid to dehydroascorbic acid is a revers-
ible process, which takes place in two steps with the formation of a free radical as an intermediate.
Early studies of ascorbic acid radicals, reported by Yamazaki et al. (1959, 1960) and Yamazaki and
Piette (1961), indicated its decay according to second-order reaction kinetics. Bielski et al. (1971)
indicated that complex reactions occur for the decay of ascorbic acid radicals, despite the fact that
the decay follows strictly second-order reaction kinetics. Huelin (1953) investigated the stability of
ascorbic acid in a variety of food products. The author observed that decomposition of the compound
proceeded faster in the pH range of 3—4. Under anaerobic conditions, it has been observed that a
maximum degradation occurs at approximately pH 4, followed by a rate decrease upon a decrease
in pH to 2.0 (Huelin et al., 1971). More recently, the affinity of ascorbic acid for free radicals was
shown by Giroux et al. (2001) to improve the color stability of beef during storage, following gamma
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irradiation treatment. The vitamin C-scavenging of free radicals (such as ‘OH and ‘SH) showed a
reduction of pigment oxidation in meats. Similarly, addition of ascorbic acid was found to improve
the stability of the color of dry chilli powder (carotenoids) during storage at different water activities
(Bera et al., 2001).

With regard to metal-catalyzed reactions of ascorbic acid, it has been found that the reaction can
be catalyzed by transition metals such as copper, iron, and vanadium, both free and bound in complex
compounds (Khan and Martell, 1967a, 1967b, 1968). The reaction may also be catalyzed by the cop-
per containing metal enzyme, ascorbate oxidase. Two different mechanisms have been proposed for
the nonenzyme-catalyzed degradation of ascorbic acid by free and complex ions. Differences in their
reaction order, rate limiting step, and products of oxygen reduction were observed. Schwertnerova
et al. (1976) reported that the autooxidation of ascorbic acid, catalyzed by copper ions, followed the
Michaelis—Menten law in the presence of an inhibitor. Pekkarinen (1974) observed that the autoox-
idation of ascorbic acid catalyzed by iron salts in citric acid solutions had a clear induction period,
particularly at lower concentrations. Although the addition of copper salt decreased the induction
period, it was also observed that the rate of the reaction slowed down at a later stage. It is possible,
according to the author, that the copper salt may destroy radicals produced by the reaction catalyzed
by the iron salts. Spanyar and Kevei (1963) had previously reported that copper was very destructive
to ascorbic acid in air but had an insignificant effect in nitrogen. The authors also indicated that
although iron had a prooxidant activity, iron and copper combined accelerated the degradation of
ascorbic acid at a lower rate than either of the two acting alone.

In most situations it has been observed that an increase in temperature also increases the destruc-
tion rates of ascorbic acid. On the other hand, contradicting results have been suggested for conditions
at sub-freezing temperatures. Grant and Alburn (1965a, 1965b) studied the degradation of ascorbic
acid in frozen and unfrozen solutions containing 10~* M ascorbic acid in a 0.02M acetate buffer at
pH values of 5.0 and 5.5. At both pH values, the rates of ascorbic acid oxidation were observed to
be significantly higher for the —11°C as compared to the system at 1°C and more pronounced for
the system at pH 5.5. A number of factors have been suggested as being responsible for the observed
trends. An increase in concentration of the reactants occurs upon freezing of the system (Pincock and
Kiovsky, 1966). Other factors, such as a catalytic effect exerted by the ice crystals, favorable orienta-
tion of the reactants in the partially frozen system, and a decrease in dielectric constant or an increase
in proton mobility, have also been given as possible reasons for the enhanced rates of ascorbic acid
degradation at sub-freezing temperatures. It is also possible that oxygen availability is another factor
to be taken into consideration. Results reported by Thompson and Fennema (1971) indicated that,
in fact, an increase in reactant concentration and pH and oxygen availability could explain higher
rates of degradation or a smaller than expected decrease in rate in partially frozen systems. Changes
of pH as a result of freezing should also be taken into consideration. In fact, Van den Berg and Rose
(1959) reported significant changes in pH during the freezing of well-buffered phosphate solutions
upon freezing from 0 to —10°C.

In general, taking into consideration the possible reaction pathways, as summarized by Bauern-
feind and Pinkert (1970), the specific kinetic parameters may be dependent on more factors than
normally accounted for. In fact, it is a common assumption to measure the rate of degradation of
ascorbic acid in food products, natural or formulated, for only a given initial concentration. Work
done by various investigators indicates that for the case of this particular vitamin the degradation
may follow pseudo first-order reaction kinetics. In fact, the presence of breakdown products will alter
the kinetic rates and, possibly, the mechanisms of degradation (Villota, 1979). In fact, depending on
the composition of the system and considering that some of the steps involved in the degradation of
ascorbic acid are reversible, it is clear that although the reaction may still follow first-order reaction
kinetics the rates of degradation will vary depending on the equilibrium created in the system and the
levels of breakdown products. Lavelli and Giovanelli (2003) further exemplified the effect of initial
concentration in tomato products. They found higher rates of degradation of ascorbic acid at lower
initial concentration levels (Table 2.3).
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When dealing with vitamin C, it is important to understand the bioavailability and kinetics
of retention in processing and storage of related compounds. Ascorbic acid and dehydroascorbic
acid are the chemical forms with primary vitamin activity. Dehydroascorbic acid, however, is not
stable to heat and is rapidly hydrolyzed to 2,3-diketogulonic acid and further breakdown products.
Other compounds such as ascorbate-2-phosphate, a fully active compound (Liao and Seib, 1988);
ascorbigen, a form of ascorbic acid bound to phenols, with 10 to 20% bioavailability in guinea pigs
(Matano and Kato, 1967); and isoascorbic acid (erythorbic acid) with about 5% vitamin activity
and with limiting effect on the absorption of ascorbic acid (Hornig et al., 1974) may need some
consideration as well.

Taking into account the stability of ascorbic acid in food systems during processing, vitamin C
as well as thiamine and folic acid are normally considered to be good indicators of the severity
of a food process. If these vitamins are well retained, we may safely assume that all other nutri-
ents are well retained during processing. Based on the recent FDA dietary recommendations and
admonitions to increase fruit and vegetable, as well as whole grain consumption, the significance of
understanding vitamin retention during processing and its bioavailability have become increasingly
important.

Since fruits and vegetables are major contributors to micronutrients, in particular vitamin C,
a vast number of studies have been published reporting kinetic information on the stability of
this compound in blanching, canning, dehydration, high pressure sterilization and freezing oper-
ations (Selman, 1994; Martins and Silva, 2003; Van den Broeck, et al., 1998; Giannakourou
and Taouki, 2003; etc). Killeit (1994), for example, reviewed vitamin retention during extru-
sion and pointed out mostly destructive effects, with vitamin C being the most sensitive. He
also reported that through modification of the vitamin molecule, there was potential for improved
stability. An example cited was the commercially available L-ascorbyl-2-polyphosphate (AsPP),
a modified form of ascorbic acid, used for feed applications. An extruded feed for catfish
containing AsPP showed improved stability through the process as compared to a tradition-
ally used ethylcellulose-coated ascorbic acid (83% retention vs. 39%) and no losses during
storage as compared with 78% loss of the traditionally coated ascorbic acid (Robinson et al.,
1989). Reports indicate complete bioavailability of this compound for the animals (Grant et al.,
1989).

As summarized by Clydesdale et al. (1991), other components present in food systems may
have major impact on the kinetics of ascorbic acid degradation by changing the reactivity of the
system, thus eventually impacting its bioavailability. For instance, minerals such as iron and copper,
vitamin E, flavonoids, amino acids, and sugars can significantly change the retention of ascorbic
acid during processing and storage, as well as its bioavailability. Van den Broeck et al. (1998)
reported that ascorbic acid found in real food systems such as orange juice and tomatoes had less
stability than buffered solutions of ascorbic acid (pH 4—8) subjected to heat (120—150°C) or combined
pressure/thermal treatment (8.5 kbar [850 MPa]/65-80°C). Lavelli and Giovanelli (2003) reported
pseudo first-order kinetics of ascorbic acid degradation in tomato products as related to stability
of various carotenoids and phenolics during storage (30-50°C/90 days) and found degradation of
ascorbic acid even at 30°C.

Light-induced degradation of ascorbic acid in the presence of riboflavin has been a subject of
investigation. Several studies suggest that riboflavin is first excited by visible light, and then, through
an excitation transfer, ascorbic acid is oxidized. The reaction mechanism proposes the formation of
H,0; (Sahbaz and Somer, 1993; Sansal and Somer, 1997).

2.3.1.1.2 Vitamin B1 (Thiamine)

Thiamine, also known as Vitamin By, thiamine chloride, aneurin, and antiberiberi vitamin, occurs
either in the free thiamine form, as a protein complex, as mono-, di-, or triphosphate esters, or
as a phosphorous protein complex. Foods considered to be rich in vitamin B; include nuts, pork,
yeast, and cereal germ. Thiamine is also one of the least stable of the vitamins. Thiamine has been
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found unstable in neutral and alkaline solutions, while it can withstand up to 120°C for one hour
in acidic solutions, although it is susceptible to cleavage by sulfites even in an acidic environment.
In the dry form it is stable to oxidation, but in solution it is very unstable to oxidation and reduction
reactions. Since thiamine can exist in many forms, it is obvious that its stability and its kinetics
of degradation are greatly affected by the relative concentrations of the different forms (Farrer,
1955). Feliciotti and Esselen (1957), studying the thermal destruction of thiamine in pureed meats
and vegetables, suggested that its destruction in foods was dependent on the interrelationship of
pH and the relative proportions of the free and the combined forms of the vitamin. It has been
observed that the enzyme-bound forms, cocarboxylases, appear to be less stable than the free forms.
Mulley et al. (1975b) also reported that under identical conditions, cocarboxylase is destroyed faster
than thiamine hydrochloride. It appears that the faster destruction of the cocarboxylase may be due
to the pyrophosphoric acid group which is the basic difference between the two molecules, and
that appears to cause additional reactivity or stress on the cocarboxylase molecule. The authors
also reported that the presence of the cocarboxylase form does not affect the destruction of the
free thiamine up to concentration levels of 35%. Since this appears to be the situation in most
food products, it is expected that the cocarboxylase form will not interfere with the kinetics of
degradation.

A number of factors will be highly influential in the stability of thiamine, including water activity,
pH, temperature, ionic strength, and the presence of other compounds. Some of the suggested
mechanisms for thiamine degradation are presented in Figure 2.10. The particular instability of
thiamine to heat under neutral and alkaline conditions has resulted in various studies on the chemistry
of thiamine degradation. However, due to the high complexity of food materials, a number of studies
have been carried out in model systems in order to clarify the mechanisms involved in thiamine
degradation. Several authors such as Farrer (1955), Beadle et al. (1943) and Greenwood et al. (1943)
established that the thermal destruction of thiamine in aqueous and buffered solutions followed
a first-order reaction. Farrer and Morrison (1949) studied the thermal degradation of thiamine in
buffered solutions and determined that the Arrhenius equation could be used to describe the effect
of temperature. Two possible reactions have been considered leading to the degradation of thiamine,
namely, (a) the breaking of the “CH-bridge” leaving the pyrimidine and thiazole moieties and (b)
the breakdown of the thiazole ring with the production of hydrogen sulfite. Limited efforts have
been addressed to determine the governing mechanism of thiamine degradation in food systems and
rather an overall response is commonly monitored. In fact, the lack of comprehensive kinetic data
has limited our understanding of the significance of the different mechanisms involved. Dwivedi and
Arnold (1973) summarized the most important aspects affecting the degradation of thiamine in food
products and model systems.

Of great significance in the area of stability of thiamine has been the observations of several
investigators that thiamine in natural foods is more heat-resistant than in aqueous and buffered
systems. Thus, it appears that certain factors will influence the stability of the vitamin. For instance,
Frost and Mclntire (1944) indicated that «- and B-amino acids and some of their derivatives had
a significant stabilizing effect upon thiamine at pH 6.0. In general, this effect became noticeable
at pH values above the range 4.5 to 5.0. Other compounds such as proteins and starch have been
found to improve the thermal stability of thiamine. The exact mechanisms involved are not well
elucidated.

A controversy still exists on the role that oxygen plays in the thermal stability of thiamine. In
fact, results presented by Williams and Spies (1938), Farrer (1955), and Mulley et al. (1975a) have
demonstrated that the thermal degradation of thiamine can be described by a first-order kinetics and
that the reaction was not oxidative in nature. On the other hand, other authors have suggested that
in the case of products containing oxygen the reaction became a true first-order reaction upon the
disappearance of oxygen (Farrer and Morrison, 1949). Fink and Kessler (1985) studied the retention
of thiamine in milk in the temperature range from 4 to 150°C. The authors reported that for the
range 35-50°C and 72-85°C, the reaction followed second-order kinetics. With regard to the effect
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FIGURE 2.10 Degradation pathways of thiamine. (1) Dwivedi and Arnold, 1972a; 1973; (2) Dwivedi and
Arnold, 1973; (3) Kawasaki and Daira, 1963; (4) Lhoest, 1958; (5) Zima and Williams, 1940; (6) Sykes and
Todd, 1951; (7) Sykes and Todd, 1951; (8) Barger et al., 1935; (9) Metzler, 1960; Dwivedi and Arnold, 1972b.

of oxygen, the authors did not observe any effect on the rate of thiamine losses. Dennison et al.
(1977), working with a dehydrated food system, also indicated that the presence of oxygen did not
significantly affect the degradation of thiamine.

In model systems, looking at the effect of different solutes, Fernandez et al. (1986) reported
that the degradation of thiamine followed a first-order reaction and that the degradation was affected
by the type of solute used in the formulation, increasing in the order sodium chloride, potassium
chloride, glycerol, and sodium sulfate. Thus, the rate of degradation was affected not only by water
activity but also by the specific solute.

It has been determined that in food products, compounds such as sulfites, phenols, amino acids,
and proteins, as well as lipids, may have a significant effect on thiamine degradation and its associated
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kinetic parameters. Of particular significance is the effect of sulfites on thiamine due to the nucleo-
philicity of the sulfite ion. Hence, the destruction of thiamine by sulfite becomes a key issue in foods
claiming to be a significant source of this vitamin (Vanderveen, 1988).

Fox et al. (1997) reported losses of thiamine in ground pork as a result of irradiation but little
or no losses during conventional cooking, heat denaturation, or storage. It was also pointed out that
the exclusion of oxygen may improve stability of thiamine during irradiation and that stability was
dependant on the source of meat and type of cut (Fox et al., 1995).

As previously indicated, retention of thiamine is normally considered to be an indicator of the
intensity of thermal processes such as blanching, canning, freezing, extrusion, dehydration, etc.
(Selman, 1994; Ilo and Berghofer, 1998). Further information on kinetic destruction of thiamine is
required for less conventional food processes such as gamma irradiation, high pressure, pulse electric
fields, and microwave and radio frequency processing.

2.3.1.1.3 Vitamin By (Riboflavin)

Riboflavin, or vitamin B, (also referred to as vitamin G, lactoflavin, and chemically as 7,8-dimethyl-
10-(1’-ribityl) isoalloxazine) is relatively stable in foods under ordinary conditions. Its stability is
pH dependent, being more stable under acidic conditions. Its photochemical cleavage under alkaline
conditions results in the formation of the highly reactive compound, lumiflavin, which mediates
the destruction of other vitamins. Under neutral and acidic conditions, this vitamin loses the ribityl
side chain forming lumichrome (Figure 2.11). Both lumichrome and lumiflavin have no biological
activity. Moreover, the photolysis reaction is irreversible. Work carried out by Woodcock et al.
(1982) in pasta products indicated that lumichrome, a photolysate of riboflavin, was not the only
one or the final degradation product. In fact, for these types of products, 60% of the losses were
accounted for by the presence of lumichrome and varied according to the process conditions. Palanuk
and Warthesen (1988) studied the kinetics of degradation of riboflavin and lumichrome in milk and
observed that the rate of degradation of riboflavin was 2.8 times greater than the rate of lumichrome
formation and that the rate of lumichrome formation was 6.3 times greater than the rate of lumichrome
degradation. The combined effect was such that after an increase in lumichrome formation, leveling
off of the reaction took place. According to the authors’ model, 23.4% of the riboflavin degraded to
lumichrome, indicating that either riboflavin degraded to other products or that lumichrome became
bound to other components in the system, becoming unavailable for determination. Results reported
by Furuya et al. (1984) also indicated that lumichrome content in buffer systems leveled off during
storage, while the concentration of riboflavin decreased continuously. Thus, simple monitoring of
the formation of this compound will not be a reliable method to measure the losses of the vitamin.
The degradation of riboflavin under aerobic conditions has been generally reported as following
first-order reaction kinetics.

A list of some of the most important studies with the corresponding rates of degradation is
presented in Table 2.3. Although the degradation of the vitamin has often been categorized as being
a first-order reaction, the exact approach for the monitoring of the degradation will play a significant
role. Woodcock et al. (1982) indicated that lumichrome production in pasta products followed two
basic steps. The first stage followed first-order reaction kinetics that proceeded at a fast rate and
a second stage that involved the disappearance of lumichrome and could not be easily described
in kinetic terms. The photodegradation of riboflavin in milk has been determined to follow first-
order kinetics (Singh et al., 1975; Allen and Parks, 1979). Kinetic parameters were found to be
influenced by temperature and the presence of light. From the point of view of kinetics, limited work
has been carried out to clearly determine the mechanisms involved in the degradation of riboflavin
and their contribution to the overall kinetic values. Based on some of the work reported by several
authors, it is evident that the concentration of lumiflavin and lumichrome will influence the kinetic
values reported, if these products of the reaction are the ones to be monitored as a measurement of
stability.
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Studies presented by Toyosaki et al. (1988) indicate that the photolysis mechanism can be
described according to the following reactions:

. . ki . . k . . .
Riboflavin + iv ==  riboflavin-H —> riboflavin decomposition
k—y
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Riboflavin + hv ki . . .
— -
(multicomponents) (k_4 riboflavin-H + active oxygen
k . . o
—2>  riboflavin decomposition
Riboflavin

. k3 . . .
. ive oxygen —>  riboflavin mposition
(multicomponents) + active oxyge boflavin decompositio

According to the authors, standard riboflavin proceeded by one-phase decomposition under all the
conditions studied. Standard riboflavin underwent photolysis in which no active oxygen was pro-
duced. On the other hand, milk serum riboflavin was photolyzed by a two-phase decomposition when
the intensity of the irradiation was low. The presence of active oxygen was found to be involved in
the reaction. Increased irradiation was reported to change the photolysis of the milk serum riboflavin
from a two-phase to a one-phase decomposition mechanism, with smaller amounts of active oxygen
being produced.

Photosensitization of riboflavin can produce reactive oxygen species such as superoxide anion,
singlet oxygen, hydroxyl radical, and hydrogen peroxide. These reactive oxygen species and radicals
have been found to affect the decomposition of proteins, lipids, and vitamins (Choe et al., 2005).
Riboflavin is considered to be relatively stable during food processing and storage, except under
light, where absorption of light will produce excited triplet state riboflavin. On the other hand, as in
the case of most water-soluble vitamins, substantial losses of riboflavin in many food products may
be due to leaching into the process and/or cooking water. Thus, blanching operations and cooking of
vegetables normally result in extensive losses of this vitamin. Several authors (Petrou et al., 2002)
have reported kinetic information of vitamin degradation upon cooking, which in the light of the most
recent developments in terms of nutritional claims has become information of critical importance
to product processing and development. In fact, to make nutritional claims in a finished product,
vitamin losses during cooking need to be accounted for.

2.3.1.1.4 Vitamin Bg

Limited kinetic information is available for the degradation of compounds with vitamin Bg activity
such as pyridoxal, pyridoxine or pyridoxol, and pyridoxamine. Several authors have reported the
interconversion of the B¢ vitamers. Results presented by Gregory and Hiner (1983) indicate that a
bidirectional conversion of pyridoxal and pyridoxamine during processing exists. Prior to this work,
Gregory and Kirk (1978) had reported on the rapid conversion of pyridoxamine to pyridoxal during
storage at low moisture content in systems containing protein and reducing sugars, although the
reverse reaction was not detected. Yonker (1984) had also observed interconversion of pyridoxamine-
5’-phosphate to pyridoxamine to pyridoxine and pyridoxal.

Under storage conditions, Gregory and Kirk (1978) found first-order kinetics for the degradation
of the different vitamers in model systems. Pyridoxamine appeared to be the vitamer with the highest
complexity in its degradation mechanisms and kinetics. In systems fortified with pyridoxamine, the
degradation of this vitamer followed first-order kinetics with conversion into pyridoxal through a
transamination process. The limiting factor in this case was the degradation of pyridoxal since the
reverse reaction, pyridoxal conversion into pyridoxamine, was not significant.

Navankasattusas and Lund (1982) reported on the stability of vitamin Bg vitamers in phosphate
buffer solutions and cauliflower puree at high temperature, in the range 110 to 140°C. The authors
reported that the thermal degradation of pyrydoxamine followed pseudo first-order reaction kinetics,
whereby the degradation of the vitamer appeared to be slightly dependent on the initial concentration,
while the degradation of pyridoxine and pyridoxal followed 1.5 and second-order kinetics, respect-
ively. In the case of cauliflower puree, the kinetics of degradation were observed to deviate from
first-order reaction kinetics throughout the entire heating time. Working with a model food system
simulating a ready-to-eat breakfast cereal, Evans et al. (1981) determined that the degradation of
pyridoxine followed first-order kinetics for the range 155 to 200°C.
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Limited kinetic information is available with regard to the influence of pH on the stability of
the different vitamers, although alkali pH has been shown to enhance the decomposition of all the
Bg vitamers. Saidi and Warthesen (1983) evaluated the effect of pH as well as water activity, light,
and temperature on Bg vitamer model systems. Pyridoxine was found to be very stable in the pH
range 4.0 to 7.0 when held at 40 and 60°C for up to 140 days. In the case of pyridoxamine under
the same conditions, the authors indicated that the reaction followed first-order kinetics under the
conditions causing more vitamin losses. Pyridoxamine degradation appeared to follow the trend of
higher degradation upon an increase in pH. The authors, however, indicated that the effect of pH
was not totally clear. Experiments carried out in model systems indicated that pyridoxal was much
more light sensitive than pyridoxine or pyridoxamine. In general, the stability of vitamin B¢ has
been observed to be influenced by pH, light, and temperature; however, additional information is
needed to clearly characterize the effect of these parameters on the kinetics of degradation and on
the mechanisms involved. Kinetic information on vitamin Bg stability in food products is reported
in Table 2.3.

