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ABSTRACT: Temperature-induced mechanical and other changes in biosolids are regulated by three types of
kinetics, depending on whether the material is in the glassy state, undergoing a transition, or fully plasticized. The
transition itself can take place over a considerable temperature range, which in many food and biological systems
happens to be the most pertinent to their functionality and stability. At the transition onset, the plot of stiffness vs.
temperature has a downward concavity. It is reversed only at an advanced stage of plasticization after much of the
stiffness has already been lost. Consequently, the WLF, Arrhenius, or any other model that implies a continuous
upward concavity cannot account for changes in the transition region, and it is unsafe to use them to predict
properties through extrapolation.

The mechanical changes in the transition region can be described by a model with the mathematical structure
of Fermi’s function. Its applicability has been demonstrated with published data on a variety of foods and biosolids.
Because the plot of stiffness vs. moisture, or water activity, has the same general shape as that of the stiffness vs.
temperature plot, it too can be described by a model with the same mathematical format.

Because moisture lowers the transition center temperature in a manner that can be described by a simple
algebraic expression, the combined effects of temperature and moisture can be incorporated into a single general
model. The latter can be used to create three-dimensional displays of the stiffness-temperature-moisture charac-
teristic relationships of biosolids at and around their transition. At temperatures well above that of the transition,
though, where a plot of log stiffness vs. temperature has a clear upper concavity, this model is no longer applicable,

and the changes are better described by the WLF or an alternative model.
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I. INTRODUCTION

The concept that the kinetics of many pro-
cesses — physical, biochemical, and biological —
that affect the stability or functionality of solid
foods and biomaterials is determined by the latter’s
glass transition temperature has recently become
widely accepted.!-3 The most familiar mathemati-
cal model that incorporates the idea is the one
known as the WLF equation*>

log a;(T,T,) = -C,(T-T) / (C,+T-T)) (1)
where ar is‘ the shift factor (see below), T the

temperature, T, a reference temperature and C,
and C, constants. If the glass transition tempera-
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ture is selected as the reference temperature, Equa-
tion 1 becomes

log a((T,T,) = -C] (T-T,) / (C,'+T-T,) )

and it can be shown** that if T, — T, = A then C{ =
C/C,/(Cy+A)and C;=C, + A.

Equations 1 and 2 were originally devel-
oped for describing the relationship between
viscosity and temperature of polymers at tem-
peratures well above their glass transition tem-
peratures, in which case a; is defined as a vis-
cosity ratio, i.e.,

ar(T,T,) = \(T) / n(T,) or
a(T,T,) = N(T) / (T, 3)
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where n(T), n(Ty or n(T,) are the polymer’s
viscosity at temperature T, T, or T, respectively.
Because, according to Ferry?, it is very difficult to
make reliable viscosity measurements at tempera-
tures around T,, it is common in polymer research
to set the reference temperature T, within the
experimental range and to use Equation 1 to cal-
culate C, and C,. These values can then be used
to calculate C,” and C,’ as described for compari-
son between materials with a different T,.

The shift factor, a;, need not, however, be
expressed solely as a viscosity ratio. It can be and
was defined in terms of moduli, strength, and
strain in polymers® and in terms such as “time to
crystallize””® or “a kinetic rate constant” in
biomaterials. Although the WLF equation is the
most commonly used model, alternative models
have also been used successfully to describe the
relationship between a; and T. Among the alter-
natives, the one most prominent in‘food research
is the traditional Arrhenius equation or, when
formulated in terms of a; vs. T relationship,

logay=(E/R)(1/T-1/T) @)

where E is the “energy of activation” and R the
universal gas constant. It is commonly presented
in a linear plot of log N (or the logarithm of
another parameter) vs. 1/ T, from the slope of
which the energy of activation, E, is calculated.
The latter has been used extensively in lists of
rheological characteristics of liquid foods and their
temperature dependencies. The Arrhenius equa-
tion was also used in attempts to estimate the
viscosity of liquid bridges that induce caking in
instant coffee and other powders that are formed
after plasticization of the particles’ surface mate-
rial.1%11 -t is, of course, the most commonly used
model when it comes to the kinetics of chemical
and biological reactions, including the destruc-
tion of microbial populations during heat treat-
ment (see below).