Information reported by Paul and Southgate (1978) indicated a substantial loss (~40%) of vitamin
B during the cooking of vegetables. Losses were significant in both root and leafy vegetables. Their
information points out the significant losses of thiamine, folate, vitamin C, and vitamin B¢ expected
during industrial blanching operations.

2.3.1.1.5 Vitamin By, (Cyanocobalamin)

Vitamin By, is chemically the largest and most complex of all vitamins, composed of a central
cobalt atom planarly coordinated via nitrogen atoms to a porphyrin-like group referred to as corrin
with axial coordination sites occupied by a 5,6-dimethylbenzimidazole base and a cyano group.
Vitamin B, is also referred to as cyanocobalamin and part of a larger group collectively known as
cobalamins. One of the predominant forms of this vitamin is referred to as coenzyme B,, where the
cyano group at the sixth coordination position is substituted by 5-deoxyadenosine, attached to the
cobalt atom via a methylene group. Another common form found in foods is the hydroxo-cobalamin
(also called vitamin B3, or hydroxo-B>), where the cyano group is replaced with a hydroxy group
(Farquharson and Adams, 1976; Schneider, 1987). Other cobalamins include methyl- (CH3), nitrito-
(NOy), and sufito- (HSO3) groups substituting for the cyano group. B, analogues refer to a group
where the 5,6-dimethylbenzimidazole base is replaced with other substituent groups (Figure 2.12).

In general, limited kinetic information is available on the stability of vitamin B,. It has been
reported, however, that this vitamin is slightly unstable in mild acid or alkaline solutions. In the
pH range 4.0 to 7.0, this vitamin appears to have good stability. The presence of compounds such
as ascorbic acid have been reported to influence the destruction of this vitamin by authors such as
Herbert and Jacob (1974), while others such as Newmark et al. (1976) did not appear to detect
any significant difference in food systems containing ascorbic acid. Iron, either ionic or in complex
forms, has been found to provide vitamin stability in the presence of ascorbic acid in liver extracts
and pharmaceutical formulations (Shenoy and Ramasarma, 1955). It is considered that the stability
of vitamin B1, in food systems is very different from that found in pharmaceutical formulations
or model systems, since vitamin B, in foods is tightly bound. For instance in liver, cobalamin is
present in the form of a coenzyme bound to a liver protein. Stability has been attributed to reduced
accessibility of the vitamin to chemical attack.

Information on vitamin By, retention when food products are heated or processed using
microwaves is limited. Watanabe et al. (1998) reported that appreciable losses (~ 30—40%) of
vitamin By, occurred when microwave heating raw beef, pork, and milk. The authors also reported
that when microwave heating hydroxo vitamin Bj,, which predominates in foods, two biologic-
ally inactive degradation compounds were identified. Very limited information is available on other
food-occurring vitamin By, analogues with different B8-ligands, such as methyl vitamin B> and
5'-deoxyadenosyl vitamin By;.
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FIGURE 2.12 Structures of vitamin By and cobalamin cofactors. (Adapted from Matthews, R.G. 1984.
Methionine biosynthesis. Ch. 13, pp. 497-553, In: Folates and Pterins, Vol. 1. Chemistry and Biochemistry of
Folates, Blakley, R.L. and Benkovic, S.J. (eds.), John Wiley & Sons, NY.)

2.3.1.1.6 Folates (Pteroylpolyglutamates)

Folates or folacin refer to a large group of heterocyclic derivatives with similar biological function
and a common basic structure, N-[4-[{(2-amino-1, 4-dihydro-4-oxo-6-pteridinyl)-methyl} amino]
benzoyl] glutamic acid, with or without additional L-glutamic acid residues conjugated via peptide
linkages through the y-carboxyl groups of succeeding glutamate molecules. Since its discovery as
an important dietary factor in the early 1930s, it has undergone a series of name changes including
vitamin M, vitamin U, vitamin B, and L. casei factor. Folate deficiencies have increasingly become
a worldwide concern at all socioeconomic levels. It is a common cause of megaloblastic anemia
and is either directly or indirectly responsible for the defective synthesis of nucleic acids, frequently
occurring in newborn infants. This is usually found due to a folate deficiency during gestation often
subsequently resulting in mental retardation. This group of compounds, of great nutritional signific-
ance, has not received adequate attention from the point of view of kinetics. In fact, a large number of
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parameters can affect the stability of folates, including pH, water activity, temperature, oxygen avail-
ability, light, metal traces, etc. Moreover, the stability is dependent upon the particular vitamer under
consideration. Some of the most important derivatives of this group include 5-methyltetrahydrofolic,
tetrahydrofolic, dihydrofolic, 5-formyltetrahydrofolic and folic acids. Due to complications in the
separation of this extremely large number of individual derivatives in this group of vitamins, a thor-
ough analysis of the stability of the different vitamers has seldom been carried out. However, because
of their individual biological activity, they each need to be taken into consideration. In fact, the liter-
ature is very scarce when it comes to the stability of folates in foods other than the parent compound,
folic acid. Most information corresponds to model systems or buffer solutions, except for cases such
as apple and tomato juices, for which kinetic information on 5-methyltetrahydrofolate (Mnkeni and
Beveridge, 1983) as well as on folic acid (Mnkeni and Beveridge, 1982) has been reported. Several
authors, including Hawkes and Villota (1986), working with model systems, indicated that folic
acid had greater stability as compared to tetrahydrofolic acid and 5-methyltetrahydrofolic acid, also
biologically available compounds. It was also indicated that the degradation of these three folates
followed first-order kinetics within narrow temperature ranges.

Oxidation of tetrahydrofolate (THF) or dihydrofolate (DHF) generally results in the loss of the
side chain, especially at neutral and low pH (Maruyama et al., 1978). Tetrahydrofolate has been
shown to follow a number of degradation pathways in the presence of air, where both the rate and
the mechanisms involved are highly dependant on the pH of the system (Reed and Archer, 1980).
It should be mentioned that under neutral and acidic conditions, tetrahydrofolate is degraded to p-
aminobenzoyl glutamates and pterin products with no vitamin activity. At higher pH, dihydrofolate is
a product of the reaction with vitamin activity but undergoes further oxidation to compounds without
any activity. On the other hand, as summarized by Hawkes and Villota (1989a), folic acid is stable
under anaerobic conditions in alkaline environment, although as reported by Temple et al. (1981),
opening of the pyrimidine ring forming 2-pyrazine carboxylic acid will occur over long periods of
storage. Under aerobic conditions, however, degradation will result in cleavage of the side chain to p-
aminobenzoyl glutamic acid plus pterin-6-carboxylic acid. Acid hydrolysis, on the other hand, in the
presence of oxygen yields a 6-methyl pterin. Hawkes and Villota (1986) indicated that the stability
of folic acid, tetrahydrofolic acid and 5-methyltetrahydrofolic acid decreased with a decrease in pH
for the range 7.0 to 2.0. Folic acid solutions have also been shown to be sensitive to light and may
undergo photodecomposition to p-aminobenzoylglutamic acid plus pterin-6-carboxylic acid (Lowry
et al., 1949).

Most of the literature information appears to indicate that the degradation of folates follows a true
first-order reaction. However, the effect of initial concentration has almost never been monitored.
Studies have indicated that initial concentration is an important consideration for the kinetics of
folate degradation, thus, following pseudo-first-order reaction kinetics. It has also been pointed out
that the temperature range studied will affect the mechanism of degradation of the folates, resulting
in different energies of activation (Hawkes, 1988).

Based on the work presented by different authors and summarized by Hawkes and Villota (1989a),
it is clear that the presence of oxygen affects the specific pathways of degradation of folic acid. Con-
sidering the oxidative pathways for folic acid, it is obvious that aerobic and anaerobic degradation of
the vitamin may occur simultaneously (Figure 2.13). This is of particular importance when fortifying
food products subjected to various deleterious processing techniques such as in the case with spray
dried fortified formulations (Hawkes and Villota, 1989b). Because of the high complexity existing in
food systems, seldom has a clear characterization of the mechanisms involved been reported along
with kinetic information.

The degradation of folic acid and its derivatives due to oxygen is well documented, although our
understanding of the kinetic mechanisms involved is limited. Ruddick et al. (1980) reported that the
degradation of 5-methyltetrahydrofolate in phosphate buffer pH 7.3 followed initially pseudo-first-
order reaction kinetics, while following a second-order reaction with limited oxygen supply. Similar
findings were reported on the methyl derivative in pH 7.0 phosphate buffer under simulated UHT
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heating conditions in the presence of controlled oxygen concentrations (Viberg et al., 1997). Day
and Gregory (1983) have also reported that for folic acid and 5-methyl tetrahydrofolate the reaction
was a second-order for the case of phosphate buffer at pH 7.0. With the advent of high pressure
processing, Nguyen et al. (2003) reported kinetics of folic acid and 5-methyltetrahydrofolic acid
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degradation as affected by the combined treatment of temperature and pressure. This is discussed
further in a separate section on the effect of high pressure on the quality of foods (Section 2.4.1).

For the particular case of folate degradation, an added problem corresponds to the methodology
by which folates are determined. At the time of the first edition of this chapter, it was pointed out
that since microbiological tests were more widely accepted because of their ability to monitor the
bioavailability of the different folates, less valid kinetic information was available for the stability of
these individual vitamers. Unfortunately, over the past decade, not much has changed in that respect.
Rader et al. (2000) point out in a discussion on compliance for mandatory folic acid fortification of
enriched cereal grain products in the U.S. that a more accurate methodology for free folic acid is
needed over traditional microbiological assays. This concern is targeted particularly at distinguishing
between specific forms of folate and total versus free folates. The need for better methodology impacts
not only health concerns and proper nutritional labeling, but also costs and problems associated with
over fortification of food products. It should be stressed that from the point of view of kinetics, the
specificity and accuracy of the assay procedure is of critical importance to mathematically describe
and understand the mechanisms of deterioration involved in the reaction. Moreover, the fact that
free and bound folates have different stability, accurate techniques to monitor both are required.
Unfortunately, a great deal of technical work is still needed to measure folates in food systems
using selective and accurate techniques such as HPLC-MS. Release of the bound folates also needs
to be properly controlled. Current methods for the measurement of bound folates have not yet
reached the level of development needed to use the information in kinetic studies. Some more recent
studies have shown some progress in the methodology of folate analysis through a stable isotope
liquid chromatography-mass spectrometric (LC-MS) method for the quantitation of folic acid and
5-methyltetrahydrofolic acid of food systems (Pawlosky and Flanagan, 2001; Doherty and Beecher,
2003; Thomas et al., 2003).

In summary, although some information is available for the stability and kinetics of folates as
reported in Table 2.3, a better understanding of the mechanisms taking place in food systems is
needed.

2.3.1.1.7 Pantothenic Acid

Pantothenic acid, D (4)-N-(2,4-dihydroxy-3,3-dimethylbutyryl)-B-alanine, is a member of the
B-complex vitamins, also referred to as vitamin Bs, “chick antidermatitis factor”, or “yeast growth
factor”. It is present in almost all plant and animal tissue and is essential for the biosynthesis of
coenzyme A. Prevalent sources of pantothenic acid are liver, jelly of the queen bee, rice bran, and
molasses. Only the natural dextrorotary form has vitamin activity. Pantothenic acid is most stable
in the pH range 4-7. It undergoes alkaline hydrolysis to yield pantoic acid and B-alanine (Frost,
1943), or y—lactone and pantoic acid under acid hydrolysis. This vitamin has also been reported to
be susceptible to thermal decomposition. Frost and Mclntire (1944) determined that hydrolysis of
pantothenic acid in the temperature range 10—100°C and in the pH range 3.7-4.0 followed first-order
kinetics. Hamm and Lund (1978) working with buffer systems and meat and pea purees indicated
that pantothenic acid was more stable in food products than in model systems, clearly indicating that
the stability of this vitamin improved due to the presence of other compounds in food products. The
degradation appeared to follow first-order kinetics (Table 2.3). The authors also indicated that for the
systems studied, the vitamin was quite heat stable, contrary to other results reported in the literature
indicating vitamin instability during processing (Schroeder, 1971). Cheng and Eitenmiller (1988)
also reported that steam blanching, water blanching, canning, and frozen storage caused losses of
pantothenic acid in spinach and broccoli to a different degree. Water blanching, in particular, resulted
in large losses of pantothenic acid in both spinach and broccoli. In general, however, it appears that
due to problems associated with the assay procedures, kinetic data are limited and inconclusive.
A calcium salt of pantothenic acid is commercially available and commonly used in extruded feeds
for animals.
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2.3.1.1.8 Biotin

Biotin, also known as vitamin H, “egg white injury factor,” coenzyme R, and chemically as
hexahydro-2-oxo-1-H-thiene[3, 4-d]imidazole-4-pentanoic acid, is a highly biologically active
growth factor found in all living cells (Figure 2.14). It plays an important role in carboxylation,
transcarboxylation and decarboxylation reactions and functions in vitally important metabolic pro-
cesses of glucose and fat synthesis, a deficiency of which has been found to result in dermatitis
and perosis in chicks and poults and basically reduces the activity of biotin-dependent enzymes
(Dobson, 1970). Some of the richest sources are liver, kidney, pancreas, yeast, and milk. It occurs
naturally as the d-isomer and is present in a conjugated or bound form to proteins and polypeptides.
In fact, raw egg whites produce a biotin deficiency due to the glycoprotein, avidin, which forms a
complex with biotin, rendering it unavailable. However, since egg white is heat labile, prolonged
heating of egg white denatures avidin and destroys its biotin-binding capacity. The d-isomer has
about twice the biological activity of the d, [-isomer, where the [-isomer is biologically inactive.
Biotin is reported as stable to heat, oxygen, in moderately acid (pH 4.0), and neutral solutions up to
pH 9.0 but less stable under alkaline conditions (Merck, 2001). Hoppner and Lampi (1993) reported
on relative losses of biotin and pantothenic acid in various legumes and found biotin was signific-
antly more stable. After 24 h soaking, followed by conventional cooking for 20 min, they found
90% retention of biotin compared to only 44% pantothenic acid, but no mention was made from a
kinetic point of view. It is expected that the cooking and processing of foods can convert biotin to
the oxidized forms. It has been reported that the different biotin derivatives such as desthiobiotin,
oxybiotin, biotinol, norbiotin, biotin sulfoxide, and biotin sulphone have different biological activ-
ities. However, limited information is available on the stability of biotin and its derivatives. It was
not until 1966 that biotin became more important commercially, particularly in the fortification of
feeds for livestock such as poultry and swine as well as pets. Watson and Marsh (2001) developed
a patent for a biotin supplement for animals to withstand extrusion processing. Gyorgy and Langer
(1968) have reviewed the chemistry of this vitamin. It is clear that more information is needed in
this area.

2.3.1.2 Fat-Soluble Vitamins

2.3.1.2.1 Vitamin A

Vitamin A is generally classified into two main groups possessing biological activity: (a) C20 unsat-
urated hydrocarbons including retinol and its derivatives from animal origin and (b) C40 unsaturated
hydrocarbons including carotene and a number of other provitamin A carotenoids of plant origin.
Vitamin A is a generic descriptor for all S-ionone derivatives with the biological activity of all-trans-
retinol (also referred to as vitamin A alcohol or vitamin Ay). Provitamin A carotenoid is a generic
descriptor for all carotenoids with the qualitative activity of S-carotene. Natural forms of vitamin A
predominantly occur in the more stable form of all-frans-retinyl esters, along with small levels
of 13-cis-retinol as found in fish livers. Other natural retinyl derivatives present include esters of 3-
dehydroretinol (vitamin A, with ~40% retinol activity) and retinal (vitamin A aldehyde with ~90%
retinol activity). Commercially available forms of synthetic vitamin A may be found as either retinol
acetate or palmitate and can be supplied in crystalline form, or as concentrates in oil, emulsions, or
in encapsulated forms. Similarly, different forms of provitamin A carotenoids are available. Some
of the carotenoids with significant provitamin A activity include S-carotene (100%); 3,4-dehydro-
B-carotene (75%); B-apo-8'-carotenal (72%); B-apo-12’-carotenal (120%); 3-hydroxy-B-carotene
(50-60%); a-carotene (50-54%); and y-carotene (42-50%) (Bauernfeind, 1972). Because of the
wide variety of forms of vitamin A and provitamin A carotenoids, labeling requirements report total
vitamin A activity in terms of “retinol equivalents” (RE), where one RE is equivalent to 1 g retinol,
6 ng B-carotene, and 12 g other provitamin carotenoids. In terms of international units (IU), one
RE = 3.33 IU retinol or 10 IU B-carotene (NRC, 1980).
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A variety of pathways have been proposed to describe the destruction or autooxidation of caroten-
oids, depending on the process conditions, the presence of light, the presence of oxygen, and
the composition of the system including peroxidizing lipids or enzymatic activity. A summary of
the most important mechanisms is presented in Figure 2.15. It appears that at high temperatures, the
destruction of carotenoids results in fragmentation including the formation of aromatic compounds.
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In the absence of oxygen, trans-cis isomerization seems to be one of the most important mech-
anisms of deterioration. Light catalyzed oxidation appears to result primarily in the formation of
mutachrome. In general, the degradation of carotenoids has been considered to be an autooxida-
tion reaction involving the formation of free radicals, thus giving origin to a propagation reaction
and finally a termination stage. A variety of approaches have been taken to describe the kinetics of
carotenoid degradation. For instance, Ramakrisnan and Francis (1979a), using a microcrystalline
cellulose/starch model system, stated that since this is an autooxidative process, the two principal
reactants are oxygen and carotenoids, and since oxygen is in excess, the reaction is expected to
follow first-order reaction kinetics. Other authors such as Chou and Breene (1972), Baloch et al.
(1977¢), Stefanovich and Karel (1982), Goldman et al. (1983), and Pesek and Warthesen (1987,
1988) have also reported that a first-order reaction would describe, within limits, the degradation
of carotenoids in model systems. On the other hand, authors such as Quackenbush (1963) working
with corn, Baloch et al. (1977a, 1977b) working with carrots, and Stefanovich and Karel (1982)
working with butternut squash, sweet potato, and yellow corn also concluded that first-order kinetics
could describe the degradation of carotenoids, although the model did not take into account an induc-
tion period. Haralampu and Karel (1983) working with dehydrated sweet potato indicated that the
degradation of B-carotene was described with the use of pseudo first-order reaction kinetics. Taking
into consideration that carotenoid degradation is a chain reaction, other authors such as Alekseev
et al. (1968), Finkel’shtein et al. (1974), Gagarina et al. (1970), Goldman et al. (1983), Stefanovich
and Karel (1982), and Smith—Molina (1983) have applied a simplified free radical recombination
model to describe the autooxidation of carotenoids. Finkel’shtein et al. (1973) indicated that the
autooxidation of B-carotene followed the same basic trends regardless of the conditions, namely, (a)
an induction period, (b) an acceleration period, (c) a stationary induction period, and (d) a retardation
period.

Limited information is available with regard to the effect of initial concentration on the degrad-
ation of carotenoids. Budowski and Bondi (1960), working with model systems, indicated that the
higher the initial concentration of carotenoids, the shorter the induction period, with an associated
faster reaction rate. Gagarina et al. (1970) also indicated that when working with S-carotene in chlo-
roform, the time required for complete consumption of the carotene was shorter upon an increase
in the initial concentration. Similarly, Stefanovich and Karel (1982), working with S-carotene in a
model system, observed that the kinetics of degradation were dependent on the initial concentration.
The authors indicated that the dependence was related to the thickness of the carotene layer since
the diffusion of oxygen becomes a limiting factor in the oxidation reaction. Smith—-Molina (1983)
indicated that in liquid systems the rate of degradation of carotenoids increased with an increase in
the initial concentration. The high mobility of the reactants including free radicals was assumed to
be the reason for the observed trends. The author also reported that when taking into consideration
the history of the sample, systems where degradation of carotenoids had proceeded to a larger extent
were also more reactive. Similarly, Goldman et al. (1983) observed that carotene degradation was
strongly affected by the presence of free-radical initiators.

Although a certain amount of information is available for the kinetics of degradation of caroten-
oids, limited work has been done in trying to follow the most important mechanisms of deterioration
on the degradation of carotenoids in food systems (Table 2.3). Moreover, analytical techniques have
been limited in their ability to monitor isomerization of the carotenoids, which is expected to be one
of the most critical changes occurring as a result of processing.

Working at high temperatures, Wilkinson et al. (1981) indicated that the destruction of vitamin
A in beef liver puree, measured as trans-retinol, followed a first-order reaction. Wilkinson et al.
(1982) indicated that increased concentrations of copper increased the losses of vitamin A, whereas
increased pH (5.6-7.0) resulted in a decrease. The authors appeared to believe that changes in the
copper concentration modified the mechanism by which the vitamin was lost.