Both the WLF equation and the Arrhenius
model imply that the plot of a; vs. T, irrespective
of how a; is defined, has an upward concavity
down to the reference temperature, be it T, or T,.
However, inasmuch as the two are not interchange-
able, the degree of concavity of the corresponding
ar vs. T plots is usually very different.! This has
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led to the suggestion that both models are valid,
but at different temperature ranges.!? As long as
the temperature range in which the experimental
measurements of a; are made is well above the
transition temperature (30 to 50°C, for example)
either model is a legitimate candidate, and, from
a purely formalistic viewpoint, deciding between
them can be done on the basis of the fit of the
corresponding equation as judged by statistical
criteria. The same applies to alternative kinetic,’
phenomenological, or empirical models unless
there is a special reason, based on mechanistic
considerations, for preferring a certain type of
mathematical format.

A serious difficulty may arise when either the
WLF or the Arrhenius model is extended or ex-
trapolated to the temperature range in which the
transition takes place. The reason is that in this
region the plot of a; vs. T, again irrespective of
how a; is defined, has or can have a downward
concavity!>-16 (see below) that cannot be accounted
for by either model nor by any other model of a
similar mathematical construction.

It so happens that in many foods and biologi-
cal systems, the pertinent temperature range as far
as stability and functionality are concerned is that
in which the transition occurs. A familiar ex-
ample is the loss of crunchiness in breakfast cere-
als and snacks!® (see below) or the caking of
hygroscopic powders.!?

The objectives of this communication are to
present a new model especially developed for the
transition region, to assess its usefulness and limi-
tations, and to demonstrate that the combined
effects of temperature and moisture and probably
that of other plasticizers can be described by a
general form of the very same model.

Il. THE DEFINITION AND
DETERMINATION OF T,

Glass transition is a phase transition that in-
volves relatively small amounts of energy, when
compared with melting, for example. The glass
transition temperature, T,, is defined as the tem-
perature at which the relationships between the
specific volume, V, and T and the heat capacity,
C,. and T have a characteristic discontinuity.>!7




Its direct determination, by means of DSC, for
example, is complicated by the fact that the cool-
ing or heating rate affects the measurement; also,
the transition itself may not be sharp. So, al-
though the T, of a specific food or biomaterial
may be a debatable issue, there is little doubt
among investigators in the field that a glass tran-
sition does take place at or around this tempera-
ture. There are also indirect methods for deter-
mining T,. The ones frequently adapted from
polymer science are based on the fact that as a
glassy material undergoes the transition it be-
comes plasticized, which is manifested in the loss
of stiffness and its transformation into “viscos-
ity”. Inasmuch as the degree of stiffness is ex-
pressed in the magnitude of the storage modulus,
G’, and the viscosity by the loss modulus, G”,
plots of G" and G” vs. T, or the tangent of the
phase angle (tan §) vs. T can indicate, in prin-
ciple, the temperature at which the transition oc-
curs. An example is the temperature at which tan
0 or G” has a maximum.>!"-%_ [t has also been
demonstrated that, at least in certain biomaterials,
T, as determined by a mechanical method closely
agrees with that determined by scanning calorim-
etry.'820 Although the exact value of T,, or the
onset and termination of the transition as expressed
by T, and T,,”® can be important for a food or
biomaterial characterization, the issue will not
be discussed further here. This is because, ac-
cording to the proposed approach, the changes in
mechanical or other properties are considered as
being generally a continuous process, and con-
sequently the transition is treated as happening
over a temperature range rather than at a singu-
lar temperature. However, the existence of sharp
transitions is neither excluded nor denied. It is
simply treated as a borderline case where one of
the model parameters approaches a zero value
(see below).

lll. RESISTANCE VS. TEMPERATURE AT
A CONSTANT MOISTURE CONTENT

A. Mechanical Stiffness

Examples of stiffness vs. temperature rela-
tionships at and around the transition are given in

Figure 1. They all clearly show the downward
concavity of the relationship at the onset of the
transition when the temperature is increased. The
concavity is reversed at higher temperatures, when
the transition is almost complete, in which case
the relationship can be described by a WLF or a
similar model, as mentioned previously.

At and around the transition, the stiffness vs.
temperature relationship can be described by a
model of the same format as Fermi’s equation,
which was originally developed for nuclear den--
sity.2! When used to describe mechanical changes
at and around the transition it becomes!?

Y(T) = Y,/ {1+exp[T-T.) / a]} (5)

where Y(T) is the stiffness parameter (modulus,
storage modulus, etc.), Y, the latter’s magnitude
in the glassy state (assumed to be practically con-
stant), T, a temperature specifying the inflection
point of Y(T) (also, Y(T,) =Y,/ 2), and a a con-
stant having the temperature units of T and T,,
which indicates the steepness of the decay of
Y(T) in the transition region. Thus, when a — 0,
Y(T) approaches the shape of a step function,
indicating a sharp transition. When a has a large
value it indicates that the transition takes place
over a wide temperature range, as shown in Fig-
ure 2. According to Equation 5, about 90% of the
drop in stiffness occurs in the range of T, + 3a.

‘Although T, may coincide with T, if the transition

is sharp, this need not be the case in general.!?

Demonstration of the fit of Equation 5 to the
published experimental data is also shown in Fig-
ure 1. The reader should notice, however, that this
model is best used when there are enough data
points in the temperature region below that of the
transition, that is, where T < T, and Y(T) = Y..
If such data are available, Y can be determined
directly rather than calculated by nonlinear re-
gression, leaving T, and a as the only adjustable
parameters of the model.

In case such data are difficult to obtain for
technical reasons, or when materials having very
different Y, are to be compared, Y(T) can be
replaced by a relative stiffness parameter, 0 <
R(T) < 1, defined as

R(T)=Y(M)/Y(Ty) or Y(T)/ Y, (6)
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FIGURE 1. Effect of temperature an the stiffness of biosolids.'3** Open circles: published experimental data; solid
line: the fit of Equation 5. Data for potato, bread, luncheon meat, and sugar glass from References 20, 29, 30, and

31, respectively.

where Y(T,) is the stiffness parameter at a conve-
nient reference temperature T, < T_. This will
transform Equation 5 into

R(T) = 1/ {1+exp[(T-T ) / a}} @
Examples of the fit of Equation 6 to published

experimental data of gliadin at various moisture
contents with T, = =50°C are shown in Figure 3.
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B. The Resistance of Spores to Thermal
Inactivation :

Traditionally, the kinetics of spores destruc-
tion by heat has been presented and quantified by
the Arrhenius equation. An example of an experi-
mental Arrhenius plot is given in Figure 4 (left).
The plot is very linear in most of the temperature
range, but the linearity does not hold at the high
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R=1/{1+EXP[(X-Xc)/a]}
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FIGURE 2. Schematic view of the properties of Fermi’s
function presented in the form of R(X) vs. X — X.. Note that
when X is temperature, the parameter a has the same tem-
perature units. When X is moisture or a,,, a has moisture units
or is dimensionless, respectively.
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FIGURE 3. Relative stiffness vs. temperature relationships
of gliadin at various moisture contents. Open circles: pub-
lished experimental data; solid lines: the fit of Equation 7. The
regression parameters were T.: 13, -14, and -25°C; a: 23.9,
16.2, and 8.6°C; and r2 0.991, 0.995, and 0.998, respec-
tively. (Data from Reference 18.)
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B. STEAROTHERMOPHILUS SPORES INACTIVATION
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FIGURE 4. Spores inactivation rates (k) viewed in an Arrhenius plot and linear coordinates.