Chen et al. (1995) reported effects of different processing techniques on the stability of various
carotenoids in carrot juice including a-carotene, B-carotene, and lutein. Depletion and/or conversion
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of the trans-isomeric forms to various cis-forms of the vitamers were monitored by HPLC. It was
reported that acidification of fresh carrot juice to pH 4.0 followed by heating to 105°C/25 sec showed
little change. HTST heating at 110°C/30 sec and 120°C/30 sec showed progressively higher levels
of loss of the trans-carotenoids with the predominant cis-isomers being 13-cis-B-carotene, followed
by 13-cis-lutein and 15-cis-a-carotene. Retort processing (121°C/30 min) showed the highest level
of carotenoid destruction with formation of 13, 15-di-cis-B-carotene. Color changes as monitored
by Lab-values showed decreases that paralleled losses of the trans-forms and increase in cis-forms.
Lin and Chen (2005) indicated that in tomato juice during storage both temperature and light would
influence the proportion of isomers that predominate over time (4-35°C/12 wks). For instance,
they found that all-trans-B-carotene degraded to di-cis-, 9-cis-, and 13-cis-B-carotene isomers after
storage under light, depending on temperature. In the absence of light, degradation products included
5-cis-, 9-cis-, and 13-cis-B-carotene, again, depending on temperature.

In food systems the effect of water on carotene oxidation appears to be dependent on composition
(Kanner et al., 1978). As reported by Arya et al. (1979) and Maloney et al. (1966), an increase in
water content could mobilize the pro-oxidant factors in the matrix or expose new sites in the matrix
resulting in accelerated oxidation. On the other hand, Haralampu and Karel (1983) indicated that in
the case of sweet potato flour, the degradation of S-carotene was inversely proportional to the water
activity. With respect to the photosensitized oxidation of -carotene, mutachrome has been identified
to be the most important oxidation product, although other compounds such as aurochrome and a
number of compounds absorbing in the violet and near ultraviolet region have also been detected.
The 5,6-monoepoxide was not detected in significant amounts, although this compound is unstable
and can be converted into mutachrome by acid traces and catalysts (Seely and Meyer, 1971). The
authors determined that 5,6-monoepoxide was not the first product of photochemical oxidation.
Pesek and Warthesen (1988) working with model dispersions indicated that the photodegradation of
B-carotene followed a first-order reaction that was affected by temperature; the physical state of the
sample, frozen vs. liquid; and the microenvironment. The authors also indicated that the presence of
cis-isomers and the rate of their formation was larger than that of their degradation. Moreover, it had
been previously shown by Zechmeister (1944) that the cis-isomers may convert back to the all-trans
form, which is more stable, or undergo further degradation.

Heat stability studies of «-carotene and S-carotene indicate that 8-carotene is about 1.9 times
more susceptible to heat damage than «-carotene during normal blanching and cooking opera-
tions (Baloch et al., 1977a). With regard to cooking losses, Sweeney and March (1971) indicated
that heating promotes the cis-frans isomerization of carotenoids in vegetables, with an increase
of the cis isomers. In general, literature reports clearly indicate the instability of carotenoids at
high temperatures such as those encountered in canning and drying operations, particularly in high
temperature-long time type of processes, while freezing and low temperature processing normally
results in much lower losses.

Of critical importance in processing, particularly fruits and vegetables, would be the isomerization
of all-trans-B-carotene sensitized by chlorophylls. As reported by O’Neil and Schwartz (1995),
the photoisomerization of S-carotene sensitized by chlorophyll will result in 9-, 13-, and 15-cis-
B-carotene primarily, with a higher ratio of the 9-cis-isomer.

2.3.1.2.2 Vitamin D

Originally in the early 1920s, the term vitamin D was given to the active component present in cod liver
oil, which could cure or prevent rickets, a disease resulting in weakness and deformation of the bones.
The most important forms of vitamin D are D, (ergocalciferol) and D3 (cholecalciferol). Vitamin
D, is formed by ultraviolet irradiation of the provitamin ergosterol. Similarly, D3 is formed from the
provitamin 7-dehydrocholesterol. The following are also considered to be provitamin D compounds:
22,23-dehydroergosterol, 7-dehydrositosterol, 7-dehydrostigmasterol and 7-dehydro-campesterol.
The D provitamins do not have any vitamin activity unless the B ring is opened between carbons
9 and 10, and a double bond is formed between carbons 10 and 19 forming the 3(beta)-hydroxy-9,
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10-seco-5, 7,10(19)-triene derivative (Figure 2.16). Limited information is available on the stability
of the provitamin D compounds and the active derivatives, although this vitamin has been reported
to be susceptible to oxygen and light. Photochemical transformations of provitamin D give origin
to the anti-9:10 isomers, while thermal isomerization yields the syn-9:10 isomers, procalciferol
and isopyrocalciferol (Sebrell and Harris, 1971). Yamada et al. (1983) indicated that vitamin D
undergoes 1,4-cycloaddition and ene-type reactions with singlet oxygen, generating: (a) two carbon
(6) epimers of 6,19-epidioxyvitamin D (55-65% yields) and (b) two carbon (6) epimers of the
AHT1009) 6 hydroperoxide (15-25% yields). Figure 2.16 presents some of the reaction pathways
for Vitamin D as affected by light and heat. With regard to kinetic information, our understanding
of the stability of vitamin and provitamin D in food systems is almost non-existent. Li and Min
(1998), however, reported first-order rate constants (2 phases) for the degradation of vitamin D,
in model systems as a function of riboflavin concentration in the presence of light. The authors
indicated riboflavin acted as a photosensitizer and accelerated the oxidation of vitamin D; by singlet
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oxygen under light but had no affect on stability in the absence of light. Further studies showed that
the presence of carotenoids could quench singlet oxygen activity and provide stability to vitamin
D; in model systems. Li et al. (2000) reported quenching rate constants for retinol, retinyl acetate,
fucoxanthin and B-carotene (1.22 x 103,5.98 x 108, 1.78 x 102, 5.00 x 10° M~ Lsec™ !, respectively)
and indicated that with increasing number of carotenoid double bonds (5, 6, 10, 11, respectively),
the quenching rate constant of carotenoid increased.

2.3.1.2.3 Vitamin E

Tocopherols or compounds with vitamin E activity are methyl-substituted hydroxychromans with
an isoprenoid side chain. Tocopherols are composed of two homologous series: (a) tocopherols with
a saturated side chain and (b) tocotrienols with a side chain unsaturated between carbons 3’ and
4,7 and 8, and 11’ and 12" (Parrish, 1980). It is considered that «-tocopherol is the compound
with the most significant biological activity of all E vitamers, although it is also the least resistant
to oxidation. Since tocopherols are monoethers of a hydroquinone, they can be easily oxidized.
A comprehensive summary of the most influential factors on the stability of tocopherols has been
presented by Bauernfeind (1977, 1980).

Storage studies carried out by Widicus et al. (1980) indicated that the degradation of a-tocopherol
followed a first-order reaction in model systems not containing fat. Although the presence of an
autooxidation mechanism was not observed, the involvement of oxygen in the degradation of this
compound was determined.

A number of studies have indicated that «-tocopherol is highly susceptible to degradation depend-
ing on moisture content, temperature, light, alkali, and the presence of metal ions such as iron and
copper. Moreover, tocopherols have been found to be more unstable in peroxidizing systems. The
decomposition products of oxidized tocopherols include dimers, trimers, dihydroxy compounds, and
quinones (Csallany and Draper, 1963; Skinner and Parkhurst, 1964; Csallany et al., 1970). Some
pathways for the degradation of a-tocopherol are illustrated in Figure 2.17.

Due to the high instability of this vitamin, processing in particular has been reported to be
detrimental to the stability of tocopherols. For instance, Thomas and Calloway (1961) indicated
severe «-tocopherol losses (41-65%) in various meat products as a result of canning. Livingston
et al. (1968) reported losses of «-tocopherol ranging from 5 to 33% during the drying of alfalfa.

Widicus et al. (1980) indicated that for a nonlipid containing model system the degradation of o~
tocopherol was directly related to the water activity, suggesting that the system was highly dependant
on the rate of diffusion of the reactants. The reaction followed first-order kinetics. Similarly, Jensen
(1969) reported higher stabilities of «-tocopherol during the storage of seaweed meal at lower
moisture contents for the range 10-25%. Frias and Vidal-Valverde (2001) reported on the stability
of «-, B-, and §-tocopherols, vitamin A and thiamine during storage of enteral feeding formulas.
Analysis of their data is presented in Table 2.3, along with some of the most relevant information on
vitamin E stability in food systems.

Considerable losses of tocopherols have been reported during the storage of oils, as influenced by
temperature, time, and the presence of other antioxidants. Since tocopherols are highly susceptible
to free radical oxidation, it is obvious that their stability is influenced by the levels of lipid oxidation
taking place in a food system. It has also been found that the relative stabilities of natural tocopherols
may vary according to the biological source. For instance, Chow and Draper (1974) found that both
vitamin E oxidation and peroxide formation occurred more rapidly in corn oil than in soybean oil.

With regard to the influence of metal traces, Cort et al. (1978) reported that both «— and y-
tocopherols were degraded by Fe3 and Cu®*. Chelating compounds such as ascorbic acid and
EDTA appeared to inhibit the Cu>* oxidation, while ascorbic acid prevented the Fe3T oxidation of
tocopherols in alcohol solutions.

Tocopherols have been reported to combine with various proteins and amino acids, thus modifying
their stability. The conjugate appears to be a protein-tocopherol linkage without the involvement of
lipids (Voth and Miller, 1958). Binding affinities of proteins and free amino acids have shown a
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similar behavior, whereby an increase in the negative charge resulted in an increase in the binding
of tocopherols. Thus, relatively positive amino acids such as lysine, arginine, and histidine do not
participate in the binding of the tocopherols or modify the affinity of proteins for binding (Voth and
Miller, 1958).

Fortification of foods with Vitamin E has become increasingly more important. Vitamin E is
important in human nutrition since it has potent antioxidant activity, thereby preventing the damage
of cells through the inactivation of free radicals and oxygen species (Diplock, 1994). Due to its
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antioxidant activity, vitamin supplementation has been found to be effective on pigment and lipid
stability in food products such as frozen beef. Lanari et al. (1994) demonstrated through kinetic
analysis that vitamin E supplementation stabilized the oxymyoglobin complex by enhancing the
deoxymyoglobin oxygenation and by decreasing the oxymyoglobin autoxidation rate. Vitamin E
enhanced the pigment and lipid stability of frozen beef, stored in the dark or under constant illu-
mination. Lanari et al. (1993) also indicated the significance of dietary supplementation of Holstein
steers with vitamin E in delaying surface discoloration after repeated freeze-thaw cycles and during
dark storage or illuminated display. Similarly, Houben et al. (2000) studied the benefits of vitamin E
supplementation to the diet of beef bulls on the color stability and lipid oxidation of minced beef. The
authors corroborated previous studies on the proposed mechanisms of the vitamin E color stabilizing
activity, which calls for indirectly delaying the oxidation of oxymyoglobin via direct inhibition of
lipid oxidation.

2.3.1.2.4 Vitamin K

Vitamin K is a generic term referring to a group of bicyclic naphthoquinones participating as activ-
ators of prothrombin precursor activity in warm-blooded animals. The most common naturally
occurring are known as phylloquinone (K;) and farnoquinone (K;) along with numerous syn-
thetic variations such as menadione, acetomenaphthone, menadione sodium diphosphate, menadione
sodium bisulfite, menadione sodium bisulfite complex, and menadione dimethylpyrimidinol bisul-
fite. Phylloquinone, also referred to as 3-phytylmenadione, has a chemical structure established as
2-methyl-3-phytyl-1, 4-naphthoquinone. Although relatively heat stable, vitamin K is sensitive to
light and oxidation. Common sources of K; include alfalfa, spinach, cabbage, kale, lettuce, cauli-
flower, and other leafy vegetables. Because it is difficult and costly to synthesize, it is not generally
considered a practical source for fortification. Vitamin K3 is found in various microorganisms, partic-
ularly bacteria; small amounts can also be found in milk, eggs, and pork liver. Its chemical structure
has been defined as either 2-methyl-3-all-trans-farnesyl-farnesyl-1, 4-naphthoquinone [K(30)] or
2-methyl-3-all-trans-farnesyl-geranylgeranyl-1, 4-naphthoquinone [K3(35)]. Very limited informa-
tion is available for the kinetics of degradation and stability of vitamin K in foods. Indyk (1988),
working with vitamin K; dissolved in hexadecane, observed stability of this vitamin to mild heat
treatment, even in the presence of oxygen. Vitamin K was found to be susceptible to degradation and
isomerization in the presence of light even at low intensity. The loss of the isomers, cis and trans, was
described by zero-order kinetics, indicating the possibility of an autooxidation mechanism. Losses of
either isomer did not result in the formation of the other. Several competing decomposition pathways
have been proposed for the photolysis of vitamin K depending upon conditions.

Because of the difficulty in obtaining vitamin K, a series of synthetic forms were developed
over time, each progressively improved over its predecessor. The basis for the activity of
vitamin K revolves around the naphthoquinone nucleus (Figure 2.18). Menadione (2-methyl-1,
4-naphthoquinone or vitamin K3) was the first commercially available product with actually three
times the biological activity of K;. Unfortunately, it had some serious side effects and is no longer
in use. Menadione formed the basis, however, for the later versions including menadione sodium
bisulfite (MSB) and the more recent version, menadione sodium bisulfite complex (MSBC). It is
reportedly water-soluble, stable to light and air but not heat. Minimal information is available on
kinetic stability.

2.3.2 PIGMENTS

Color is one of the first notable characteristics of food that often predetermines a consumer’s judge-
ment of food quality. Pigments are compounds that absorb light in the wavelength of the visible
region. Obviously, color stability is an extremely important factor in foods. Griffiths (2005) reviewed
currently acceptable synthetic and natural colors used in the US food industry and indicated a trend
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FIGURE 2.18 Structures of vitamin K and derivatives. (Adapted from Berruti, R. 1985. Vitamin K. ch.
11, pp. 285-302, In: Methods of Vitamin Assays, 4th Edition, Augustin, J., Klein, B.P., Becker, D., and
Venugopal, P.B. (eds.), John Wiley & Sons, NY.)

for an increased use of colors particularly in novelty snacks, desserts, and beverages, further emphas-
izing the importance of color stability in foods. Colorants such as carotenoids including B-carotene,
annatto, paprika, and particularly lycopene are known to exhibit antioxidant activity. Flavonoids,
including the anthocyanin group, have also been attributed to having health benefits such as anti-
oxidant properties, anti-inflammatory effects, lowered blood pressure, and anti-tumor properties.
Another group of colorants, known as the curcuminoids found in turmeric, are also found to have
similar health-related properties as well as antithrombic effects and antimicrobial activity (Taylor,
1996). Overall changes in color may be due to a number of reactions such as pigment degradation
or polymerization, interaction with other components in the food product, nonenzymatic browning,
oxidation of tannins, and other reactions. The following section discusses some of the major pigments
present in foods and their relative stability to processing and/or storage conditions.

2.3.2.1 Chlorophylls

Chlorophylls refer collectively to a group of pigments providing color to green plant tissues. They
range in color from a bright green to a dull olive-brown and are often used as indicators of product
quality of processed green vegetables, as measured by the intensity of their green color. The predom-
inant green colored pigments include chlorophylls a and b at a reported ratio of about 3:1 as naturally
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occuring in plants. Both are derivatives of a tetrapyrrole phorbin (porphyrin ring with C9-C10 iso-
cyclic ring) chelated with a centrally located magnesium atom and a C7 20-carbon phytol chain
(Figure 2.19). Their main differences are their substituent groups at the C3 position and perceived
color; chlorophyll @ has a methyl group and is blue-green, and chlorophyll b has a formyl group with
a yellow-green color (Belitz and Grosch, 1987). Isomeric forms may also exist as chlorophylls @’
and b’ or pheophytins @’ and ', due to epimerization at the C10 center located on the isocyclic ring.
Other less common forms that exist include chlorophyll ¢ and chlorophyll d, isolated from marine
algae. Chlorophyllides a and b are the respective acid derivatives of chlorophylls a and b resulting
from enzymatic (e.g., naturally occurring chlorophyllase) or chemical hydrolysis of the C7 propion-
ate ester and cleavage of the phytol chain; they too posses a green color. The main transformation
or degradation products of chlorophylls a, b are, respectively, pheophytin a, b, which are formed
through the replacement of the central magnesium of the porphyrin ring with hydrogen atoms. Also
pheophorbides a, b may be formed through the removal of the phytol chain from the pheophytins
or through magnesium loss from the chlorophyllides. These degradation products all exhibit a dull
olive-brown color.

It has long been reported by many investigators that chlorophylls are susceptible to thermal treat-
ment, being transformed into the predominantly dull green pheophytins a and b (Schwartz and von
Elbe, 1983; LaBorde and von Elbe, 1994; Steet and Tong, 1996a, 1996b; Heaton et al., 1996a, 1996b;
Gunawan and Barringer, 2000). These compounds may also further degrade to pyropheophytin or
other products through the destruction of the porphyrin ring. Schwartz and von Elbe (1983) working
with spinach indicated that pyropheophytin was a predominant product of the thermal breakdown
of chlorophylls and that its formation followed first-order kinetics. Heaton et al. (1996a) developed
a general mechanistic model for rates of chlorophyll degradation to pheophytin, chlorophyllide and
pheophorbide in green plant tissue, including models such as coleslaw, pickles, and olives. Their
claim was that this model could discriminate between pathways of degradation and enable quantitat-
ive definition on which pathways were operational or predominate under different conditions. This
would also allow better comparison of rates of chlorophyll degradation between various commod-
ities. For instance, Heaton et al. (1996b) found no significant change over time with chlorophyllide
in coleslaw, but with pickles and olives, the formation of chlorophyllide with further degradation to
pheophorbide was a predominant reaction pathway. Some of this variation may be due to the relative
activity levels of chlorophyllase present, as well as pH and other environmental factors. This type
of approach is important in understanding the mechanisms for discoloration and should aid the food
processor in determining optimum shelf life.

Other factors influencing the stability of chlorophylls include light, oxygen, water activity, irra-
diation, pH, presence of metal traces, and enzymatic activity. Lajolo and Lanfer Marquez (1982)
indicated higher rates of degradation with water activity in a spinach model system at 38.6°C. Sim-
ilarly, the authors observed an increase in the rates of chlorophyll degradation upon a decrease in
pH for the range 5.9-6.8. These results confirm the well-known and most common mechanism for
chlorophyll degradation through its acid-catalyzed transformation into pheophytin (Figure 2.19).
This reaction has been reported by several authors to follow first-order kinetics. The mechanisms by
which chlorophylls degrade, of course, depend upon the process under consideration. For instance,
Minguez—Mosquera et al. (1989) found that chlorophillides were intermediary products in the fer-
mentation of olives and that the ratio of the various degradation products, including chlorophyllides
a, b; pheophytins a, b; and pheophorbides a, b, were very dependent upon the pH of the system
(Figure 2.19).

Gunawan and Barringer (2000) studied the effect of acid (pH 3-8) and microbial growth on
the stability of the green color of blanched broccoli under low temperature storage (7°C). Through
HPLC determination, they found only conversion of chlorophylls to pheophytins. This conversion
was greater at lower pH and fit a first order kinetic model. Some isomers were also isolated, including
chlorophylls @’ and &, present in blanched broccoli, and pheophytins @’ and b’ after acidification.
The authors also found that chlorophyll degradation was dependent on the type of acid used. Acids
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containing a benzene ring resulted in more rapid color change than acids with a simple carbon chain;
perhaps due to the hydrophobicity of the aromatic acids, they were able to diffuse more easily through
the lipid membrane surrounding the chloroplasts. They also found that microbial growth increased
loss of color and proposed two possible mechanisms by which this may occur. The first was simply
that production of acid metabolite products would lower the pH and, thereby decrease chlorophyll
stability. The second mechanism was due to the breakdown of the cellular structure of the broccoli, as
evidenced by surface holes observed by scanning electron microscopy. This could result in exposing
the chloroplasts more directly to the acidic medium.

Ryan—Stoneham and Tong (2000) developed a mathematical model to predict chlorophyll con-
centration as a function of time, temperature, and pH using pea puree as a model. Since pH naturally
lowers during heating due to acid formation, the authors used a specially designed reactor to auto-
matically adjust pH of the medium to keep it constant during heating. They found that degradation
of both chlorophylls a and b followed first order kinetics. Reaction rate constants and energies of
activation are presented in Table 2.4, as calculated by the conventional Arrhenius equation. The
authors reported through the use of their modified model, factoring in pH as a variable, that the
energies of activation were independent of pH.

The formation of more stable green metallocomplexes of chlorophyll derivatives during thermal
processing has been of interest for years in the canning industry (Jones et al., 1977; Tonucci and
von Elbe, 1992). In fact a patent for improving the color of canned green vegetables (known as the
“Veri-Green” process) was developed over 20 years ago by Segner et al. (1984). Although the FDA
amended the standard of identity for canned green beans at that time to allow addition of ZnCl; to the
optional ingredient list, the provision was that the concentration of the metal salt should be less than
75 ppm (Federal Register, 1986). In many cases (particularly with peas), much higher concentrations
were required in order to yield a satisfactory color. LaBorde and von Elbe (1994) investigated the
degradation of chlorophyll and zinc complexation with chlorophyll derivatives in processed pea puree
containing added Zn*? as a function of pH (4—10) during heating at 121°C/up to 150 min. They found
relatively rapid degradation of chlorophyll a and formation of zinc complexes of pheophytin a and
pyropheophytin a at lower pH levels. At pH above 8.0, chlorophyll a was retained with less Zn-
complexing of pheophytin and pyropheophytin. The authors suggested that any improvement in
green color occurring at elevated pH may only be temporary due to the lower stability of natural
chlorophyll compared with the metal complexes. A similar study was carried out by Canjura et al.
(1999) using whole fresh and frozen peas with ZnCl, subjected to thermal treatment using a particle
cell reactor, simulating aseptic processing (121-145°C/0-20 min). The authors found zinc absorption
into the pea tissue was dependent upon available Zn*2 jon concentration, temperature, and duration
of reaction. The reaction pathway proposed suggested that at the lower temperatures, Zn-pheophytin
was formed and at the higher temperature range Zn-pyropheophytin was formed. In any case, as
compared with controls, improvement was found with addition of metal ions.

Much of the work mentioned above includes complete analysis of individual derivatives of
chlorophylls, which is important for the elucidation of mechanistic pathways. However, there is a
fair amount of kinetic work on chlorophyll losses, as reported by total color changes over time of a
given process without regard to any specific mechanistic pathway. These color changes have been
monitored with L-a-b-values as measured with either a Hunter, Minolta, or similar type colorimeter,
where L-value represents lightness or brightness, a-value measures degree of red (+) to green (—),
and b-value measures degree of yellow (+) to blue (—). Various mathematical combinations of these
values have also been used. For instance, Lau et al. (2000) monitored kinetic changes of both color
and texture in asparagus. Color was measured by the reflectance of the surface of the whole product.
Changes were reported in terms of hue angle (k), where h = tan~! (b/a); this value takes into
account both yellow and green tonal changes in the product (Table 2.4). The authors found energy
of activation for color change at 13.1 kcal/mole and 24.0 kcal/mole for changes in texture over a
temperature range of 70-98°C, and time 5—120 min. Steet and Tong (1996a) found that using a-value
(greenness) from a tristimulus colorimeter to monitor changes in color of pea puree during thermal
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treatment followed first order kinetics. They based their kinetics on a fractional conversion format.
These authors measured simultaneous destruction of chlorophylls a and b using HPLC. Activation
energies were reported as 18.2 for change in “greenness” (a-value) and 19.5 and 17.1 kcal/mole
for chlorophyll a and b, respectively (70-90°C, up to 600 min). These authors also studied color
changes resulting from pheophytinization and nonenzymatic browning reactions in pea puree at
higher temperatures, 100—120°C, up to about 200 min (Steet and Tong, 1996b). Again they found
first order kinetics to describe loss of green value, but nonenzymatic browning was found to follow
zero-order kinetics after an initial lag period, with E;,’s equal to 20.4 and 22.3 kcal/mole, respectively.
Rate constants are presented in Table 2.4.

Similarly, Sanchez et al. (1991) measured surface color and textural changes of pickled green
olives during pasteurization 70-100°C up to 60 min. They measured color by both a tristimulus
colorimeter (L-a-b-values) and a reflectance spectrophotometer at specific wavelengths (Table 2.4).
Shin and Bhowmik (1995) studied changes in color of pea puree and reported D- and z-values
for several different mathematical combinations of L-a-b-values at several temperatures from 110-
125°C for up to 20 minutes. They found that the mathematical expressions —La/b and —a/b provided
the best fit as applied to a first order reaction with an E, of 16.2 kcal/mole.

Other workers have used various mathematical combinations of L-a-b-values to describe losses
of color during thermal treatment. Ahmed et al. (2000, 2002b) investigated color and rheological
changes in green chilli. Color changes were reported as loss of green (a-value) and total color change
(L x a x b-values), both following first-order kinetics (50—90°C). Similarly, Ahmed et al. (2002a)
found first order kinetics with green color loss in purees of spinach, mustard leaves, and a blend of
mustard, spinach and fenugreek during heating at 75—115°C, 0-20 min. It was reported that activation
energies for green color loss were consistently higher than those for total color change and proposed
that green color could be used for on-line quality monitoring of these types of green leafy vegetables
during thermal processing.

Schwartz and Lorenzo presented a general review of the reactivity and analysis of chlorophylls
in foods in 1990. Since then, a great deal of information has been reported and now needs to be
critically reviewed. Van Boekel (2000), for instance, reviewed a case study on kinetic modeling of
chlorophyll degradation in olives. Selected kinetic information on chlorophyll stability is reported
in Table 2.4.

2.3.2.2 Anthocyanins

Anthocyanins are derivatives of the basic C15 flavylium cation structure with a chromane ring bearing
a second aromatic ring B in position 2 (C6-C3-C6) with one or more sugar molecules bonded at
different hydroxylated positions (Figure 2.20). This group of water-soluble colored compounds is
found in a wide variety of fruits, flowers, and vegetables. Over 240 anthocyanins have been reported,
varying in the number of hydroxyl groups, the degree of methylation, the nature and number of
sugars esterified, their position of attachment, and the nature and number of aliphatic or aromatic
acids attached to the sugar molecules. The term, “anthocyanidin” refers to the basic C15 structure
with various specific R-substitutions, of which there are at least 17 known combinations, but six of
them are the most important. These six anthocyanidins include pelargonidin, cyanidin, delphinidin,
peonidin, petunidin, and malvidin (Harborne and Grayer, 1988). These anthocyanidins are then
esterified to one or more sugar molecules (e.g., glucose, rhamnose, xylose, galactose, arabinose,
or fructose) forming the individual anthocyanin pigments, hence the large variety and variation in
color dependent upon the combination of these substitutions. In addition, some of these anthocyanins
have ester bonds between sugars and organic acids, including coumaric, caffeic, ferulic, p-hydroxy
benzoic, synapic, malonic, acetic, succinic, oxalic, and malic acids (Francis, 1989, 1985). The
degree of substitution of hydroxyl or methoxy groups influences the color of the anthocyanin. An
increase in hydroxyl groups tends to deepen the color to a bluish tone and the more the methoxy
groups, the greater the increase in redness.
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Monosides: most common
position for esterification of
sugar moiety

Basic structure of anthocyanidin pigments

Group Positions

Anthocyanidin R1 R2 R3 R4 R5 R6 R7
Cyanidin OH OH H OH OH OH H
Delphinidin OH OH H OH OH OH OH
Malvidin OH OH H OH OCH; OH OCHj,4
Pelargonidin OH OH H OH H OH H
Peonidin OH OH H OH OCH; OH H
Petunidin OH OH H OH OCH; OH OH

FIGURE 2.20 Basic structure of some of the most significant anthocyanidins.

The high content of anthocyanins and proanthocyanins (colorless) in fruits such as blueberries
and raspberries has recently received a great deal of attention since these compounds appear to
have high potential in improving both motor and cognitive functioning in humans. It has also been
suggested that hydroxycinnamates may work together with anthocyanins to accomplish all these
benefits. Proanthocyanidins are found in the juice, as well as in fresh, frozen and dried cranberries
and blueberries. They can be readily converted to their corresponding anthocyanidin when heated
in the presence of acid. Zheng and Wang (2003), for instance, have found high levels of antioxidant
activity in anthocyanidins and various phenolics in blueberries, cranberries, and lingonberries. Others
have investigated the radical scavenging capabilities of anthocyanidins and anthocyanins found in
wine, such as pelargonidin, cyanidin, peonidin, delphinidin, and malvidin as well as some of their
substituted glycosides. They found antioxidant activity to be dependent upon pH (Borkowski et al.,
2005). Kdhkonen and Heinonen (2003) found higher levels of antioxidant activity in anthocyanidins
than their glycosides in an aqueous environment, but the reverse was found in an oil system. Other
workers have monitored the metabolism of various anthocyanins in rats fed an anthocyanin-fortified
diet and found elevated concentrations of the additive in the brain, liver, and kidney (Talavéra et al.,
2005). Thus, although the retention of anthocyanins is key to the general quality and appearance
of food products, their medical significance seems to have become as important. A great deal of
emphasis has recently been placed on the health benefits of these natural pigments (Boyd, 2000).

A large number of factors have been reported as influencing the stability of anthocyanins in food
products, including the presence of oxygen (Daravingas and Cain, 1968; Starr and Francis, 1968;
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Clydesdale et al., 1978); light (Van Buren et al., 1969; Palmidis and Markakis, 1975; Sweeny et al.,
1981); ascorbic acid (Sondheimer and Kertesz, 1953; Sistrunk and Cash, 1970); enzymatic action
(Peng and Markakis, 1963); pH (Lukton et al., 1956; Brouillard and Delaporte, 1977; Timberlake,
1980; Brouillard, 1982); metal traces (Sistrunk and Cash, 1970; Starr and Francis, 1973; Francis,
1977); additives such as sulfite or sulfur dioxide (Timberlake and Bridle, 1967a, 1967b); and heat
(Markakis, 1974; Clydesdale et al., 1978; Main et al., 1978; Timberlake, 1980) as well as condens-
ation reactions (Jurd, 1969). The final breakdown of anthocyanins results in either the formation of
brown-colored substances or bleaching of the system. Since anthocyanins are the most important
natural colorant in many fruits, as well as reported as having various health benefits, its stability is of
prime concern during processing and storage. General discussions on the stability of anthocyanins
from a chemistry point of view or as affected in food systems have been presented by Timberlake
and Bridle (1975), Markakis (1982), and Delgado—Vargas et al. (2000). Some of the suggested
mechanisms of decomposition are presented in Figure 2.21.

Debicki—Pospisil et al. (1983), working with blackberry juice and a citrate buffer model solution,
indicated that the rate of degradation of cyanidin-3-glucoside followed first-order kinetics for the
range 24 to 70°C. Russu and Valuiko (1980) reported that the thermal decomposition of anthocyanins
during the heating of mash at temperatures ranging from 20 to 100°C followed first-order kinetics.
Cemeroglu et al. (1994) also reported first-order kinetics for degradation of anthocyanins in sour
cherry juice concentrates, both during storage (—18 to 37°C/up to 180 days) and processing (50—
80°C/up to 48 h), Table 2.4.

Torskangerpoll and Anderson (2005) studied the effect of pH on anthocyanins. They presented
an extensive set of tabulated data on change in color of three selected anthocyanins at two ini-
tial concentrations and 11 different pH levels (1.1-10.5). The anthocyanins chosen were cyanidin
3-glucoside [from black rice]; cyanidin 3-(2”-glucosylglucoside)-5-glucoside [from red cabbage];
and cyanidin 3-(2”-(2"-sinapoylglucosyl)-6"-sinapoylglucoside)-5-glucoside [from red cabbage].
Color values were tabulated from L-a-b colorimeter values, calculated as chroma (C), hue (hp),
and L-value. Their focus was on the impact of the various substituents and aromatic acylations
on color and stability of anthocyanins at different pH. Sarni-Manchado et al. (1996) reported
on the stability of anthocyanin-derived pigments from wine. They reported increased stability of
vinylphenol anthocyanin-3-glucoside adducts compared with anthocyanin-3-glucosides both under
adverse pH conditions and in the presence of SO,, which is known to bleach anthocyanin pigments
in wine.

Ascorbic acid has been reported to induce the destruction of anthocyanins both aerobically and
anaerobically (Sondheimer and Kertesz, 1953). Meschter (1953) also found that dehydroascorbic
acid resulted in decolorization of anthocyanins, although at a slower rate. The formation of an
intermediate peroxide even at low pH has been considered to be responsible, at least in part with the
presence of oxygen, for anthocyanin degradation. The rates of destruction appeared to be enhanced
by the presence of cupric ions. In the absence of oxygen, however, other mechanisms involving
ascorbic acid and anthocyanins must be involved. Jurd (1972) suggested a condensation reaction
between ascorbic acid and anthocyanins, which results in an unstable complex that degrades to a
colorless compound. Later work by Lépez—Serrano and Ros Barcel6 (1999) showed that peroxide
stimulates oxidation of pelargonidin-3-glucoside, the main anthocyanin in ripe strawberries. They
suggested a coupled mechanism for glucosidase and peroxidase to be responsible for oxidation of
anthocyanins. Others have investigated stability of co-pigmented anthocyanins and ascorbic acid
in red grape model systems using water-soluble polyphenolic cofactors isolated from Rosmarinus
officinalis (Brenes et al., 2005). They reported first-order degradation kinetics for both anthocyanins
and ascorbic acid during storage (dark/25-35°C/30 days), following pasteurization (85°C/30 min/pH
3.5). The authors found no effect of co-pigmentation on stability of anthocyanins without the presence
of ascorbic acid. However, in the presence of ascorbic acid, they found higher anthocyanin content.
This was attributed to a delayed conversion of L-ascorbic acid to dehydroascorbic acid, which
leads to the destruction of anthocyanins. Malien—Aubert et al. (2001) also proposed the protective
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effects of co-pigmentation of anthocyanins. They found that colorants rich in flavonols and high
co-pigment/pigment ratio show improved stability with acylated anthocyanins.

With regard to the effect of light, Palamidis and Markakis (1975) indicated a marked increase
in the loss of grape anthocyanins during storage due to their exposure to fluorescence and day light.
In model systems, Attoe and von Elbe (1981) determined that at high temperature (55°C), light had
minimal effect on the degradation of the major cranberry anthocyanins in model systems. At lower
temperatures (40°C), on the other hand, light was responsible for most of the losses. The authors also
reported that fluorescent light had limited effect on the stability of anthocyanins, unless minimum
concentrations of oxygen were available. Degradation of anthocyanins in the dark and in the presence
of light was reported to follow first-order kinetics.

Merin et al. (1987) observed that the degradation rates of prickly-pear-fruit were influenced by
the initial concentration of the pigment, being slower for higher concentrations. The presence of
oxygen appeared to have only a marginal effect. On the other hand, Kallio et al. (1986) indicated
that the stability of the 12 anthocyanins in crowberry juice was improved upon oxygen removal,
increasing by a factor of 3 to 4. Lin et al. (1989) observed that carbon dioxide levels in package-
modified atmosphere greatly destabilized cyanidin-3-galactoside, cyanidin-3-arabinoside, and other
unidentified cyanidin arabinosides in Starkrimson apples. Peonidin and malvidin, anthocyanins
containing the ring B substituted with only one hydroxyl group, were reported to be the most
stable when crowberry juice was supplemented with Fe™> ions (Kallio et al., 1986). In general,
however, all anthocyanins were found to have improved stability with the addition of Fe™> and
AlT3. The formation of stable complexes of anthocyanins with tin, copper, and iron have been
suggested as a means for increased stability of these compounds in the presence of metals (Sarma,
et al., 1997). Flavonoids such as flavones, isoflavones and aurone sulfonates have been found to
increase the photostability of anthocyanins (Francis, 1989). Sucrose addition has been found to
protect anthocyanins in quick frozen strawberries due to inhibition of degradative enzymes and steric
interference with condensation reactions as reported by Wrolstad et al. (1990). Moreover, enzymes
present in plant tissue such as glycosidases that convert anthocyanins into anthocyanidins and sugars,
polyphenoloxidases that catalyze the oxidation of o-dihydrophenols to o-quinones, and peroxidases
can promote significant loss of these pigments (Francis, 1989). It is clear from the aforementioned
studies that formulation or composition of food products will have a major impact on the stability
of anthocyanins during processing and storage. Anthocyanins can be easily destroyed during the
processing of fruits and vegetables due to high temperatures, pH, or the presence of ascorbic acid.
Kinetic data on anthocyanin stability are presented in Table 2.4.

2.3.2.3 Betalains

Another group of water-soluble pigments of great significance to the food industry corresponds
to betalains. Two major categories, which constitute this group of pigments, are the betacyanins
(red colored resonating compounds) and betaxanthins (yellow colored non-resonating compounds).
Betalains are basically immonium derivatives of betalamic acid, with their chromophore described as
a protonated 1,2,4,7,7-penta-substituted 1,7-diazaheptamethin system (Piatelli, 1976, 1981; Strack
et al., 1993). All betalain molecules have a betalamic acid moiety present with attached R-groups
extending from the N-1; the nature of those substituent groups will determine whether or not the
molecule belongs to a betacyanin or a betaxanthin group (Figure 2.22). Betanidin (found in red
beets) is an aglycone of betacyanin and is actually the most basic structural unit of most betacyanins,
followed by the C-15 epimer, isobetanidin (Piatelli, 1981). Differentiation of betacyanins is based
on the glycosidation of one of the hydroxyl groups at the 5- and 6-position. Betaxanthins, on the
other hand, comprise different proteinogenic and nonproteinogenic amino acids or biogenic amino-
conjugated moieties of betalamic acids, typical examples of which are indicaxanthin, found in prickly
pear cactus fruits and vulgaxanthins-1 and -2 from beets.
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R, and R, determine
betacyanin or betaxanthin

Betalamic acid moiety

e.g.,
Betacyanin HO
81 H
Betanidin HO "\Ll 2
(red-violet) | | COO~
COOH Betaxanthin
+ Miraxanthin
HN [ololon (vellow)

FIGURE 2.22 Basic structural differences between betacyanins and betaxanthins. (Adapted from Delgado-
Vargas, F., Jiménez, A.R., and Paredes-Loépez, O. 2000. Critical Reviews in Food Science and Nutrition, 40:
173-289; Bohm, H. and Rink, E. 1988. Betalains. pp. 449—463. In: Cell Culture and Somatic Cell Genetics of
Plants, Academic Press, NY; Piatelli, M. 1981. The betalains: structure, biosynthesis and chemical taxonomy,
pp. 557-575, In: The Biochemistry of Plants: A Comprehensive Treatise, Vol. 17, Conn, E.E. (ed.), Academic
Press, NY; and Strack, D., Steglich, W., and Wray, V. 1993. Betalains. pp. 421-50, In: Methods in Plant
Biochemistry, Vol.8, Academic Press, Orlando, FL.)

This group of approximately 70 compounds has been found to be susceptible to environmental
conditions including temperature, oxygen, light, and pH (Huang and Von Elbe, 1987). Lashley and
Wiley (1979), and Lee and Wiley (1981) indicated the presence of decolorizing enzymes in beet
tissues, thus making this an important consideration for storage conditions. Von Elbe et al. (1974)
found the rate of betanin degradation increased after exposure to daylight at 15°C. They reported
that degradation of betalains exposed to fluorescent light followed first-order kinetics, with higher
rate constants at pH 3.0 than pH 5.0.

Experiments carried out by Saguy et al. (1980) indicated that the degradation of betanin and
vulgaxanthin I in beet slices could be described by first-order kinetics for the temperature range 70
to 90°C. With respect to moisture content, increased rates of degradation were observed for both
pigments with increased water levels. Saguy et al. (1984) working with beet powders observed that
the stability of betanin and vulgaxanthin was markedly enhanced at water activity levels below 0.5 in
anitrogen environment. At water activity levels above 0.5, a transition in the mechanism of beet pig-
ment deterioration was shown to be related to oxygen concentration. In the presence of Al,O3 and at
water activities allowing reactant mobility, the formation of alumina-oxygen-pigment complexes and
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free radicals or activated oxygen species were suggested as possible mechanisms accelerating betalain
degradation. Simon et al. (1993) found similar dependency of betanine stability in water—alcohol
model systems with increasing rates of degradation at higher water activities, perhaps due to greater
mobility of reactants or increased oxygen solubility. More recently, Wybraniec (2005) investigated
the mechanisms of degradation of extracts of B. vulgaris L. roots (red beet). Samples were heated in
aqueous or ethanolic solutions at 75 to 80°C/60 to 180 min. and analyzed by HPLC with tandem mass
spectrometry and diode-array detection. Degradation products were a mixture of mono-, bi-, and
tri-decarboxylated betacyanins along with their corresponding neobetacyanins. Some specific iden-
tification of breakdown products included 17-decarboxy-betacyanins and 2-decarboxy-betacyanins,
2,17-bidecarboxybetanin, its isoform and 14,15-dehydrogenated (neobetacyanin) derivatives of all
the decarboxylated betacyanins.

Attoe and von Elbe (1981) reported that at high temperatures the degradation of betanin in model
systems was primarily induced by heat. However, at low temperatures (25°C), the influence of light
became predominant. In both situations, degradation of betanin was determined to follow first-order
kinetics. Their results also indicated that molecular oxygen was necessary for the photocatalyzed
destruction of this pigment. The exact mechanism of oxygen involvement was not elucidated. How-
ever, Attoe and von Elbe (1985) indicated that the inefficiency of anti-oxidants, capable of interacting
with free radicals, to improve the stability of betalains suggested that the mechanism of betanin
oxidation did not involve free radical chain reactions. Kinetic information on the stability of some
betalain-containing systems is presented in Table 2.4.

Their sensitivity to environmental factors such as temperature, light, oxygen, and humidity has
limited their application as food colorants. A better understanding of their kinetic stability will
facilitate their wider application in the food industry and may potentially displace the application
of synthetic dies. On the other hand, betalains are compounds with antioxidant activity, and thus,
have gained great importance in human nutrition. Betanin and betanidin in very small concentrations
have been found to inhibit lipid peroxidation and heme decomposition (Kanner et al., 2001). Red
beet products in the diet have been suggested as having protection against oxidative stress-related
disorders in humans, since they are good electron donors. Stintzing et al. (2005) substantiated the
antioxidant properties of betalains, as found in cactus pear clones. The authors pointed out that this
plant was a good economical source of betalains but content was dependent upon individual plant
species. Other sources of betalains as food colorants have been investigated. Cai and Cork (1999),
for instance, carried out a comparative stability of Amaranthus betacyanin pigments against a radish
anthocyanin and a synthetic FDA Red No. 3 as added to different food types such as ice cream,
jelly, and model beverage, with pH adjusted to 5 to 6.0. They found similar stability of the amaranth
to the anthocyanins but less stability compared to the synthetic dye. In general, there has been a
great deal of interest in betalains, not only as a source of natural colorant but also as a nutraceutical.
Pharmaceutical interest in red pigments from beets has not only been reported as antioxidants, but
also as having anticarcinogenic properties (Kapadia et al., 2003). Currently, extracts from beets
are the only betalain colorants permitted in the United States. Commercial beet powders generally
contain about 0.4 to 1.0% pigment, 80% sugar, 8% ash, and 10% protein with citric acid and/or
ascorbic acid as a preservative (Francis, 2000a).

2.3.2.4 Carotenoids

Although carotenoids (as vitamin A) have been previously discussed from a nutritional point of view,
it should be briefly mentioned that there is also significant interest in carotenoids as coloring agents.
Carotenoids can be divided into two major classes. The first class includes a large group of yellow
and red-pigmented unsaturated hydrocarbons such as lycopene, a-, 8-, y-, and &-carotenes. The
second group is the oxygenated derivatives referred to as xanthophylls (e.g., 8-cryptoxanthin, lutein,
and zeaxanthin). Commercial interest in these pigments lies in their use as colorants in oil-based food
systems such as margarine, butter, cheese, ice cream, meats, soups, beverages, and confectionery
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(Francis, 2000b). These pigments may be obtained from annatto (bixin), red peppers (capasanthin),
tomatoes (lycopene), saffron, and paprika.