(Data from Reference 32.)

¢

temperature region (low 1/ T values). This has
led to the suggestion that the data should be
presented in the form of k vs. T (k being the
reaction rate constant) as shown in Figure 4
(right), and fitted by the WLF model with its
“universal constants,” that is, with C] and C;
fixed and T, and k, (k at T = T,) variable. In this
case, as with data from other sources, the fit was
found satisfactory, and it was concluded that the
thermal resistance of bacterial spores is consid-
erably reduced when the material of which they
are made is transformed from a glassy to leath-
ery or rubbery state.’

The same concept, however, can be imple-
mented in a different manner. When the ob-
served inactivation rate is very low, the spores’
resistance is obviously very high and the differ-
ence between a rate of, let’s say, 102s! and
103 s has no or very little practical signifi-
cance. Consequently, it is reasonable to define a
practical index of thermal resistance or a relative
thermal resistance R(T) not as the destruction
rate constant k(T) itself, but as an algebraic trans-
form of the latter. The magnitude of such an
index will be about unity at low temperatures,
and it will progressively approach zero as the
temperature increases. Two examples of such
mathematical transformations are
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R =exp (-k) )

and

R =1/(1+k) €
As can be seen in Figure 5, the plot of R(T) vs. T
as defined by either Equation 8 or 9 has the same
shape as that of the plot of the relative stiffness vs.
T (Figures 1 to 3), and it also can be described by
Equation 7. In the case of B. thermophilus spores
inactivation, the corresponding values of T, were
414 and 416 K, those of the constant a 2.9 and
4.9 K and the r? 0.9999 and 0.9985, respectively.
In other words, a similar picture of the spores’
thermal resistance emerges irrespective of how

—the relative resistance index, R(T), is defined. The

characteristic temperature T, on the order of 415 K
or 132°C, representing the center of the transition
temperature range, is well above that of T, calcu-
lated from the WLF model with the fixed (“uni-
versal”) coefficients, which was about 90°C.° Or,
put differently, according to Equation 7, consid-
erable loss of heat resistance starts only at tem-
peratures of about 130°C (see Figure 5), while
according to the WLF model with the universal
constants, the relative resistance drops by about
three orders of magnitude already at a tempera-
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FIGURE 5. Spores relative resistance, defined in two ways, vs. temperature relationships.
Open circles: published experimental data; solid lines: the fit of Equation 7. The regression
parameters were T.: 414 and 416 K, a: 2.88 and 4.86 K, and r2 0.9999 and 0.9985, respec-

tively. (Data from Reference 32.)

ture not much higher than 100°C and by about
five orders of magnitude at a temperature not
much higher than 110°C. Whether the observa-
tion that Equation 7 can be used to describe spores
destruction kinetics has a general validity is a
question that can only be answered after a much
larger data base is examined.

C. Comparison of Fermi’s Equation and
the WLF Model

Numerous investigators have reported a good
fit of the WLF model to their experimental data,’
and there is no reason to doubt the validity of their
observations. (Whether it is permissible to use the
model with fixed [“universal”] constants is an-
other problem, which is discussed elsewhere.%) In
fact, and as already stated, many log ar vs. T
relationships definitely have an upward concavity
at temperatures well above the transition region
for which the WLF model provides an appropri-
ate account, but Equations 5 and 7 do not. At
temperatures well above the transition region, that
is, when T > T, these equations are reduced to

log Y(T)=log Y, ~ T/a (10)

and
log R(T) =-T/a, (11)

which are linear relationships. Thus, the upper
limit of the validity of the model and the begin-
ning of WLF or alternative kinetics can be estab-
lished simply by testing the linearity of the plot of
log Y(T) or log R(T) vs. T.

A more serious disagreement between the two
models can arise when the WLF kinetics is ex-
tended or extrapolated to lower temperatures. As
can be seen in Figure 6, the two models can imply
a glass resistance, Y,, that can differ by several
orders of magnitude. However, a word of caution
is in order here. Because Fermi’s equation is an
empirical phenomenological model, it only ac-
counts for the general shape of the Y(T) or R(T)
vs. T plot but cannot be used for its extrapolation.
Consequently, if Y, is to be determined or esti-
mated reliably, the experimental data range must
cover at least part of the region where Y(T) = Y,.
This is demonstrated in Figure 7. It shows how a
set of experimental data, when fitted by Equation
5 with very different and probably unrealistic
values of Y, can yield almost the same degree of
fit, as judged by statistical criteria.
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FIGURE 6. An example of how extrapolation to the tran-
sition region using the WLF model and Equation 5 can yield
Y, values that differ by several orders of magnitude (simu-
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FIGURE 7. Demonstration of the insensitivity of the fit of
Equation 5 to the magnitude of Y, if data at temperatures
below the transition are unavailable. Open circles: fructose
viscosity data from Reference 33. Solid lines: the fit of Equa-
tion 5 with various (probably unrealistic) values of Y. The
regression coefficient r2 was about the same for all the
curves (0.9954, 0.9953, and 0.9951, respectively).



. RESISTANCE VS. MOISTURE OR
WATER ACTIVITY AT A CONSTANT
TEMPERATURE

A. Stiffness vs. Moisture or a,,

Water is an effective plasticizer, and its pres-
ence considerably lowers the glass transition tem-
perature of sugar glasses and biopolymers.!2 Thus,
many materials that are hard and brittle at room
temperature when dry — breakfast cereals and
gelatin, for example — soften considerably and
lose their brittleness after moisture sorption. The
loss of stiffness as a function of moisture content
under isothermal conditions can be described by

. the same type of model that was used for the
effect of temperature at constant moisture or a, .24
‘Thus, with moisture (M) or water activity (a,)
replacing T in Equations 5 and 7, they become:

Y(M) = Y,/ {1+exp[(M-M,) /a’]} (12)

or

Y(a,) = Y,/ {1+expla,-a,./a"]}  (13)
and

RM) = 1/ {1+exp[(M-M,)/a']}  (14)
or

R(@,) = 1/ {1+expl(a,-a,]/a"]} (15)

where M, and a,, play the same role as T, and a’
and a” that of a in Equations 5 and 7 (Figure 2).
In Equations 1215, although a” has the moisture
units of M and M, while a”, as a,,, is dimension-
less by definition.

Demonstration of the fit of Equations 12 and
13 to published experimental data is given Figure
8. It is comparable to that found in the case of
Y(T), which suggests that moisture uptake has a
similar effect to that of a temperature increase not
only qualitatively but in a certain sense quantita-
tively as well.

B. Loss of Crunchiness

The phenomenon that crunchy foods lose their
crunchiness after moisture sorption is well known
and documented. Recently, it has been suggested

that the degree of crunchiness of crunchy materi-
als can be assessed in terms of the degree of
jaggedness of their stress-strain relationship.?*?
The degree of jaggedness in turn can be quanti-
fied in terms of the magnitude of the apparent
fractal dimension or by the mean magnitude of
their power spectrum.?*-26 The questions that arise
are whether these parameters can also be related
to the moisture content or water activity in the
same manner as other mechanical parameters, that
is, via Equations 12 or 13, and, if so, whether the
magnitude of these equations’ parameters (M, or
a,,. and a’ or a”) is the same as those calculated for
the stiffness loss. An attempt to answer these
questions by simultaneous determination of stiff-
ness and jaggedness in two crunchy foods at vari-
ous levels of water activity was reported recently.'6
The results are summarized in Figures 9 and 10.
They show that although there was a good agree-
ment between the two independent stiffness pa-
rameters (average force at 10 and 20% defor-
mation) and jaggedness parameters (apparent
fractal dimension and mean magnitude of the
power spectrum) the effect of a,, on them need not
be the same, or, more specifically, although the
critical a,, level for crunchiness loss can be about
the same as for the stiffness loss (Figure 9), the
two could also differ by as much as about 0.25
a,, units (Figure 10). The figures also show that
after plasticization, crunchiness practically dis-
appeared (apparent fractal dimension of about
one), but there was still an appreciable stiffness
left, on the order of 10 to 20% of the initial
value. Thus, to account for these residual values,
Equation 12 had to be modified with an added
constant, that is

Y(a,) = Y, / {1+expl(a,-a,) /a"]} + Y,(16)

where Y, =Y, + Y,.