Carotenoids may be complexed with sugars, such as di-gentiobiose in «-crocin, the main pigment
in saffron. Proteins may also be complexed with carotenoids, such as in the case of astaxanthin,
commonly found in crustacea such as crab and lobster. The natural bluish-green color of these
crustaceans is due to the astaxanthin-protein complex, which upon heating results in denaturation of
the protein portion of the complex giving a reddish-orange color.

Recent clinical evidence supports the role of carotenoids as important micronutrients. For
example, lycopene has been reported to provide protection against multiple types of cancer (Levy
et al., 1995). Lycopene functions as an antioxidant and exhibits a high quenching rate constant for
singlet oxygen, reportedly twice that of S-carotene and 10 times more than that of «-tocopherol
(DiMascio et al., 1989; and Shi et al., 2003). Lycopene exists in nature as the all-frans-form and
can isomerize to the higher energy and more reactive mono- or poly-cis-forms under the influence
of heat, light, or certain chemical reactions. However, it has no provitamin A activity due to the lack
of a B-ionone ring structure.

Several approaches have been taken to describe the kinetics of discoloration of carotenoids as
previously discussed in the section corresponding to vitamin A. In fact, several investigators have
observed apparent first-order kinetics. This is definitely difficult to apply to a number of systems,
where an induction period is present. Martinez and Labuza (1968) proposed that the deterioration of
astacene in freeze-dried salmon followed a first-order reaction. Other investigators have successfully
used the free-radical recombination approach to describe the kinetics of carotenoid decoloration.
Since the reaction is a chain reaction in which initiators and inhibitors are involved, it is obvious
that a more complex approach may be required to accurately characterize the reaction kinetics of
carotenoid decoloration. Working with model systems simulating dehydrated foods, Goldman et al.
(1983) indicated that the decoloration of B-carotene followed three periods, namely, an induction
period, a fast main period, and a retardation period, typical of an autocatalytic radical reaction.
Saguy et al. (1985) successfully predicted losses of B-carotene under dynamic conditions using
kinetic information obtained under static conditions through the use of the free radical recombination
approach.

Mortensen and Skibsted (2000) described degradation of carotenoids under mild acid conditions
to follow pseudo zero-order kinetics, and their reaction rates were very much dependent upon the
individual carotenoid under consideration. For instance, carotenoids with carbonyl groups (e.g.,
astaxanthin and canthaxanthin) showed slower rates of degradation than S-carotene and zeaxanthin.
The mechanism suggested carotenoids containing carbonyl groups are preferentially protonated at
this site and not on a carbon atom of the conjugated system.

Kanner et al. (1978) monitored the bleaching of carotenoids in powdered paprika and reported
that the kinetics were complex and did not follow a simple first-order or pseudo first-order reaction.
The authors suggested that variations in the prooxidant-antioxidant balance in different media would
explain differences in the results for various products. Chen and Gutmanis (1968) had previously
indicated that an autocatalytic mechanism would describe the bleaching of carotenoids in pepper and
in other products. A second-order reaction was found to describe the autooxidation process in dry chili
peppers during storage. Chou and Breene (1972) also indicated that the decoloration of S-carotene
was an autooxidative reaction. The authors reported that the reaction could be described by a first-
order or pseudo first-order reaction when oxygen was not a limiting factor. Ramakrishnan and Francis
(1973) monitored color changes in paprika, subjected to heat from 125 to 150°C. Simultaneous
carotenoid color reduction and browning development were measured. Texeira Neto et al. (1981)
studied the decoloration of S-carotene in a dehydrated food model system stored at 37°C. The authors
observed that first-order kinetics described the reaction. However, values corresponding to oxygen
uptake measurements indicated that six to seven molecules of oxygen were consumed per mole of
oxidized carotene. These authors’ results seemed to be in agreement with previous results presented
by Walter and Purcell (1974) who suggested that due to the high level of unsaturation of the carotenes
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more than one site is available for oxidative attack. Walter and Purcell (1974) had also suggested
that some of the oxidative products may undergo further oxidation. Texeira Neto et al. (1981) were
unable to confirm this claim using their model system. The authors developed a computer program
to predict B-carotene decoloration by measuring oxygen uptake or to determine oxygen uptake from
decoloration experimental data.

Barreiro et al. (1997) observed different reaction order kinetics, depending on the color parameter
used to quantify the change in color during heating. These authors monitored color changes in double
concentrated tomato paste heated 70—-100°C/up to 90 min. Color measurements were made with a
tristimulus colorimeter, and the usual L-, a-, and b-values were reported along with calculated values
including color difference (AE), where AE = /(Lo — L) + (ap — a) + (bg — b)?; saturation
index (SI), where SI = /a2 + b?; and a/b ratio, where hue angle = tan~! a /b. The authors reported
that all the color parameters followed pseudo first-order kinetics except for AE, which showed a zero-
order behavior (E, = 10.2 kcal/mole). L-value was defined as two consecutive first-order reactions
with E, values of 11.5 and 5.73 kcal/mole for phase one and phase two, respectively. Energies of
activation for a-, b-, a/b, and Sl-values were reported as 9.79, 20.5, 6.86, and 10.1 kcal/mole.

Many reports have been published on the stability of carotenoids during food processing and
storage. Although the overall amount of carotenoids may remain similar after processing, isomer-
ization has been identified as one of the main pathways for carotenoid losses (Waché et al., 2003
and Chen et al., 1994). This is of importance since isomers have different biological potencies. In
general, heat, oxygen, and light will have a significant impact on carotenoid stability. Baloch et al.
(1987) reported on the beneficial effect of sulfiting on the stability of carotenoids in blanched and
unblanched carrots, while Nutting et al. (1970) reported on the beneficial effects in parsley. Canning
of fruits and vegetables has been identified as causing cis-trans isomerization (Weckel et al., 1962
and Ogunlesi and Lee, 1979).

With the recent reports on health benefits of lycopene, in particular, a great deal of research
has been directed toward this carotenoid. Although lycopene exists in nature as the all-trans form,
it will readily isomerize to various cis-forms under the influence of heat, light, acid, or certain
chemical reactions (Shi and Le Maguer, 2000). Shi et al. (2003) presented a study on lycopene
in tomato puree as subjected to various processing conditions (90-150°C/up to 6 hrs) and reported
rate constants and energies of activation for the individual consecutive reactive pathways. They
included (a) frans-lycopene isomerizing to cis-isomer (k;), (b) cis-isomer oxidation (k3), and (c)
the predominant reaction of all-trans-lycopene oxidation (k4), Table 2.4. The reaction rate constant
(kp) for the reversible reaction of cis-isomers to trans-isomers was shown to be slow under the
thermal and light irradiation treatments of the experiments. Lin and Chen (2005) found significant
losses of both all-trans- and cis-forms of lycopene, lutein and S-carotene during storage of tomato
juice (4-35°C/up to 12 weeks). The presence of light during storage enhanced degradation of all
carotenoids. All-trans-lycopene showed the highest degradation loss, followed by S-carotene and
lutein. However, more cis-isomers were generated during storage than either lutein or S-carotene.

Shi and LeMaguer (2000) have reviewed the physical properties and reported findings on the
health aspects of lycopene as affected by processing. It has been demonstrated that the biopotency of
lycopene is dependent on the level of isomerization and oxidation. For instance, the bound chemical
form of lycopene in tomatoes when converted to the cis form by the processing temperatures makes
it more easily absorbable by the body. In general, however, further characterization of lycopene as
well as other carotenoid isomers is highly needed in order to provide a better understanding of their
biopotency and health related benefits. Kinetic data for the destruction of carotenoids from the point
of view of color are presented in Table 2.4.

2.3.2.5 Myoglobin

A major pigment that has been often overlooked in terms of kinetic stability either during thermal
processing or during storage is myoglobin. Myoglobin is responsible for the visual appeal whether
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as freshly wrapped meat on the shelf in the market or after cooking. Since most of the iron from
hemoglobin is removed from the animal after slaughter, myoglobin retains about 95% or more of
the remaining iron. This myoglobin pigment is actually a complex muscle protein comprising a
protein moiety (globin) and a nonpeptide portion referred to as the heme consisting of a central iron
atom within a porphyrin ring. The color of myoglobin is actually purple but may be oxygenated to a
bright red oxymyoglobin with a reduced ferrous state or may be oxidized to metmyoglobin with the
oxidized ferric state.

Most investigations involving myoglobin have been involved with storage as affected by oxygen,
various types of packaging materials, and pretreatments to maintain a desirable red color while in the
market (Huffman, 1980; Kropf, 1980; Griffin et al., 1982; Koohmaraie et al., 1983). However, due
to myoglobin’s sensitivity not only to oxygen but also to heat, enzymes, metal ions, light, alcohols,
acids, etc., it is of particular interest to study these variables in relation to kinetic parameters of
myoglobin denaturation and coloration. Another important area of study with respect to color changes
in myoglobin is the area of cured meats. In the presence of nitric oxide and heat, the cured meats as
affected by different processing techniques at low temperature has been reported by Kamarei et al.
(1979, 1981) and Fox et al. (1967) as well as several reviews on meat pigment chemistry (Fox, 1966;
Fox and Ackerman, 1968). Some mechanisms of pigment reactions in both fresh and cured meats
are presented in Figure 2.23.

Kamarei et al. (1981) studied the color of nitrate-cured samples exposed to gamma radiation.
The authors reported that contrary to prior reports nitrate did not affect color development or post-
irradiation fading of pork semimembranosus muscles. Radiation-reduced pigments were oxidized
by air to brown globin myohemochromogen as previously reported by Kamarei et al. (1979). The
subsequent pigment fading of cured samples as due to photooxidation or autooxidation are commonly
accepted mechanisms.

Fox et al. (1967) reported on color development during frankfurter processing and indicated that
the presence of oxygen, the addition of ascorbate or cysteine, and temperature were critical to the rate
of color development, the levels of cured meat pigment formed, and the levels of color maintained
during storage.

Limited information is available concerning the kinetics of color changes of myoglobin and
related compounds, either due to processing or storage. Since the formation of pigments responsible
for the bright red color of uncooked cured meats, namely, nitric oxide myoglobin, and nitric oxide
hemoglobin has been reported to be associated with chemical, nonenzymatic as well as enzymatic
reaction pathways, it is clear that kinetic characterization of the color changes can be very complex,
depending on the system under investigation. Moreover as pointed out by Lougovois and Houston
(1989), mechanisms for the interaction of ferrous and ferric myoglobin and hemoglobin with nitrite
to produce pigments have not been well elucidated.

On the other hand, variation in the color of precooked meat products to the same internal
temperature has been reported to be a problem as evidenced by variations in redness of highly
pigmented muscles such as beef muscle (Anonymous, 1983) and variations in pinkness in the less
pigmented poultry muscles (Cornforth et al., 1986). Two possible explanations have been reported,
namely, (a) conversion of the myoglobin to a pink hemochrome during heating and (b) incom-
plete denaturation of the myoglobin. The formation of nitrosylhemochrome as in the case of cured
meats may be the result of nitrate, nitrite, or nitrous oxide present during cooking. It has also
been suggested that under certain conditions denatured myoglobin may react with certain amino
acids, denatured proteins, and other nitrogen containing compounds to produce pink hemochromes
(Drabkin and Austin, 1935; Barron, 1937; Dymicky et al., 1975). Cornforth et al. (1986) sug-
gested that the pink hemochrome was formed under reducing conditions between the heme from
myoglobin and the nicotinamide normally present in the muscle. Trout (1989) reported that in
fully cooked high pH meat products the pink color was due to (a) incomplete denaturation of
myoglobin at low temperatures (< 76°C) and (b) formation of a hemochrome at higher temper-
atures (> 76°C). The presence of sodium chloride and sodium tripolyphosphate, additives that were
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FIGURE 2.23 Some mechanisms of myoglobin reactions in fresh and cured meats. (Adapted from Fox, J.B.
Jr. 1966. Journal of Agricultural and Food Chemistry, 14: 207-210 and Giroux, M., Yefsah, R., Smoragiewicz,
W., Saucier, L., and Lacroix, M. 2001. Journal of Agricultural and Food Chemistry, 49: 919-925.)

found to alter the denaturation of myoglobin, also resulted in increased pinkness of the cooked

products.

As previously indicated, a number of other factors play an important role in the stability of color
in meat and meat products. For instance Houben et al. (2000) reported on the effect of vitamin
E stabilizing color of minced beef by indirectly delaying oxidation of oxymyoglobin via direct
inhibition of lipid oxidation. Vitamin E was added to the animal’s diet. The reported effect was more
significant in lean meat. Similar trends were reported by Bhattacharya and Hanna (1989) who found
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increased rates of color losses in beef patties with higher fat levels (30%) vs. product with lower fat
levels (15%). Losses followed a first-order relationship.

2.3.2.6 Nonenzymatic Browning

Although the destruction of the previously reported pigments is of great significance to the food
industry, the appearance of undesirable color or pigments is also of great importance. In fact, brown-
ing compounds may alter the color, flavor, aroma, and nutritional value of food products. Three
important pathways may be involved in browning development, namely, sugar caramelization, Mail-
lard reaction and oxidation of ascorbic acid. The heat-induced caramelization of sugars may occur
under acidic or alkaline conditions and is associated with the production of flavors with unique
characteristics. Some of these flavors have bitter or burnt notes. On the other hand, the Maillard
reaction involving the condensation of amino groups with reducing sugars can also contribute to
serious problems during the processing and storage of food products. The Maillard reaction has been
extensively characterized and found to be highly influenced by temperature, water activity, and pH.
On the other hand, the degradation of ascorbic acid has also been found to be of great significance in
the darkening of a number of products including fruit juices and concentrates. Although the mechan-
ism of decomposition of ascorbic acid is rather complex as previously discussed, its decomposition
has been found to be accompanied by the production of carbon dioxide.

As indicated by various authors, one of the main problems associated with the Maillard reaction is
the lack of knowledge on how to control the different pathways, particularly when trying to enhance
pathways leading to desirable aroma or flavor formation, while avoiding those leading to the formation
of undesirable brown pigments, as well as carcinogenic and toxic substances. Many reactions occur
in an amino-reducing sugar system. The Amadori pathway as well as acid/base catalyzed sugar
degradation have been considered important in the generation of flavor compounds (Lu et al., 1997).
Yaylayan et al. (2003) suggested the use of phosphorylated sugars in providing control over aroma
profiles developed through the Maillard reaction. In general, a better understanding of the reaction
pathways to avoid the appearance of undesirable compounds and/or enhance the presence of desirable
flavor/aroma during food processing is definitely an important area of research.

Thus, with regard to the kinetics of browning development, it is difficult to generalize its beha-
vior in terms of mathematical models, unless knowledge of the composition of the product and
mechanisms involved in the formation of the brown pigments is reasonably defined. Most of the
information available in the literature has been collected in such a way that an overall reaction rate is
monitored when characterizing browning kinetics. It is obvious that this approach, although useful
in practical applications, has serious limitations when trying to extrapolate this information to other
systems.

Buera et al. (1987a) characterized the caramelization behavior of various single sugars as a func-
tion of temperature (45-65°C) and pH (4-6). The authors indicated that a zero-order reaction model
for fructose, xylose, and maltose, and a mixed-order reaction model for glucose, lactose, and sucrose,
described the kinetics of sugar caramelization. A lag period was observed for glucose, lactose, and
sucrose. Fructose and xylose solutions exhibited faster rates of browning as compared with maltose,
glucose, lactose, or sucrose. The authors attributed the reported trends to the relative structural sta-
bility of the sugars, including their tendency for mutarotation, opening of the hemiacetal ring, and
enolization. Lowering of the pH was observed to strongly influence the kinetics of caramelization,
resulting in decreased caramelization upon a decrease in pH. It is obvious that depending on the pH
involved, additional mechanisms, such as sugar hydrolysis, may play an important role. Activation
energies in the range of 25 to 30 kcal/mole for fructose and xylose and in the range of 35 to 48
kcal/mole for lactose and maltose were determined.

It is clear that when systems containing reducing sugars and amino groups are heated,
caramelization and the Maillard reaction may take place simultaneously. Hence, it becomes
important to characterize the contribution of each pathway to properly establish kinetic models.
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Buera et al. (1987b) reported on the nonenzymatic browning of sugar-glycine liquid model systems
at high water activity heated at 45 to 65°C. The authors indicated that the kinetic behavior of fructose-
glycine solutions was described by a zero-order reaction, while those of xylose-, glucose-, lactose-,
maltose-, and sucrose-glycine solutions followed a fractional order kinetic model (~0.5). It was
also reported that the contributions of caramelization and the Maillard reaction were dependant upon
composition, pH, water activity, and temperature. Based on their results, the contribution to caramel-
ization increased with temperature. Hence, it becomes more evident by looking at the information
presented for model systems, that various mechanisms contribute to the formation of browning,
and thus its kinetics cannot always be described by simple mathematical expressions. Mundt and
Wedzichz (2003) clearly pointed out, working with model systems, that the Maillard reaction in
a fructose—glucose—glycine system can be described as a combination of two parallel reactions of
glucose+glycine and fructose+glycine. These reactions share a common intermediate, and thus a
synergistic behavior of the two sugars is observed. Similarly, it is expected that in complex food
systems containing mixtures of sugars, some independent pathways may exist, although most likely
there will be interaction between the various reaction pathways, thus highly complicating any type
of kinetic analysis based on reaction mechanisms.

Martins and Van Boekel ((2005) have strongly suggested the use of multiresponse modeling to
take simultaneously into account all measured reactant-, intermediate-, and end-product concentra-
tion changes, as opposed to only one response in simple kinetics when characterizing the Maillard
reaction. The authors investigated a kinetic model for the glucose/glycine Maillard reaction, indic-
ating that the reaction constants followed an Arrhenius type temperature dependence and that the
model performed well for the temperature range studied (80-120°C). The multiresponse model-
ing was found to be very useful in unraveling complicated reaction pathways as normally found in
Maillard reactions, where multiple parallel reactions proceed at the same time (Table 2.4).

Although a large number of kinetic studies have been conducted on the kinetics of browning, the
mathematical description of the reaction has not always been simple. A more traditional approach,
as presented by Haugaard et al. (1951), studying the kinetics of browning formation of D-glucose
and glycine at reflux temperatures, concluded that the rate of browning formation (dB/df) was
proportional to the square of the amino acid concentration (A) and the concentration of the reducing
sugar (R), according to an overall equation:

_4B_ kA’R? (2.40)
dt
where k is the rate constant and ¢ is time.

Labuza (1970) reported that the Maillard reaction could be considered to follow zero-order
kinetics when reactant concentrations are not limited. In fact, several investigators have found zero-
order reaction models to be the easiest to describe the kinetics of browning with reasonable accuracy.
Labuza and Saltmarch (1981), in their review on the non-enzymatic browning reaction as affected
by water in foods, indicated that for most dry foods a zero-order reaction had been found to describe
the kinetics of browning. Mizrahi et al. (1970) working with dehydrated cabbage observed that
the kinetics of browning formation could be described by a zero-order reaction for the moisture
content range investigated (1.32—-17.9 g water/100 g solids). Warmbier et al. (1976a), working on
the effect of glycerol on nonenzymatic browning in a solid intermediate moisture model system
containing casein and glucose, reported zero-order kinetics for Maillard browning formation after
a period of induction, although the initial loss of available lysine and glucose followed first-order
kinetics. Warmbier et al. (1976b) also observed that the browning rates increased as the glucose
concentration increased possibly due to the closer proximity with the amino groups, thus overriding
diffusional problems of the reactants due to the viscosity of the system. Waletzko and Labuza (1976),
working with intermediate moisture foods, and Labuza and Saltmarch (1981), working with whey
powders, have reported zero-order reactions to describe the kinetics of nonenzymatic browning
development. Petriella et al. (1985), working with model systems at high water activity containing
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lysine and glucose, also reported zero-order kinetics after a short initial induction period in the range
45 to 55°C but with deviations at lower temperatures. In fact, at 35°C the order of the reaction
was between zero and one. The authors reported a strong influence of pH and temperature on the
rate of brown color development and a lack of influence of water activity for that particular narrow
range (0.90-0.95). Working with model systems, Stamp and Labuza (1983) reported that browning
of aspartame followed zero-order kinetics. It is considered that aspartame, a dipeptide, can undergo
nonenzymatic browning in the presence of reducing sugars.

Saguy et al. (1978a) reported on the kinetics of browning in grapefruit juice during thermal and
concentration processes and observed that two stages were present. First-order reaction kinetics were
used to describe the rates of browning formation in both stages. The first stage or lag period had an
activation energy in the range 8 to 30 kcal/mole, while the second stage proceeded more rapidly and
had an activation energy between 15 and 24 kcal/mole.

Toribio and Lozano (1984) investigated the rate of browning in Red Delicious and Granny Smith
apple juice concentrates during storage. The authors reported a first-order reaction for the solid
content under investigation (65—75° Brix) in the range 5 to 37°C.

Kinetics of color changes during extrusion of yellow maize grits were reported as a function of
processing parameters, including barrel temperature (140—-180°C), moisture (13—17%), feed rate (38—
52kg/h) and screw speed (60—80rpm). Color changes were monitored using an L-a-b colorimeter,
specifically lightness (L-value) and redness (a-value). Major parameters affecting color were product
temperature and feed moisture content. Activation energies were calculated for L-value and a-value as
16 and 18 kcal/mole, respectively. L-value was found to be the best indicator for modeling browning
kinetics of the extruded product (Ilo and Berghofer, 1999). Further studies by the authors (Ilo and
Berghoffer, 2003) using lysine-fortified maize grits indicated that lysine degradation followed a
first-order reaction kinetics. Cystine and arginine losses also followed first-order kinetics. Activation
energies were found to be 30.4, 16.3, and 18.2 kcal/mole for lysine, arginine, and cystine, respectively.
Shear stress appeared to significantly affect the rate constants of amino acid degradation.