That a substantial residual stiffness remains
after the transition is completed may not be a
unique characteristic of crunchy foods. It may
have an impact on the processability of plasti-
cized food and biological materials and therefore,
at least in specific systems, is worth further inves-
tigation. It should be remembered, however, that
the plasticized materials may have very different
kinds of rheological properties, for example, the
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published experimental data; solid line: the fit of Equations 12 and 13. Data for casein and sodium casein from
Refererice 22, for wheat grains from Reference 34, and for coffee creamer from Reference 35.

viscoelasticity of doughs, for which the use of a
term like “stiffness” is probably inappropriate.

IV. THE COMBINED EFFECTS OF
TEMPERATURE AND MOISTURE ON
THE PLASTICIZATION OF
BIOMATERIALS

A. The Gordon-Taylor Equation

Plasticizers, including water, as mentioned
previously, lower the glass transition tempera-
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ture."? The relationship between T, of a plasti-
cized material, T,ymixs and the plasticizer concen-
tration expressed as a weight fraction, X, can be
described successfully by the empirical Gordon-
Taylor equation

Tomix = [XTyy + K(1-X)T,,] / [X+K(1-X)]  (17)

where the subscripts 1 and 2 refer to the plasti-
cizer and host material, respectively.

The usefulness of the Gordon-Taylor equa-
tion to water-plasticized biopolymers has been
demonstrated recently by several investiga-
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tors'82223 with Tyyo 135 or 139 K. (It can be
shown, through Figure 11, that a deviation of a
few degrees Kelvin in the value of Ty, has little
effect on the fit of the model at moisture levels of
up to about 30%, and therefore the discrepancy is
of little practical significance. Reported K values
of biomaterials, as defined by Equation 17, were
on the order of 0.15 to 0.7. Their magnitude was
treated as quantitative measure of the plasticizing
effect of water for comparison between different
biopolymers.'®1® According to Equation 17, the

larger the value of K, the lower is the plasticiza-
tion effect. (When K — 0, T,,;x = T, forall X
values, and when K — oo, T, — T, for all X
values).

The reader will notice that although T,,, the
glass transition temperature of the dry biopoly-
mer, can be calculated using Equation 17, the
value so obtained is only a rough estimate. Data
simulations with generated noise using Equation
17 (Table 1) show that deviation on the order of -
15 K or more in the value of T,, can be expected
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even with an experimental scatter as low as 2%.
It is, therefore, much safer to determine T,
experimentally rather than by calculation, al-
though the results may agree despite the scat-
ter.!8

There are alternative empirical models to
Equation 17 as well as similar models derived
on the basis of thermodynamic considerations.?’
The latter, however, require knowledge of cer-
tain thermal properties of the food or biomaterial
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in question, which may require a separate ex-
perimental determination.

B. T, and a vs. Moisture

Because T, in Equations 3 and 5 need not
coincide with T,, the question arises whether it
too has the same type of moisture dependency.
According to various early published reports, the

< - -

o-

-Q— _‘\OA"~M o—-

O ¢TI0 9909

. - 9 O °

-

- -0

40



GORDON-TAYLOR MODEL WITH

Tgl = 130, 135 & 140 K
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FIGURE 11. Generated T, vs. water weight fraction using the
Gordon-Taylor model with T, = 130, 135, and 140 K.

dependency between the collapse temperature,
T, or sticky point, T, and moisture content, M,

C

can be described by the expression:!228
T.oiM) or T(M) =T, exp (-k,M) (18)

where T, is the collapse temperature or sticky
point in the dry state and k, a constant. It was also
shown that the relationship between T, and mois-
ture contents can be described by the same ex-
pression as well.!? This is not surprising because,
in the range of up to about 30% moisture, the
Gordon-Taylor model, especially with K > ~0.3,
and Equation 18 can be used interchangeably when
the experimental T, vs. M relationship has even a
slight scatter (Figure 12). Therefore, it is reason-
able to assume that T_, which is also a character-
istic transition temperature, has a moisture depen-
dency that can be described by Equation 18 (or
Equation 17). In the case of gliadin,'® this kind of
relationship was also established experimentally.'>

One can also assume that at high moisture
contents the transition not only occurs at a lower
temperature but is also sharper. In terms of Equa-
tions 5 and 7, this translates into a smaller value

of the constant a. The decrease in the magnitude
of a can also be assumed to obey an exponential
decay function, in which case, at least as a first
approximation

a(M) = a, exp—(k,M), (19)
where a, is the magnitude of a in the dry state and

k, a constant. When tested with the gliadin data
the assumption was found to be correct.!

C. The Combined Model

Because both T, and the constant a in Equa-
tions 5 or 7 can be expressed as functions of
moisture, the relationship between stiffness or
relative stiffness, temperature, and moisture at the
transition region has the general form
Y(T,M) = Y, / {1+exp[(T-T,(M)) / a(M)]} (20)

and

R(T,M) = 1/ {1+exp[(T-T.(M)) / a(M)]}  (21)
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G-T & THE

EXPONENTIAL MODEL

Tg (deg K)

T ¥

Tg1l = 135 K
400 K-

220
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WATER WEIGHT FRACTION-X

FIGURE 12. The compatibility of the Gordon-Taylor (Equation
17) and the single term exponential expression (Equation 18).
Open circles: data generated with the Gordon-Taylor model (T,
= 135 K and T, = 400 K) with a random scatter of 2%. Solid lines:
the fit of Equation 18 (r> > 0.999).

If T,(M) and a(M) can be written in the form of
Equations 18 and 19, the stiffness-temperature-
moisture relationship becomes

Y(T,M) = Y, / { 1+exp[(T-T,, exp (-k;M)) / a, exp (-k,M)]}
(22)

or, in terms of a relative stiffness,

R(TM) = 1/ {1+exp{(T-T,, exp(-k,M)) / a, exp(-k,M)]}
(23)

Thus, if T, a,, k;, and k, are known or can be
reasonably estimated, one can generate three-di-
mensional plots of R(T,M), and, if Y is also
known, of Y(T,M) as well.!> Examples of R(T,M)
plots generated with Equation 23 are shown in
Figures 13 and 14.

They show that temperature-moisture combi-
nations that result in either high stiffness [R(T,M)
= 1] or complete plasticization [R(T,M) == 0], as
well as intermediate stagés, can be identified at a
glance. Also, differences between materials, which

may not always be obvious on the basis of their
corresponding equations’ constants, become self-
evident when presented in the form of a three-
dimensional plot.

D. Other Plasticizers

In principle, the structure of Equations 22 and
23 is not restricted to moisture content. If one can
formulate algebraically the relationships T (x) and
a(x), where x is another plasticizer concentration
or weight fraction, then the same kind of plots
shown in Figures 13 and 14 can be generated with
x replacing M. It is also theoretically possible to
find relationships such as T,(M,x;X,,...) and
a(M,X,,X,, . . .), that is, for a material plasticized
by moisture and one or more other plasticizers.
However, because a graphical presentation is lim-
ited to three-dimensional displays, a series of such
plots would be required to describe such relation-
ships, which may render the method less attrac-
tive.
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FIGURE 13. Relative stiffness-temperature-moisture relationships
of Gliadin produced by Equation 23. The relative stiffness was
defined as G’(T)/ G’ (-50°C), T is in K and M in % weight. T, =
314 K, k; = 0.09, a, = 46.7, and k, = 0.6 were calculated from the
experimental data in Reference 18. (Data from Reference 15.)