Kinetics of color changes for the thermal processing of onion and garlic paste were reported by
Ahmed and Shivare (2001a, 2001b). Color changes followed first-order reaction kinetics for both
products as described by the tristimulus color value combination La/b, with activation energies of
3.9 and 3.3 kcal/mole, respectively. Avila and Silva (1999) determined that the retention of peach
puree total color difference (TCD) and the La/b may be used as quality indicators for sterilization
processing conditions. The peach puree color thermal degradation followed a first-order kinetics
with an Arrhenius model well describing the temperature dependence. The activation energies for a,
La/b, and TCD were found to be 25.3, 25.3, and 28.4 kcal/mole, respectively. In general, different
approaches have been taken to monitor color changes as due to nonenzymatic browning, primarily
looking at L-a-b values and their corresponding kinetic changes. The basic problem with this approach
is that most of these models are not based on a true understanding of the mechanisms of browning
formation or pigment losses but rather a composite final effect as measured by a colorimetric response.
Thus, although this information has some value as it may help optimize process or storage conditions,
limited information can be extrapolated to other formulations or systems due to lack of understanding
on how to avoid undesirable or favor desirable reactions associated with nonenzymatic browning.

In the following paragraphs, we will address kinetic information available in relatively novel
processing techniques such as high pressure, irradiation, and ohmic heating/pulsed electric field.

2.4 KINETICS ASSOCIATED WITH ALTERNATIVE
PROCESSING TECHNOLOGIES

2.4.1 HIGH PRESSURE PROCESSING

In response to the ever-increasing demands by the consumer for better quality and nutritious foods,
the food industry continually searches for new techniques to bring these demands to realization. One
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of the new emerging technologies that has received a great deal of attention in the past 10-15 years
is that of high-pressure processing (HPP) technology. Pressure is applied via a pressure-transferring
medium such as water or other fluid, and can be effective at ambient temperature, thereby decreasing
the amount of thermal energy needed during conventional processing (Hashizume et al., 1995; Palou
etal., 1997). Reports have shown that HPP treatments are independent of product size and geometry,
and their effect is uniform and instantaneous, unlike conventional heat transfer systems (Knorr, 1993;
Zimmerman and Bergman, 1993; Alemdn et al., 1996). During high-pressure processing, foods are
generally subjected to pressures in a range of 100-600 MPa at around room temperature.

The following are considered the major effects of high pressure on food systems. First and
foremost is (1) proper inactivation of microorganisms/yeast (Hoover et al., 1989; Zook et al., 1999)
followed by (2) enzyme inactivation or activation (Morild, 1981; Indrawati et al., 2001; and Nienaber
and Shellhammer, 2001a, 2001b). Other areas that are highly significant are (3) modification of
biopolymers such as protein denaturation (Heremans, 1982; Heremans et al., 1999), or gel formation
(Cheftel, 1991); (4) product functionality (e.g., density changes, freezing, and melting temperatures)
or texture attributes (Farr, 1990; Deuchi and Hayashi, 1991; Eshtiaghi and Knorr, 1993); and last but
certainly not the least is (5) quality retention such as flavor and color (Hayashi, 1989; Cheftel, 1991;
Weemaes et al, 1999a; Suthanthangjai et al., 2005) as well as nutritional value (Sancho et al., 1999).
Most work up until now has been generally focussed on inactivation of microorganisms (Farkas and
Hoover, 2000). Of course, the key to the success of this HPP technology will be the inactivation
of microorganisms with the simultaneous retention of nutritive and organoleptic characteristics of a
given product. The attainment of reliable and consistent data on the destruction of microorganisms
has yet to be accomplished, although great strides have been made. There are many reports on the
effect of HPP on reduction of microorganisms but few authors have actually reported kinetics, which
is essential to the prediction of destruction of pathogenic bacteria and spores. Some investigators
have reported first-order kinetics on destruction of bacteria and yeast as a function of pressure (Butz
and Ludwig, 1986; Smelt and Rijke, 1992; Carlez et al., 1993; Hashizume et al., 1995; Palou
et al., 1997); however, other researchers have reported a possible two-phase inactivation with the
first population inactivated rapidly and the second found to be more resistant (Cheftel, 1995). It
is important to determine inactivation kinetics as a function of pressure, temperature, and medium
composition (Ludwig et al., 1992). Many of the authors who have determined first-order kinetics
have attempted to apply the traditional concepts of D- and z-values; however, other authors have
shown evidence that death is not first-order, indicating the invalidity of D- and z-values. Similarly to
studies on thermal processing, a major drawback is the incomplete reporting of necessary conditions
when collecting kinetic data. In the case of HPP processing this is even more crucial with added
variables such as rate of pressure increase and decrease, the come-up time for the pressure, the
actual isostatic pressure, along with the initial microbial population concentration. Their pressure
resistance depends on the type of microorganism and suspension media composition, temperature of
applied pressure, gas solubility, ionic strength, and pH. Recovery after release of pressure treatment
is also an important consideration for proper assessment of the treatment.

Another area on the effect of high-pressure treatment that has received a fair amount of attention is
inactivation of enzymes. Indrawati et al. (2001) reported that the inactivation of lipoxygenase in green
pea juice and whole peas as a function of thermal (60—70°C) or combined thermal-pressure effects
(-15-70°C/0-600 MPa) followed first-order kinetics. They reported energies of activation of 129 and
140 kcal/mole for green pea juice and whole peas, respectively. Nienaber and Shellhammer (2001b)
also reported first-order kinetics for the inactivation of pectin methylesterase in orange juice when
subjected to combined high pressure and thermal treatments (400-600 MPa/25-50°C/0-30 min).
The same authors also looked at the effect of HPP/thermal treatment (500-800 MPa/25-50°C/1 min)
on the shelf life of orange juice in terms of not only enzyme activity but also ascorbic acid and color
loss (Nienaber and Shellhammer, 2001a). Processing at 800 MPa/25°C/1 min resulted in less than
20% loss of ascorbic acid over a period of 3 months at 4°C or 2 months at 15°C with stable color
(as measured by Lab-values) at all conditions.
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Due to the complexity of food systems, however, it is somewhat difficult to exactly predict the
effects of increasing pressure on food products. For instance, there have been reports that lipid
oxidation may increase with application of high pressure in pork fat and meat (Cheah and Ledward,
1995, 1996, 1997) but browning may decrease at elevated pressures (Tamaoka et al., 1991). Other
investigators have found that the effect of pressure on nonenzymatic browning in glucose-lysine
model systems was dependent on pH; increasing pressure suppressed browning at pH < 8.0 but
accelerated browning at pH 10.2 (Moreno et al., 2003). In theory, due to the lower temperatures
required for HPP treatment of foods, nutritional quality should be protected via this type of processing.
HPP has been reported to keep covalent bonds intact and affects only noncovalent ones, thus resulting
in improvement in overall quality characteristics (Hayashi, 1989). For instance, Horie et al. (1991)
reported 95% retention of vitamin C in strawberry jam after HPP processing, and Sancho et al.
(1999) reported 89% retention of ascorbic acid in a strawberry puree model system after treatment
at 400 MPa/30 min at ambient temperature.

Work is relatively scarce in the area of effect of HPP treatment on the nutritional quality of
foods. There is some significant work reported, however. Nguyen et al. (2003), for instance, studied
the effect of pressure and temperature on the degradation of 5-methyltetrahydrofolic and folic acid
model systems. They reported first-order kinetics for both folate derivatives at ambient pressure in a
temperature range of 65 to 165°C with energies of activation of 19.1 and 12.3 kcal/mole, respectively.
High-pressure treatment combined with heat (0-800 MPa/10-65°C) showed little effect on folic
acid but increased 5-methyltetrahydrofolic acid degradation with increasing pressure, particularly at
temperatures > 40°C. The authors developed a predictive model describing the combined effects of
pressure and temperature on the 5-methyltetrahydrofolic acid rate constants (Table 2.5a).

Van den Broeck et al. (1998) reported first-order kinetics for the destruction of L-ascorbic acid in
orange and tomato juices subjected to a single pressure level of 850 MPa at 65-80°C. Both energies
of activation and z-values were reported; parameters are previously reported in Section 2.3.1.1 on
vitamin C. Sanchez—Moreno et al. (2003) reported on the effect of specific combinations of HPP
and thermal/time treatments on vitamin C, provitamin A, and other carotenoids in orange juice after
initial processing and during storage at 4°C up to 10 days. The authors found an 8—10% total loss of
vitamin C during processing depending upon the designated treatment with up to 60% loss during
subsequent storage. Vitamin A, on the other hand, showed increases in fS-carotene immediately
following process treatment (from 6 to 28%) with increasing concentrations as pressure increased
from 100 to 400 MPa. Losses occurred, however, during storage up to 21%. Some of the increase
in B-carotene concentration immediately following pressure treatment was attributed to a structural
change allowing greater extractability of the carotenoids. Nevertheless, it appeared that the effect of
high pressure treatment did not adversely affect vitamin A.

Other reports have shown effects of high pressure treatment on color stability. For instance,
Weemaes et al. (1999a) investigated the effect of HPP on degradation of green color in broccoli
juice (0.1-850 MPa/70-90°C/up to 180 min). Loss of color was measured as change in a-value.
The authors found that two consecutive first-order degradation steps using the Arrhenius equation
with energies of activation increasing with increasing pressure could model loss of color. However,
the Eyring equation did not effectively describe their dependency on pressure (rate constants are
presented in Table 2.5a for reference). Suthanthangjai et al. (2005) also investigated the effect of
HPP on color of red raspberry puree, as monitored by degradation of two predominant anthocyanins,
cyanidin-3-glucoside and cyanidin-3-sophoroside as measured by HPLC. The ranges of pressure
and temperature treatments were 200, 400, 600, and 800 MPa at 18-22°C for 15 min, followed by
storage from 4-30°C, up to 9 days. The highest stability for red color was reported to occur at
200 and 800 MPa with storage at 4°C. The authors surmised that there may be higher remaining
enzyme activity of S—glucosidase, peroxidase, and polyphenolase at those intermediary pressures.
This trend was observed at all storage temperatures. Similar enzyme activity as a function of pressure
has been reported by Chéret et al. (2005) in the case of certain proteolytic enzymes in sea bass. This
phenomenon is of critical importance when modeling effect of pressure on overall quality parameters.
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In summary, in order to favor the expansion of this technology, it is important to continue studying
the effects of high pressure on various quality factors of foods to assure the best quality products.

2.4.2 IRRADIATION

Similar to conventional thermal processing, the concept of irradiation is to temporarily raise the
energy level of a system sufficiently to result in the death of microorganisms, thus, extending the
shelf life of a product. In the case of irradiation, however, instead of raising the temperature of
the system for a given period of time, the system is exposed to a source of radiation, resulting in
ionization of individual atoms or molecules to produce an electron and a positively charged atom.
The energy of radiation is often measured in electron volts (eV), where one electron volt is the energy
acquired by an electron falling through a potential of 1V (or 1/eV = 1.602 x 10~'? erg). The total
effect of the radiation upon a given material is dependent on the energy of each photon, its source, as
well as the total number of photons impinging on the material. The relative ionization of electrons
varies with the depth of absorption in a given material (absorber). Using irradiation as a technique for
preservation allows the foods to be kept cold or frozen during treatment, thus, potentially allowing
greater stability of quality factors of the food product.

From a microbiological safety viewpoint, some issues that are raised on the effects of irradiation
of foods are whether or not they may result in the mutation of microorganisms which may lead to more
virulent pathogens, and if there is reduction of the spoilage microorganisms, whether or not there
will result as a consequence the ability of pathogens to grow undetected without competition. FDA,
however, has indicated that radiation-induced mutation is not a concern with respect to increased
virulence or increased heat resistance. In fact, Farkas (1989) has indicated that radiation is more
likely to reduce virulence of surviving pathogens. Other issues of concern involve losses of nutrients.
There has been general evidence, however, that indicates conventional cooking alters the nutrient
quality much more than irradiation. Macronutrients, including proteins, lipids, and carbohydrates
are not significantly affected up to doses of 10 kGy with only minor changes at sterilization doses of
50 kGy (Diehl, 1995). There is evidence that vitamins may degrade with irradiation, which would
be expected of any process that elevates the energy level of the individual food constituents. The
degree of degradation will depend on a number of factors such as the dose of radiation, the food type,
the temperature at which irradiation occurs, and the presence of oxygen. Generally low temperature
radiation in the absence of oxygen reduces significantly the losses of vitamins as well as maintains
storage at low temperature and in sealed containers (WHO, 1994). Similarly to thermal processing,
it has been found that thiamine is the most labile of the water soluble vitamins in the presence of
irradiation processing, whereas, vitamin E has been shown to be the most susceptible of the oil soluble
vitamins to degradation from irradiation (Kilcast, 1994; Fox et al., 1995, 1997). FDA requires that
the vitamins most affected by irradiation are not a significant source from that particular processed
food product in the overall diet.

Overall quality of irradiated foods may be affected by: (1) radiation dose; (2) dose rate; (3)
temperature and atmospheric conditions during irradiation (e.g., presence of oxygen); (4) temper-
ature and environmental conditions following irradiation during storage; and (5) development of
radiolytic products (Thayer, 1990). The presence of radiolytic products can result in oxidation of
myoglobin and fat, which may result in discoloration and rancidity or other off-odor and/or off-
flavor development. For instance, ozone, which is a strong oxidizer produced during irradiation in
the presence of oxygen, may oxidize myoglobin resulting in a bleached appearance. Color changes
may be influenced by the packaging environment. It has been reported that irradiated vacuum
packaged meats develop a fairly stable bright pink or red color in turkey breasts, pork, or beef
(Niemand et al., 1983; Lebepe et al., 1990; Lynch et al., 1991). This stresses the importance of
elimination of oxygen before irradiation. Irradiation in the frozen state minimizes movement of
free radicals to react throughout the food system and, thus, can minimize sensory quality issues.
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According to Kropf et al. (1995) and Luchsinger et al. (1996), any irradiation-induced off-odors
may be removed during conventional cooking; however, studies are ongoing for investigation. Crone
et al. (1992) detected the formation of 2-alkyl-cyclobutanone formed from fatty acids in irradiated
but not cooked foods.

From a microbiological point of view, the predominant spoilage organisms are Gram-negative
psychrotrophic microorganisms, which are very susceptible to irradiation (Monk et al., 1995). It has
been shown that doses of about 1 kGy virtually eliminate Gram-negative microorganisms. However, it
is not as effective on Gram-positive lactic acid-producing microorganisms. Nevertheless, refrigerated
storage of meats has increased dramatically as a result of irradiation. Lambert et al. (1992) found
that pork loin slices packaged under nitrogen and irradiated to 1 kGy had an extension of 21 days
beyond the control at 5°C. As with thermal death time (TDT) in conventional thermal processing,
the death of a microorganism resulting from exposure to radiation can also be evaluated by plotting
the logarithm of the surviving fraction, in this case, against dose. With thermal sterilization, the
effect of kill is not solely dependent on the quantity of heat absorbed by the cell but also on the
intensity factor (temperature) and on time. Radiation sterilization, on the other hand, is actually less
complicated since the intensity factor is called "dose rate" or the amount of radiation absorbed by
the cell per unit time. Although dose rate has some lethal effects, it is possible to relate radiation
effects to dose alone according to the following equation: N = Nge 2/, where N is the number
of live organisms after irradiation, Ny is the initial number of microorganisms, D is the dose of
radiation received, and Dy is the constant dependent upon organism type and environmental factors
(Figure 2.24). As commercial use of irradiation becomes more viable, it will become increasingly
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FIGURE 2.24 Representation of dose-response curves for different types of microorganisms. (Adapted from
Karel, M. 1975. Radiation preservation of foods, ch. 4, pp. 93-130, In: Principles of Food Science. Part I1.
Physical Principles of Food Preservation, Fennema, O.W. (ed.), Marcel Dekker, NY.)



Reaction Kinetics in Food Systems 263

important to provide additional kinetic data on the stability of various quality factors as affected by
treatment (Table 2.5b).

2.4.3 PROCESSES ASSOCIATED WITH ELECTROMAGNETIC FIELDS

Other areas of alternative technologies for processing of foods include the direct transfer of energy
from an electromagnetic source without the use of traditional heat transfer surfaces, providing the
advantage of high-energy utilization. Considering the electromagnetic spectrum, there are three main
frequency areas for direct heating of foods: (1) 50/60 Hz or typical household power as used in resist-
ance or ohmic heating, with direct immersion of electrodes; (2) 10-60 MHz (high frequency), where
the food material acts as a conductor between two electrodes; and (3) 1-3 GHz (microwave region),
where energy is transferred to the food through air by guided waves controlled by an electromagnetic
device (Ohlsson, 1999). Two areas that have recently received a great deal of attention include ohmic
heating and pulsed electric field (PEF). Ohmic (or Joule) heating was one of the earliest forms of
electricity applied to food pasteurization and is reemerging as a viable process (Allen et al., 1996). Its
mode of operation is by direct passage of electric current through the food product, which generates
heat as a result of electrical resistance. Ohmic heating reduces the time of heating as compared to
conventional heat transfer by convection or conduction. Its advantages are (1) rapid and uniform
heating, (2) less thermal damage to products, (3) decreased operational costs, and (4) absence of
hot surfaces and therefore reduced fouling, as occurs in UHT processing (Scott, 1995; Reznick,
1996). Ohmic heating is of particular interest to aseptic processing, keeping in mind factors such as
particle size, particle density, carrier viscosity and composition, and electrical conductivity (Zoltai
and Swearingen, 1996; Kim et al., 1996). Leizerson and Shimoni (2005) compared ultra-high tem-
perature ohmic processing of fresh orange juice (90-150°C/1.13-0.68 sec) to conventional thermal
processing (90°C/50 sec) and found complete inactivation of bacteria, yeast, and mold with either
treatment and superior organoleptic properties and less loss of vitamin C with the high temperature
ohmic processed juice.

In most cases up until the present, inactivation of microorganisms with electrical energy has
been considered to be due mainly to thermal effects, utilizing traditional thermal death time (TDT)
equations. However, there are considerations that may need to be taken into account for nonthermal
effects, particularly when these technologies are applied at low temperatures. One such technology
includes pulsed electric fields (PEF) processing. This process involves the application of pulses of
high voltage (20-80kV/cm) to foods placed between two electrodes. PEF may be applied in the
form of exponentially decaying, square wave, bipolar, or oscillatory pulses at ambient, sub-ambient,
or slightly above ambient temperatures for less than 1sec (Barbosa-Cénovas et al., 2000). This
would obviously reduce the potential of heat losses present in traditional thermal processing. By
increasing the electric field intensity, the frequency of the number of pulses, and their duration,
greater inactivation of microorganisms can be achieved (Benz and Zimmermann, 1980; Tsong,
1990; Knorr et al., 1994; Larkin and Spinak, 1996). This, again, is dependent on other factors such
as treatment temperature, pH, ionic strength, and conductivity of the fluid medium (i.e., high lipid
containing fluids are less conductive than aqueous media).

Similarly to high pressure processing, the effectiveness of applying electrical energy for
the inactivation of microorganisms will depend on processing above the threshold (or critical)
electric field intensity for a target microorganism, below which inactivation does not occur. A
somewhat similar model was proposed for the influence of electric field intensity on reducing
a microorganism population as that with the influence of pressure (Hiilsheger and Niemann,
1980):

In(S) = —be(E — E;) = In(N/Np) (2.41)
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where, S is the survival ratio, Ny and N are the initial and final microbial populations, respectively;
b is the regression coefficient (microbial media constant); E is the applied electric field; and E. is
the critical electric field (based on an extrapolated value of E for 100% survival) and is dependent
on cell size and pulse width. This relationship was later revised by Hiilsheger et al. (1981) relating
survival of microorganisms with PEF treatment time (¢):

In(S) = —bIn(t/t.) or S = (t/t;)  E-EVK) (2.42)

where, b is the regression coefficient; 7. is the extrapolated value of ¢ for 100% survival; and K is a
kinetic constant.

Vega-Mercado et al. (1999) and Barbosa-Cédnovas et al. (2000) have reviewed some of the most
recent advances in the area of high-intensity pulsed electric fields. It is clear that this is still a
developing technology but warrants mention as a new technology of the future in food processing.
Nevertheless, a great deal of work needs to be accomplished in the area of determining the kinetics of
destruction of microorganisms as a function of PEF, determination of uniform delivery of treatment,
the impact of temperature, pH, moisture and lipid content on the process, and the influence of food
additives. There is also little known on the influence of PEF on vitamin retention. PEF has been
predominantly used for the preservation of bread, milk, orange juice, liquid eggs, and apple juice.
Zang et al. (1997), for instance, evaluated shelf life of reconstituted orange juice treated with a PEF
pilot plant system, maintaining ambient temperature and using different ware-shaped pulses. They
confirmed that square wave was the most effective pulse shape, with a reduction of aerobic counts
by 3—4 log cycles under 32 kV/cm, similar reduction to that by conventional thermal processes. Less
vitamin C losses were observed with PEF compared with conventionally heat-processed juice when
stored at 4°C for up to 90 days.

2.5 SUMMARY

After reviewing the published literature, it is evident that a major effort is still needed to attain
reliable kinetic information for nutrient or quality retention in food materials or products applicable
to the optimization of processing and storage conditions. A better understanding of the mechanisms
involved in the reactions leading to the destruction of a compound or a quality parameter should
facilitate the development of kinetic information with wider applicability. In addition, this approach
will help in providing guidelines to determine formulation or fortification protocols of products
leading to a higher nutritional value or quality. The accuracy, sensitivity and specificity of the
methodology applied to quantify the specific changes are also of crucial relevance to the quality of
the kinetic information.

It should be kept in mind that some of the new emerging technologies in food processing such
as high pressure, irradiation, microwave and radio frequency processing, pulsed electric fields, and
ultrasound will require more basic studies in order to predict retention of nutrients such as vitamins,
and organoleptic properties, as well as establishing experimental protocols to obtain reliable kinetic
parameters to describe survival curves for microbial populations. Efforts such as those set forth by a
joint effort between the Food and Drug Administration of the U.S. Department of Health and Human
Sciences in conjunction with the Institute of Food Technologists in 2000 are critical in assessing
alternate processing technologies and identifying research needs. This joint organized effort was put
together in order to provide a scientific review and analyze the important issues in food safety, food
processing, and human health.

With the growing concerns over health-related issues and consumer desire for better quality
foods, combined with the increase in potential new technologies for alternative food processing, it
is evident that there is an even greater challenge to establish appropriate kinetic models for process
optimization.
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NOMENCLATURE

SIMPLE REACTIONS/REVERSIBLE FIRST-ORDER REACTIONS

Ap
Axo
Bo
Boo
C
Co
Ca
Cp
Ca
Cp
k
ko
ky
k_1
k
n

r

t

2

0

o

Initial concentration of reactant species A
Concentration of reactant species (A) at time infinity
Initial concentration of reactant species (B)
Concentration of reactant species (B) at time infinity
Concentration at time (¢)

Initial concentration

Concentration of reactant species (A) at time ()
Concentration of reactant species (B) at time (¢)
Initial concentration of reactant species (A)

Initial concentration of reactant species (B)

reaction rate constant

Zero-order reaction rate constant

First-order reaction rate constant

Reverse first-order reaction rate constant
Second-order reaction rate constant

Order of the reaction

Reaction rate

Time

Half-life

CHAIN REACTIONS

a
b
by
C
Co
Ks

Constant

Initiation rate constant of the products

Initiation rate constant of unoxidized carotenoids
Carotenoid concentration at time (7)

Initial carotenoid concentration

Solubility coefficient of oxygen in carotenoids

k, ki, kp, ky, ki, ki Rate constants

Po,
t

wi
o

Partial pressure of oxygen

Time

Rate of formation of free radicals
Effective rate constant

ENzYME KINETICS/SIMULTANEOUS COMPETITIVE REACTIONS

E Enzyme

EI Enzyme-inhibitor complex

ES Enzyme-substrate complex

ESI Enzyme-substrate-inhibitor complex
I Competitive inhibitor

ki,k_1,ky, k_2, k, Rate constants

P,P;, Py, P, Products

S Substrate

EFFeCT OF TEMPERATURE/ARRHENIUS

E,
ko

Activation energy (cal/mole)
Frequency or collision factor
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R Gas constant (1.987 cal/mol - °K)
T Absolute temperature (°K)

EFFeCT OF PRESSURE/EYRING

AG  Gibb’s free energy

AH* Activation enthalpy

AS*  Activation entropy

h Planck’s constant (1.584 x 10723 cal - 5)

k Rate constant

P Pressure

kg Boltzmann’s constant (3.301 x 10722 cal/°K)
AV*  Activation volume (V)

NONENZYMATIC BROWNING
dB/dt Rate of browning formation

A Amino acid concentration
R Reducing sugar concentration
IRRADIATION

D  Dose of irradiation received [Units: 1 gray (Gy) = 100 rad]

Dy Constant dependent upon microorganism type and environmental factors
N Number of live microorganisms after irradiation

No Initial number of microorganisms

ELECTROMAGNETIC FIELDS

bg, b; Regression coefficients (microbial media constants)
Applied electric field

Critical electric field

Kinetic constant

Survival ratio (N /Ngp)

Treatment time

te Critical time (extrapolated for 100% survival)

o

~ w N
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3.1 INTRODUCTION

Phase transitions govern changes in the physical state of all materials, including food components.
Phase transitions of pure materials occur at temperatures, which are pressure-dependent and specific
to each material. In foods, internal and external pressure and temperature conditions contribute to
their physical state during processing, storage, and consumption. Most phase transitions in foods
are phase changes that occur in their main components: carbohydrates, lipids, proteins, and water.
The physical state and engineering properties of most foods are defined by the physical state of their
major components, especially that of lipids and water.

The basic theories of equilibrium thermodynamics can be applied in studies of most first-order
transitions of pure compounds. Food materials and their component compounds exhibit both equi-
librium and nonequilibrium states within a complex, often multiphase structure, which makes their
phase behavior complicated and close to that of many noncrystalline synthetic polymers (Slade and
Levine, 1990). The physical state of a chemically pure material can be described in terms of tem-
perature, T', volume, V, and pressure, p. The relationships between these variables and the physical
state of a material is usually described by a three dimensional phase diagram showing equilibrium
lines for temperature, volume, and pressure.

Equilibrium thermodynamics of pure single-component systems are used to describe phase
transitions in terms of chemical potential, i, Gibbs energy, G, enthalpy, H, entropy, S, and tem-
perature, T. Unfortunately, foods are not chemically pure systems, and their phase transitions
and transition temperatures often depend on their composition. Furthermore, foods often exist in
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nonequilibrium, metastable, amorphous states which exhibit time-dependent properties. The ther-
modynamic characteristics of the phase behavior of amorphous food components are related to their
free volume (Slade et al., 1989; Roos and Karel, 1990, 1991a). The free volume theory of synthetic
polymers has been well documented (Eyring, 1936; Fox and Flory, 1950; Ferry, 1980; Tant and
Wilkes, 1981). It seems that the free volume theory can be applied and used to describe the general
behavior of many amorphous food systems (Slade and Levine, 1991).

Water is probably the most common and most important component of all foods which affects
their physical, chemical, microbial, organoleptical, and other important properties. Most fresh foods,
excluding some cereals, contain 60 to 95% (w/w) liquid water. The only other major components,
which may exist in their liquid state in foods are oils and fats. However, these lipids and water do
not mix well and they often exist in separate phases. Consequently, carbohydrates and proteins as
well as minerals are the main food solids that have significant interactions with water, that is, phase
transitions of both nonlipid solids and water are affected by their concentration in the nonlipid phase.
Water in foods may exist in all its physical states, that is, ice, liquid, and vapor, at typical temperatures
of food processing and storage. Hence, water in foods shows transitions between solid ice, liquid
water, and gaseous vapor. Water is important to all physical properties of food materials, and its most
important role in affecting phase transitions of other food components is its ability to act as a solvent or
a plasticizer. Water affects significantly, for example, protein denaturation (Hzagerdal and Martens,
1976; Wright, 1982) and starch gelatinization (Lund, 1984), and it may strongly influence state
transitions of amorphous food components (Slade and Levine, 1988a; Roos and Karel, 1990, 1991a).

Intheir chemically pure state, most carbohydrates and proteins are crystalline or amorphous solids
at room temperature. Therefore, in the absence of water, they may exist in completely crystalline,
semicrystalline, partially crystalline, and amorphous states. Thermodynamical properties and phase
and state transitions of food solids are extremely important to food dehydration and dried food stability
which are closely related to their water content and sorption behavior (White and Cakebread, 1966;
Karel, 1973; Levine and Slade, 1986; Roos, 1987; Roos and Karel, 1990). In the nonaqueous state,
decomposition of a number of food components may occur before transition temperatures are reached
which makes experimental determination of high-temperature phase and state transitions impossible.

Classification of phase transitions into first-order, second-order, and higher-order transitions
on a thermodynamic basis was published by Ehrenfest (1933). Transitions between solid crystals
and liquid, and liquid and gaseous states are thermodynamically first-order phase transitions. Other
important first-order transitions are transitions between solid and liquid states of fats. Starch gelat-
inization and protein denaturation also show first-order thermodynamic characteristics, but these
transformations may be associated with other changes which make them more complicated and
different from pure first-order phase transitions. Melting of lipids has been studied extensively
and thermodynamical data for transitions between various polymorphic states of mostly pure tri-
acylglycerols have been reported in a number of studies (Hagemann, 1988). Most of the studies
reported thermodynamical data for phase transitions of lipids (Hagemann, 1988), protein denatura-
tion (Wright, 1982), and starch gelatinization (Donovan, 1979; Biliaderis et al., 1980; Lund, 1984)
obtained by using differential scanning calorimetry (DSC). Use of DSC in food analysis has been
reviewed by numeros authors, for example, by Biliaderis (1983) and Lund (1983), and in the analysis
of polymers by Wunderlich (1981).

Phase and state transitions of amorphous food components often dominate in dehydrated, low
moisture and frozen foods. In these foods, the properties of food solids are typical of other amorph-
ous materials (Kauzmann, 1948; White and Cakebread, 1966; Levine and Slade, 1986; Roos 1987,
Roos and Karel, 1990; Roos, 1995). The most typical and important state transition in amorph-
ous systems is the transition where a glass is transformed to a rubber during heating over a glass
transition temperature, T, range. This transition has some second-order characteristics, although it
occurs in amorphous systems between different nonequilibrium states. Although the glass transition
is not a true second-order transition, the amorphous state of synthetic polymers has been well
characterized (Tant and Wilkes, 1981). The amorphous state of food materials and its impact on
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food processing and storage stability has also been recognized (Biliaderis et al., 1986; Roos, 1987;
Zeleznak and Hoseney, 1987; Simatos and Karel, 1988; Roos and Karel, 1990, 1991a; Roos 1995).
In foods containing amorphous components both transport phenomena and relaxation phenomena
may define the state of the system at a given time and temperature. The amorphous state of food
components increases the complexity of food characterization and the need for understanding the
effects of the metastable, nonequilibrium properties of food solids on various physical and chemical
changes occurring in food systems (Slade and Levine, 1990; Roos, 1995; Slade and Levine, 1995;
Le Meste et al., 2002).

The gaseous state is not typical of carbohydrates, lipids, and proteins. However, foods contain
many volatile compounds which are essential to their flavor and palatability. Transition of water from
liquid to gas is the basis of food concentration and drying which makes the gaseous state important
to all food preparation and processing. The gaseous state of water is also important in defining the
amount of water sorbed by foods at various relative humidities.

Transition temperatures of food components and the compositional effects on phase transitions
can be used in the formulation of food products, in the design of food processes, and in the evaluation
of storage conditions necessary for maximum food stability. All compounds exhibit phase transitions
which depend on pressure and temperature and other compounds present in food. Most transitions
occur at atmospheric pressures, but high pressure technology has advanced possibilities to manipulate
transitions by using both pressure and temperature (LeBail et al., 2003). Because of the complexity
of both phase transitions in various media and the number of compounds only typical transitions of
carbohydrates, lipids, proteins, and water mainly at normal pressures will be discussed in the present
chapter. The main purpose is to describe phase and state transitions which are of importance to food
product development, processing, and storage.

3.2 THERMODYNAMIC ASPECTS OF PHASE
TRANSITIONS

3.2.1 BAsIC THERMODYNAMICS AND EQUILIBRIUM STATES

Thermodynamics is the study of transformations of energy. Energy transformation in relation to
phase transitions may occur within a system or between a system and its surroundings. A closed
system has no transfer of matter between the system and its surroundings. An open system exhibits
transfer of matter through a boundary between the system and its surroundings. Both closed and
open systems can transfer energy between the systems and their surroundings. If there is transfer of
neither energy nor matter between a system and its surroundings, the system is an isolated system.
The state of a single system can be characterized according to its internal energy, U, temperature,
T, volume, V, pressure, p, number of moles, N, and mass, M. Internal energy, volume, number
of moles, and mass are extensive functions of state, which means that they are proportional to the
amount of matter. Temperature and pressure are independent of the amount of matter and they are
defined as intensive functions of state. The basic thermodynamics of phase transitions can be found
in books of Physical Chemistry, such as Atkins and de Paula (2006), and an excellent summary is
available in Singh and Heldman (2001).

3.2.1.1 The First Law of Thermodynamics

The internal energy, U, is the sum of all forms of energy within a system, that is, all kinetic and
potential energy of all molecules within the system. A change in internal energy, AU, may occur
as a result of energy transfer and the amount of internal energy changes from the initial state of
the system, Uj, to a final state, Ur. The internal energy is a state function. This means that the
internal energy is dependent on the state of the system, but independent of how that state may have
been achieved. State functions are properties which are dependent on state variables, for example,
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pressure. The internal energy of a system may change as a result of transfer of heat, g, or work, w,
with the surroundings of the system. This is quantified by Equation 3.1, which is also known as the
First Law of Thermodynamics.

AU=q+w @3.1)

If a system has a constant volume, a change in internal energy may involve only transfer of
heat between the system and its surroundings, that is, dU = dg + 0 and dw = 0, because there is
no pressure—volume work done on the system. If the volume of the system changes, the change in
internal energy is the sum of the amount of heat transferred between the system and its surroundings
and pressure—volume work, because dU # dg and dw # 0. When a system has a constant pressure,
the amount of energy that may be transferred between the material and its surroundings is equal to
the change in internal energy of the material and the work corresponding to the change in volume,
according to Equation 3.2.

H=U+pV (3.2)

Equation 3.2 is a state function, which defines that the enthalpy, H, of a system as the sum of its
internal energy, U, and pressure—volume work, pV, which the system has done on its surroundings.
At atmospheric conditions, changes occur at a constant pressure and a change in enthalpy equals
the amount of heat exchanged with the surroundings, that is, dH = dg. A change in enthalpy is
defined by Equation 3.3 which applies also when there is a change in pressure and, hence, the system
exchanges additional work with its surroundings.

dH = dU + pdV + Vdp (3.3)

The internal energy of a substance increases with temperature, that is, heat is either removed
from the material or transferred into it as temperature changes. A plot of the internal energy against
temperature describes the change. The slope of the curve at any temperature gives the heat capacity
of the system at that temperature. However, heat capacity can be defined for a substance at a constant
pressure or a constant volume. At a constant volume, there is no expansion and the pressure of the
system changes with temperature. Heat capacity at a constant volume is given by Equation 3.4.

oUu
Cv = (ﬁ>v (34)

Heat capacity is an extensive property of a material. It depends on the amount of the material,
and it can be expressed as a molar heat capacity, that is, heat capacity per mole or as the specific heat
capacity or specific heat, which refers to heat capacity per weight in grams.

The heat capacity at a constant volume gives a quantitative relationship between the change in
internal energy and temperature 3.5.

dU = CydT (3.5
Heat capacity at a constant pressure takes into account both the change in the internal energy of

the material and the pressure—volume work exchanged with surroundings. Hence, heat capacity at a
constant pressure, Cp, is the slope of a plot of enthalpy against temperature at a constant pressure 3.6.

= (57), oo
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The heat capacity at constant pressure relates a change in enthalpy with a change in temperature
according to Equation 3.7.

dH = C,dT (3.7)

The heat capacity of a system at a constant pressure is often larger than heat capacity at a constant
volume. The difference between the heat capacity of a substance at a constant pressure and constant
volume can be expressed by Equation 3.8.

C—Co— 8H> _ 8U> 3.8)
p V—ﬁp ﬁv (

A change in temperature at a constant pressure results in a change in volume. The effect of
temperature on the volume is defined by the thermal expansion coefficient, «, given by Equation 3.9.

1 [0V

The thermal expansion coefficient is derived from Equation 3.10 which gives the temperature
dependence of internal energy.

U
AU = (22) av + cydr (3.10)

The differential (0U/dV)T is defined as the internal pressure, nt, of the system. Equation 3.10
may then be written to apply at constant pressure 3.11 from which « can be defined.

au> <8U) <av>
Y = () (X)) 1oy (3.11)
(aT o \av ) \or ),

ou +C (3.12)
— = T .
3T ; oTT A\

Equation 3.12 gives the relationship between internal energy and temperature at a constant
pressure. The enthalpy change of a system at a constant pressure is related to the heat capacity of the
system. At a constant volume, the enthalpy change of a system is defined by Equation 3.13.

oH
dH = (-) dp + CpdT (3.13)
ap )

Equation 3.13 may be used to obtain Equation 3.14 which uses the isothermal compressib-
ility, «T, and the Joule-Thomson coefficient, u, to relate enthalpy changes with temperature.
The coefficients are related to the state functions according to Equation 3.15 and Equation 3.16,



Phase Transitions and Transformations in Food Systems 293

respectively.

oH B o
<_3T>V = <1 p ) (O (3.14)
_ _l <ﬂ> (3.15)
= V\dp/r ’

= (£> (3.16)
p/y

The use of the thermal expansion coefficient and isothermal compressibility leads to the
relationship given by Equation 3.17.

2TV

KT

Cp—Cy = (3.17)

The thermal expansion of many liquids and solids is relatively small and the heat capacities are
about the same, that is, Cp ~ Cy.

3.2.1.2 The Second Law of Thermodynamics

Spontaneity of chemical and physical changes can be analyzed using entropy and Gibbs energy of
the system. The second law of thermodynamics explains when processes occur spontaneously or
nonspontaneously. The first law of thermodynamics defines that the amount of energy in an isolated
system is constant while the second law of thermodynamics takes into account the distribution of
energy within the system.

The second law of thermodynamics uses a state function, entropy, S, to describe the direction of
spontaneous changes. Entropy is a measure of the dispersion of energy in a system which means that
in an isolated system, entropy increases as a result of a spontaneous change, that is, ASi,; > 0. The
thermodynamic definition of entropy uses the quantity of heat exchanged in a chemical or physical
change to quantify the change in distribution of energy in the process according to Equation 3.18.

_ dgrey
T

ds (3.18)

When the system and its surroundings are at the same temperature, it follows that dS +dSg, > 0.
This takes into account that the entropy of the surroundings, dSg,r must change with an equal or
smaller, but opposite amount of entropy.

The first law of thermodynamics states that the internal energy of a system is the sum of heat and
work, that is, dU = dg + dw. In a reversible change of a system with a constant composition and
with no nonexpansion work dwyey = —pdV and dgey = TdS, giving Equation 3.19.

dU = TdS — pdV (3.19)

Equation 3.19 applies to any change of a closed system with no nonexpansion work, and it is
known as the fundamental equation in combining the first and second laws of thermodynamics.

3.2.1.3 The Gibbs and Helmholtz Energies

Heat exchange between a system and its surroundings at a constant pressure requires that dg, = dH,
which means that 7dS > dH at constant p, with no nonexpansion work applies. This relationship is
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Energy

v

Temperature

FIGURE 3.1 Change of enthalpy, H, and Gibbs energy, G, as function of temperature. The energy difference
between enthalpy and Gibbs energy is obtained as H = G + TS (T temperature, S entropy).

used in the definition of Gibbs energy, G, and a change of G in a process can be defined according
to Equation 3.20.

dG = dH — TdS (3.20)

Since the absolute temperature, 7, is always positive, dS of a spontaneous change is positive, and
TdS > dH, the change in Gibbs energy of a spontaneous change is negative, that is, dGtp < 0
(Figure 3.1).

The importance of Gibbs energy in normal processes is that it defines the spontaneous nature of
a process in terms of pressure and temperature, which are the two variables that can be controlled.
The variation of the Gibbs energy with pressure and temperature, in agreement with Equation 3.18,
can be expressed by two exact differentials.

(E) __g (E) _v 3.21)
oT ), op )¢

These differentials are of great importance in understanding phase transitions. They show that
Gibbs energy is a function of temperature at a constant volume defined by entropy or a function
of pressure at a constant temperature defined by volume. The entropy increases with temperature
resulting in a decrease in Gibbs energy. The change in entropy in the gaseous, liquid, and solid states
is considerably different, and the gaseous state with the highest temperature dependence of entropy
is most sensitive to changes in temperature. At a constant volume, an increase in pressure increases
the Gibbs energy, and the increase is highest for the state with the largest volume.

Equation 3.17 can be rearranged to Equation 3.22. If a change occurs at a constant volume, there
is no expansion work and the amount of heat exchanged with the surroundings is equal to the change
in internal energy, that is, dgy = dU, and Equation 3.23 applies.

d
ds — 7‘1 >0 (3.22)

dU
ds — T >0 (3.23)
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The relationship of Equation 3.23 can be rewritten to Equation 3.24, which defines that at a constant
internal energy and volume, entropy increases in a spontaneous change.

TdS > dU (constantV,no nonexpansion work) (3.24)

A change in Helmholz free energy, A, is defined by Equation 3.25, which gives the amount of
internal energy in a change that is available for the system to do work.

dA = dU — TdS (3.25)

In a spontaneous change at a constant temperature and volume the change in Helmholtz energy
is negative, that is, dAt v < 0.

3.2.1.4 Enthalpy and Entropy Changes in a Physical Change

A change in enthalpy often occurs at standard conditions, for example, at atmospheric pressure and
a given temperature at which transition occurs. Commonly, the standard state is that of a substance
at the transition temperature in its pure form at a pressure of 1 bar. The standard enthalpy change of
a change in physical state of a material is the standard enthalpy of transition, AH . The standard
enthalpy of transition applies to changes between the physical states of materials, for example,
crystallization, fusion, and vaporization. Changes between the various states may occur following
different paths, but the final, total change in enthalpy is always independent of the path. For example,
transformation of ice to vapor may occur directly by sublimation or first to liquid and then to water
vapor. The total enthalpy change, however, is the same. Furthermore, a reverse change has an equal
but opposite value for change in enthalpy.

A change in entropy is obvious in a change in the phase of a system, that is, the molecular disorder
in the gaseous, liquid, and solid states differ. At the transition temperature, at least two of the phases
may coexist at equilibrium, and heat exchange between the system and its surroundings is reversible.
At a constant pressure, the heat exchange is equal to the change in enthalpy of the transition, that is,
q = AysH. The transition occurs at a constant temperature, Ty, and the change in entropy, AysS, is
given by Equation 3.26.

AusH

AysS =
trs Ttrs

(3.26)

An empirical rule, known as the Trouton’s rule, states that liquids have approximately the same
standard entropy of vaporization. There are differences in standard entropies of vaporization
between liquids, but many liquids have about a constant standard entropy of vaporization of about
85 JK~! mol~!.