V. CONCLUSIONS

Changes in the properties of food and biosolids
are governed by different kinds of kinetics that
are determined by whether the material is in a
glassy state, is undergoing a transition, or is fully
plasticized. Although the existence of three such
states is clearly evident from the shape of the
stiffness-temperature-moisture relationship, for
example, the existence of borderlines between
them is not. In the glassy state, changes are rela-
tively small and consequently have not been stud-
ied as thoroughly as those occurring during and
after the transition. There is ample evidence that
at the transition region the stiffness (or other “re-
laxation” or “mobility” parameter)-temperature-
moisture relationship is concave downward, irre-
spective of the way the stiffness or other parameter
is defined. Consequently, models adopted from
the polymer literature, notably the WLF equation,
are inappropriate for changes that occur in this
region. An alternative model that correctly ac-
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counts for the shape of the relationship appears to
be consistent with the experimental relationships
of a wide range of biomaterial with which it was
tried. This model, discussed in this work, need not
be unique; alternative models with a modified or
totally different mathematical structure may prove
to be just as appropriate or better. (For materials
with a sharp transition, the model R(T) = (1/ &)
arcctg [(T-T,) / a], for example, can have a fit and
constants comparable to those of Equation 7.)
The described model, based on Fermi’s equa-
tion, entails that beyond the transition region a
plot of R(T) or log a; vs. T is a straight line, thus
offering a clear criterion to establish the upper
limit of its validity range. Published evidence
strongly suggests that beyond the transition range,
where the upward concavity of log a; vs. T is
obvious, the WLF is an appropriate and conve-
nient model. Its use, however, is only safe within
the experimental data range. If used for extrapo-
lation into the transition region, it can lead to a
considerable overestimate of the stiffness (or an
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equivalent property). A possible theoretical ex-
ception is a material with an extremely sharp
transition. However, the existence of biomaterials
obeying the WLF equation all the way to T, ought
to be demonstrated experimentally with data re-
corded at temperatures below as well as above
that at which the transition occurs.
Plasticization of biosolids is a result of the
combined effects of temperature and moisture. It
can be described by a single mathematical model
and presented graphically in a form of a three-
dimensional plot of stiffness (or any other mea-
sure of resistance), temperature, and moisture
content. In principle, the same kind of model can
be used to describe the effects of plasticizers other
than water. However, whether this is also a prac-
tical option ought to be determined on the basis of
experimental data, which are currently very scarce.
Most published reports on modeling the ef-
fect of temperature and / or moisture focus, with
very few exceptions, on a single mechanical pa-
rameter, for example, modulus determined at a
fixed deformation range and constant rate, or a
group of related parameters (e.g., G’, G”) and tan
0 determined simultaneously at a constant fre-
quency and amplitude. Consequently, there is little
evidence in the literature that a model found ap-
propriate for a particular mechanical parameter is
also valid for different mechanical parameters
and other physico-chemical properties, and if valid
that the model’s constants, C, and C, of the WLF
equation or T, and a of the proposed model, are
the same for all attributes. This issue must be
resolved before any of the discussed models is
used for prediction of properties other than those
already determined experimentally. (For example,
the question of whether it is possible to predict or
at least estimate a browning reaction rate on the
basis of the kinetics of stiffness loss is still unre-
solved.) The data on the stiffness and crunchiness
loss in snack foods (Figure 10) suggest that, at
least in principle, there can be properties for which
this will be impossible and that only the general
character of the relationship is to some extent
predictable. It is therefore recommended that fu-
ture research focus simultaneously on the effect
of temperature and/or moisture on unrelated prop-
erties, in order to establish whether the math-
ematical expression that is used to describe the

i
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data can serve not only as a qualitative model but
as a quantitative one as well.
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