3.2.2 PHySICAL STATE AND PHASE DIAGRAMS

3.2.2.1 Physical State

Phase transitions of pure substances result in a change of the physical state of a system without any
change in its chemical composition. A phase of a material is uniform and homogeneous in chemical
composition and physical state, that is, a solid, liquid, or gaseous phase. A phase transition may be
defined as a spontaneous transformation of one phase into another phase. A phase transition occurs
at a constant, well-defined pressure and temperature, for example, boiling of water at 1 bar at 100°C.
At a transition temperature, Ty, the chemical potentials of the two phases of the material must be
the same at equilibrium, allowing these phases to coexist.
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The temperature dependence of the Gibbs energy of a substance at constant pressure is defined
by (0G/dT), = —S. The chemical potential, u, of a pure substance is the same as its molar
Gibbs energy, and Equation 3.21 can be rewritten to Equation 3.27 defining the relationship between
chemical potential and molar entropy, Sp,.

owy _
<8_T>p = —Sm (3.27)

Equation 3.27 shows that a plot of chemical potential against temperature has a negative slope,
because Sy < 0 applies in all cases. The molar entropy of the three phases at a constant pressure
differs in the order Sy (g) > Sm()) > Sm(s) giving a different slope for each phase. The stable
phase is always the phase with the lowest chemical potential, and a phase transition occurs at the
temperature at which the chemical potentials of the two phases are the same.

Most substances have a higher melting temperature with increasing pressure. One exception,
however, is water, which melts at a lower temperature at a higher pressure. A higher melting tem-
perature favors the lower density liquid phase which does not apply to water, because the density of
liquid water is higher than that of ice. The variation of chemical potential with pressure is defined
by Equation 3.28.

(3_“) V. (3.28)
ap

Equation 3.28 states that a plot of chemical potential against pressure has a slope, which is equal
to the molar volume of the substance. The chemical potential increases with increasing pressure
(Vm > 0) and for most substances Vih(I) > Vi (s) with some exceptions, for example, water, as
discussed above and also by LeBail et al. (2003).

The temperature at which the solid and liquid states of a material at a constant pressure coexist at
equilibrium is the melting temperature. The thermodynamical requirements for melting and freezing
temperatures are the same. However, formation of nuclei preceding crystallization in cooling requires
some supercooling to a temperature below the equilibrium crystallization temperature at which the
liquid and solid phases may coexist. Thereafter the actual change in phase occurs at the transition
temperature. A phase diagram of a pure substance shows in addition to phase boundaries a point at
which the phase boundaries meet, that is, the solid, liquid, and gaseous states have the same chemical
potential and the three phases may coexist at equilibrium. That pressure—temperature point is known
as the triple point of the material. The triple point pressure is also the lowest pressure at which a
liquid phase of a material may exist.

An increase in the temperature of a liquid at a given external pressure in an open system, for
example, normal atmospheric pressure, increases the vapor pressure of the liquid. When the vapor
pressure becomes equal to the external pressure, vaporization occurs throughout the liquid and the
liquid starts to boil. Hence, the temperature at which the vapor pressure of a liquid is equal to the
external pressure is the boiling temperature of the liquid at that pressure. In a closed container,
the vapor pressure of a liquid increases with temperature and an increasing amount of the liquid is
transformed into the vapor phase. This increases the vapor density and the increasing temperature
decreases the density of the remaining liquid phase. Liquids also have a critical temperature, T, at
which the densities of the liquid and vapor phases become the same and a surface between these two
phases disappears. Hence, the two phases form a uniform phase which is called a supercritical fluid.

3.2.2.2 Phase Diagrams

Phase diagrams are important tools, or maps, which describe the equilibrium state of a material at
any combination of pressure, temperature, and volume. A two dimensional phase diagram may show
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regions of pressure and temperature at which various phases are thermodynamically stable. Phase
boundaries in a phase diagram are lines, which describe the pressure—temperature combinations at
which two phases may coexist at equilibrium.

When two or more phases of a substance coexist, their chemical potentials must be the same,
for example, the liquid (/) and solid (s) phases at the same pressure and temperature have the same
chemical potential, us(p,T) = wi(p,T). The equilibrium can be maintained by moving along a
phase boundary, that is, changing the pressure and temperature at the same time to maintain an equal
chemical potential for the two phases. The change in chemical potential is defined by Equation 3.29,
which at equilibrium is equal for each phase.

dp = —SmdT + Vimdp (3.29)

Considering that the changes in entropy and volume in the phase change between two phases, « and
B, are given by the relationships AqsS = Sim — Sg,m and AysV = Vim — Vi m, respectively, gives
the Clapeyron Equation 3.30.

d_P . AtrsS
dT =~ AgV

(3.30)

The Clapeyron equation is the exact definition of the phase boundary in a phase diagram. A phase
transition involves a change in molar enthalpy, Ay H, and the transition occurs at a constant tem-
perature, 7. Hence, the change in molar entropy is given by AgsS = Ay H /T, and the Clapeyron
equation can be written into the form of Equation 3.31.

d_P _ Atrs}l
dT =~ TAgV

(3.31)

Equation 3.31 can be used for a solid-liquid transformation (fusion) by assuming that the changes
in enthalpy and volume are very small and, therefore, the quantities can be considered as constants.
For a solid-liquid transformation, the boundary can be described by the approximate Equation 3.32,
where the initial pressure and temperature are referred as p® and 79, respectively.

_ 0y AwsH (T (3.32)
P=pP Ay T\ 70 '

In case 7 and 7° do not differ greatly, an assumption that In(7/7°) ~ T — T°/T° can be made, and
the relationship of Equation 3.33 is obtained.

0
o (T—T° AnsH
Np At 3.33
pPRp TOAMY (3.33)
Equation 3.33 describes the solid—liquid boundary in a phase diagram when pressure is plotted
against temperature.
The Clapeyron equation for vaporization is given in Equation 3.34,

d_p _ AypH

- 3.34
AT~ TAwpV (G:39

The volume change in transformation from liquid into a gas is large and the transformation tem-
perature is highly pressure-dependent. It may be assumed that Ay,pV &~ Vin(g) and Vin(g) = RT /p.
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Equation 3.34 may then be written to the form of Equation 3.35.

dp A

= (3.35)
dT ~ T(RT/p)

Furthermore, Equation 3.35 can be written to the form of the Clausius—Clapeyron Equation 3.36,
which describes the temperature dependence of vapor pressure in a liquid—gas transformation.

dlnp _ AvapH
dT =~ RT?

(3.36)

The integrated form of Equation 3.36 with the assumption that Ay,,H is independent of temper-
ature gives the relationship between pressure and temperature in a liquid—gas transformation 3.37.

AvpH (1 1
Op=X = V7 (2 3.37
p=re X R <T T0> (3-37)

Equation 3.37 gives the phase boundary of a liquid—gas transformation in a phase diagram show-
ing pressure against temperature. The same equation can also be used in sublimation, that is,
transformation of a solid directly into the gaseous state.

3.2.3 CLASSIFICATION OF PHASE TRANSITIONS

Ehrenfest (1933) classified phase transitions to first-order, second-order, and higher-order trans-
itions (Figure 3.2). Ehrenfest (1933) used the chemical potential of substances in his classification
of changes in phase into first-order, second-order, and higher-order transitions. The Ehrenfest clas-
sification of phase transitions is based on the use of Equation 3.27 and Equation 3.28, which define
that either a plot of chemical potential against temperature (constant pressure) or chemical potential
against pressure (constant volume) shows a change in slope at a phase transition temperature or
pressure, respectively. The first derivatives of the chemical potential, that is, enthalpy, entropy, and
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FIGURE 3.2 C(lassification of phase transitions according to Ehrenfest (1933), and their effect on specific
heat, cp, entropy, S, and Gibbs energy, G. (a) First order transition. (b) Second order transition. (c) Third order
transition.
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volume show a discontinuity for a first-order transition. The second-order and higher-order trans-
itions are defined as those that show discontinuity for the second or higher derivatives of chemical
potential at the transition temperature or pressure. For second- and higher-order transitions, the
enthalpy, entropy, and volume do not change at the transition. In a second-order transition, there is
a discontinuity in the heat capacity and thermal expansion coefficient of the substance.

3.2.3.1 First-Order Transitions

First-order phase transitions govern the changes of the physical state between solid, liquid, and
gaseous states. At a first-order transition temperature, for example, melting, crystallization, con-
densation, and evaporation temperature, the change of the physical state at atmospheric pressure
occurs isothermally, and a given amount of heat is either released or required as the latent heat for
the transition. In first order phase transitions, Gibbs energy is the same in both phases AG = 0,
but the entropy and volume are different in the two phases. Gibbs energy is a continuous function of
temperature and pressure, but it suffers a break at the transition temperature (Figure 3.2). Therefore,
at least one of the first derivatives of Gibbs energy shows a discontinuous change at the transition
temperature or pressure, and the transition can be noticed from a discontinuity in enthalpy, entropy,
volume, and other thermodynamic functions.

Most of the latent heats of first-order transitions of compounds other than water in foods have been
obtained using differential scanning calorimetry by the integration of the first-order transition peak
which gives the enthalpy change of the transition. In melting, energy is required for the transition
(AHp, enthalpy of melting or latent heat of melting) and in crystallization the same amount of
heat (AH,;, latent heat of crystallization) is released (AH, = —AH,,) (Figure 3.3). At a constant
pressure a change in enthalpy applies to all changes in phase.

3.2.3.2 Second-Order Transitions

Thermodynamically well-defined second-order transitions are not typical of food solids. However, all
noncrystalline, amorphous solids exhibit a glass transition when they are transformed from a glassy
solid to a supercooled liquid state. The glass transition includes no latent heat for the transition, but
a change in heat capacity and thermal expansion coefficient giving to it thermodynamic character-
istics of a second-order transition. The glass transition is a change within a nonequilibrium system
which makes it complicated and related to a number of time-dependent phenomena (Sperling, 1992;
Roos, 1995).

Glass transition .
Melting

Crystallization

1 1 ]
50 100 150 200
Temperature (°C)

S Exo
—

FIGURE 3.3 Typical phase transitions of amorphous, crystallizable compounds shown for amorphous sucrose
as an example. Amorphous sucrose in its anhydrous state has glass transition, T, > 62°C, instant crystallization,
Tcr, at 103°C, and melting at 185°C. Crystallization may occur at any temperature between Tg and T¢r depending
on holding time. The heats of crystallization (exothermal, AH¢r) and melting (endothermal, AHy,) have the
same but opposite values.
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In the glassy state, the internal state variables can be considered to be frozen in below the glass
transition temperature to a nonequilibrium, solid state with a higher energy and volume relative to the
corresponding, crystalline equilibrium state (Tant and Wilkes, 1981). All amorphous materials have a
random structure, and they resemble liquids above their glass transition temperature. Below the glass
transition, unlike liquids, glasses are unable to change their molecular macroconformations, and the
molecular motions are often limited to molecular rotations and vibration. Translational mobility of
molecules in amorphous systems appear above the glass transition (Sperling, 1992).

In second-order phase transitions, both Gibbs energy and its first derivatives are continuous func-
tions of temperature or pressure. At least one of the second derivatives of G, given in Equation 3.38,
has a discontinuity at the second-order transition temperature (Figure 3.2).

3’G Cp 3°G 3’G
2TV _=2 -V “Z)=v 3.38
(8T2> r (8p8T) * (8p2) ¢ (339

where « is thermal expansion coefficient and 8 is isothermal compressibility.

3.3 GLASS TRANSITION

3.3.1 PROPERTIES OF GLASS TRANSITION

Glass transition is the change in the physical state of amorphous materials which involves trans-
formation of a nonequilibrium solid to a viscous liquid (rubbery, leathery, syrup, etc.) state. Glass
transition takes place also in cooling when highly supercooled liquids vitrify to the nonequlibrium,
solid glassy state. The glass transition is often observed at about 100°C below the equilibrium melting
temperature, Ty, of the crystalline substance. However, there is a significant variation between the
observed temperature range differentiating T, and Ty,. The ratio, Ty, /T, is often a useful parameter
in the characterization of noncrystalline materials (Slade and Levine, 1991, 1995; Roos, 1993, 1995).

The glass transition has a significant effect on relaxation times of various changes in material
properties. The change of heat capacity, AC,, or specific heat, Acp, as well as most other relaxations
associated with glass transition occur over a temperature range. The broadness of the transition
may differ largely for various food components (Roos, 1995). For example, a temperature range of
10 to 20°C applies to many low molecular weight amorphous sugars, whereas the broadness of the
transition for carbohydrate polymers and proteins, such as starch (Zeleznak and Hoseney, 1987) and
gluten (Hoseney et al., 1986), may extend to tens of degrees (Roos, 1995).

According to Wunderlich (1981), the most precise determination of the glass transition temper-
ature of polymeric materials is obtained by the cooling of a melt at a specified rate and determining
the transition temperature using heat capacity, expansion coefficient or compressibility measurement
(Figure 3.4). However, this is not always possible for food materials which are substantially plasti-
cized by water and in some cases decomposed below the melting temperature (Roos, 1995; Slade and
Levine, 1995). Moreover, different cooling and heating rates give different T, values for all amorph-
ous systems (Sperling, 1992), including foods, as shown in Figure 3.5, and the transition temperature
within a temperature range may be taken using various criteria. There is also a variation of T, caused
by thermal history which is often neglected, but the hysteresis in glass transition can be used to gain
information of the thermal history of the material. Glasses can also be annealed to obtain various
types of glassy solids, which may give different endothermal and exothermal enthalpy relaxations
around the glass transition as well as relaxations in other thermodynamic properties (Wunderlich,
1981; Roos, 1995; Roos, 2002). For food materials there is, however, very little information available
about the effects of thermal and moisture history on the state and relaxations of amorphous com-
ponents. A single glass transition temperature gives a reference temperature for the glass transition
temperature range, but relaxation times at that temperature may vary depending on the method and
criteria of its determination.
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FIGURE 3.4 Schematic presentation of the effects of glass transition on dielectric constant, specific heat,
thermal expansion coefficient, viscosity, enthalpy, and volume when an amorphous glass is heated over its glass
transition temperature region.

The most important effect of glass transition on physical properties of food materials is the
increase in mobility above the glass transition in the rubbery state which may affect rates of various
physical and chemical deteriorative changes (White and Cakebread, 1966; Flink, 1983; Simatos and
Karel, 1988; Slade and Levine, 1990, 1995; Roos, 1995). Hence, many amorphous foods must be
processed and stored in their glassy state to maintain quality and avoid rapid deterioration (Roos,
1995, 2002; Slade and Levine, 1995).

3.3.2 THEORIES OF GLASS TRANSITION

3.3.2.1 Free-Volume Theory

The basic principle of the free-volume theory is that molecular mobility requires vacancies or holes in
the bulk state allowing molecules to move from one position to another between the holes. The free-
volume theory, which was first used to describe transport properties related to viscosity and diffusivity,
has been widely used to describe second-order transitions in polymers (Shen and Eisenberg, 1967;
Tant and Wilkes, 1981; Sperling, 1992). Its importance in the analysis of amorphous food materials
has been emphasized and discussed by Slade and Levine (1991, 1995).

The free-volume theory recognizes that glass transition temperature can be taken as the tem-
perature at which the thermal expansion coefficient of a material is altered. It also assumes that the
free volume of amorphous materials is constant at the glass transition (Sperling, 1992). The theory
utilizes a single parameter, free volume, V¢, in addition to temperature and pressure to describe
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FIGURE 3.5 Effectof thermal history on thermal compressibility coefficient, 8, thermal expansion coefficient,
a, specific heat, cp, entropy, S, enthalpy, H, and volume, V, on their values at the glass transition temperature
region, and the possible thermal hysteresis effects observed as a glass is heated over its glass transition temper-
ature. The same cooling and heating rate leads to no observed hysteresis but the T values determined using
slow or fast rates may become slightly different. Fast cooling produces a glass with extra volume and leads to
release of energy during slow heating over T region. Slow cooling leads to formation of a low energy state
glass and requires extra energy as heated over the Tg region. The size of an endotherm observed in DSC curves
also increases with increasing annealing or aging time below the glass transition temperature. (Adapted from
Weitz A and Wunderlich B. J Polym Sci Polym Phys 12, 2473-2491, 1974. With permission.)

the nonequilibrium amorphous state which can be defined according to Equation 3.39. The volume
occupied by molecules, V), includes the volume within the Van der Waals radii and volume associated
with molecular vibrations.

Vi=V -V (3.39)

where V is the macroscopic volume of the material and V) is volume occupied by molecules.

Fractional free volume, f, is defined by Equation 3.40, and it can be related to the glass transition
temperature, as discussed in more detailed in the polymer literature (e.g., Ferry, 1980; Sperling,
1992), according to Equation 3.41. The free volume is also related to the thermal expansion of the
material.

14
f:vf (3.40)
f=fg+al —Ty) (3.41)

where f; is factional free volume at Ty and oy is coefficient of expansion of free volume.

Free volume is proportional to inverse molecular weight, and low molecular weight plasticizers,
such as water in amorphous food materials, increase free volume (Slade and Levine, 1990, 1991;
Sperling 1992). The free-volume theory has been successfully applied to predict enthalpy changes
or enthalpy relaxations at T, resulting from differences in thermal history. According to Tant and
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Wilkes (1981), the free volume theory has been useful qualitatively, but it has shown only limited
success as a quantitative tool to predict nonequilibrium phenomena.

3.3.2.2 Free Volume and Molecular Mobility

Williams et al. (1955) found that a number of glass forming materials exhibited almost universal
changes in relaxation times in their glass transition. This finding gave the well-known but empirical
Williams—Landel-Ferry (WLF) Equation 3.42, which relates relaxation times of mechanical prop-
erties to a reference temperature above the glass transition temperature. In later studies, the WLF
equation has been derived from thermodynamics (Shen and Eisenberg, 1967; Ferry, 1980; Tant and
Wilkes, 1981), and it can also be derived from the free-volume theory (Bauwens, 1986; Sperling,
1992).

Williams et al. (1955) related the ratio of relaxation times, Ay, at an observation temperature, 6,
to relaxation time at a reference temperature, 9y, according to Equation 3.42.

A = (3.42)

0
to
A; has been shown to relate to a number of time-dependent quantities at the glass transition and at
another temperature (Sperling, 1992). The most common quantity related to free volume changes
above the glass transition is viscosity, . Williams et al. (1955) suggested that Equation 3.43 can be
used to model changes in relaxation times, for example, viscosity, above glass transition.

—C1(T —To)

A= ———
G +(T = To)

(3.43)

where C; and C, are constants, 7 is observation temperature, and 7y is a reference temperature.

An analysis of time-dependent changes of a number of inorganic and organic glass forming
materials showed that when the glass transition temperature, T,, was taken as the reference tem-
perature, C; and C, had their universal values of —17.44 and 51.6, respectively (Williams et al.,
1955). The universal values with the glass transition temperature are often used to model relaxation
times above the glass transition. The use of the universal values, however, was not recommended by
Williams et al. (1955), and they may not always apply to food systems (Peleg, 1992).

The free-volume theory has related the constants of the WLF equation to fractional free volume
and thermal expansion. Hence, the theoretical form of the WLF equation can be written in the form
of Equation 3.43.

.= —(B/fo)(T —To) (3.44)
fo/or + (T —To)

where B is a constant, fy is fractional free volume at Ty and oy is expansion coefficient of the free

volume.

According to Equation 3.44, when the glass transition temperature is used as the reference
temperature with the universal WLF constants, the free volume at the glass transition of any polymer
is 2.5% (Sperling, 1992).

The WLF equation can be written to give the temperature dependence of viscosity above T
(Soesanto and Williams, 1981; Angell et al., 1982). The viscosity decreases above T, as shown in
Figure 3.6. The universal WLF constants were also used to model time to crystallization of amorphous
sugars above their Ty by Roos and Karel (1990, 1991a). The WLF equation applies approximately
over the temperature range from T to 7 + 100°C. Below Ty, and above T + 100°C Arrhenius type
temperature dependence often applies. [The most drastic changes of the mechanical properties occur
at temperatures up to 7y + 50°C, as shown in Figure 3.6.]
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FIGURE 3.6 Temperature dependence of viscosity of amorphous materials above their glass transition tem-
perature as predicted using the Williams—Landel-Ferry equation (Equation 3.43) (Williams et al., 1955). The
equation applies usually at a temperature range of T to Tg + 100°C. Downton et al. (1982) reported viscosities
below 1010 cP to lead to stickiness of dehydrated materials. The viscosity of an amorphous material heated
over its glass transition temperature decreases to 1019 ¢P in the vicinity of the endpoint of the transition.

3.3.2.3 Kinetic and Thermodynamic Properties of Glass
Transition

The free-volume theory has been successful in relating time and temperature of mechanical changes
above the glass transition, but it cannot explain changes in observed glass transition temperature at
different heating rates and the second-order phase transition characteristics of the transition (Sper-
ling, 1992). Hence, a number of other theories have been developed to explain the kinetic and
thermodynamic characteristics of the glass transition.

The kinetic theory of glass transition considers changes in the number of holes around the glass
transition. The change in the number of holes corresponds to the change in heat capacity. The
glass transition temperature is defined as the temperature at which the relaxation time for segmental
motions of a polymer chain has the same time scale as the experiment (Sperling, 1992). The kinetic
theory explains the change in heat capacity and changes of T, with the time scale of the experiment.

The thermodynamic theory of glass transition aims at confirming the second-order thermody-
namic properties of the glass transition. It assumes that the true second-order characteristics and an
equilibrium state are approached at an infinite observation time. The theory explains changes in T,
with molecular weight and plasticizer content, but the true second order transition temperature is not
well defined (Sperling, 1992). However, it seems that the nonequilibrium, noncrystalline materials
cannot exhibit true second-order characteristics at realistic time scales, although a true equilibrium,
noncrystalline state could probably be achieved at an infinite time.

3.3.3 MATERIAL PROPERTIES IN RELATI