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Abstract

The processing and storage of foods result in changes due to physical processes and
-chemical reactions. The rates of these changes depend on many factors, but the mobility of
the reactants and of other significant food components is often a major factor controlling
these rates. Recently, it has been recognized that the glass transitions of food components are
important in controlling mobility.

This recognition led to the development of “state diagrams” in which glass transition
temperatures (7,) of major food constituents provide a boundary between regions of low
mobility (glasses) and increasing mobility (“‘rubbers”). This approach has been particularly
useful in predicting rates of shrinkage, recrystallization, textural changes and volatile (flavor)
ioss in carbohydrate-based foods. Work on chemical reactions (non-enzymic browning and
lipid oxidation) has also demonstrated the profound effect of glass transitions on the rates of
these reactions. The common unifying factor is the effect of glass transition on the
diffusivities of important reactants in the materials which undergo the transition.
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C, concentration of maximally freeze-concentrated solution in (mol 171)
G constants in Eqgs. (5) and (7)

D diffusion coefficient in Eq. (6) in (m? s~ ')

D, pre-exponential factor in Eq. (6)

diffusion coefficient at temperature 7, in Eq. (7) in (m* s™")
D,  diffusion coefficient at temperature T in Eq. (7) in (m? s™!)
E activation energy in Eq. (1) in (J g7' K71

E, activation energy for diffusion in Eq. (6) in (J g7' K7

k constant in Eq. (4)

ky browning rate constant in ((OD] h™")

K, constant in Eq. (3)

M molecular weight in Daltons

m moisture content in percent

D partial pressure of water in food in Eq. (2) in Pa

p° vapor pressure of water at temperature 7 in Eq. (2) in Pa
o quality index in Eq. (1)

R gas constant

T temperature in K

T, glass transition temperature in (°C, K)

T,,  glass transition temperature of pure, anhydrous component compounds in
Eq. (4)in K

T, glass transition temperature of maximally freeze-concentrated solute in
K

T,, onset of glass transition of maximally freeze-concentrated solution

T,. endpoint of glass transition of maximally freeze-concentrated solution

T,, onset of glass transition in K

T,. midpoint of glass transition in K

T, endpoint of glass transition in K

Ty limiting T, at high molecular weight (effective T,) in Eq. (3) in K
equilibrium melting temperature of ice in maximally freeze-concentrated
solution in K

14 specific bulk volume at time ¢ in (ml g=!)

Ve specific bulk volume at time =0 in (ml g=')

weight fraction of component compounds in Eq. (4)

Greek letters

n viscosity at temperature 7 in Eq. (5) in (Pa s)

g viscosity at temperature 7, in Eq. (5) in (Pa s)

. relaxation time for collapse in h

Te,  relaxation time for complete crystallization in h

Tcrr Telaxation time for propanol release from sucrose in h
ter  relaxation time for fast release in h

1gg  relaxation time for slow release in h
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1. Introduction

The quality of foods depends on a complex set of physical, chemical and
biological characteristics. For purposes of studying stability, we make simplifica-
tions which allow approximations to the complex reality. These are not perfect but
are useful in process design and in choosing storage conditions. One of the
simplifications is the assumption that the changes which occur during processing
and storage depend on only two parameters: time f and temperature 7. Further-
more, it is usually assumed that an index of quality Q may be defined. Then, if
the rate of quality changes is zero-order [1-3], the Arrhenius equation may be
applied

Q _ 1.n—E/RT
5 =ke (1)

where k is a constant, E is a constant (the so-called activation energy for the
process), R is the gas constant, and T is the absolute temperature (K).

In addition to temperature we usually consider the role of water, i.e. the moisture
content m and water activity a,,

where p is the partial pressure of water in the food and p° the vapor pressure of
water at temperature T. '

A “stability map” giving a schematic indication of relative rates of biological,
enzymatic and some chemical processes in foods stored at a constant temperature
as a function of a,, was presented by Labuza et al. [4]. Versions of this “map” have
been published subsequently [5,6]. It was recognized that time-dependence and
non-equilibrium conditions require extreme caution in the use of the water activity
dependence of reactivity [7,8]. Nevertheless the concept proved useful, in particular
in describing two types of changes: those due to microbial growth and those due to
non-enzymatic browning. With respect to microbial growth, there are excellent
theoretical and empirical reasons to conclude that water activity is the determinant
of growth (because it determines the osmotic stress, and because the ability to grow
is determined by the degree of that stress, and the osmoregulatory capacity of a
particular cell) [9].

2. Glass transitions in foods

It has been proposed that effects of moisture and temperature on the rate of food
changes are related to the physical state of the food, and specifically to the
temperature above the glass transition temperature T,. The fact that many foods
form amorphous glasses is known and the consequences of glass transitions in food
and related systems has been described [10-12]. A systematic analysis of many
processes, and the development of a stability map based on the T, curve in a
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Fig. 1. Glass transition temperature (7T,) range of amorphous sucrose with 20% water. The T, has its
onset at T,,, midpoint at 7,,, and endset at 7.

temperature—concentration or temperature—water-content plot has been under-
taken and reported in a very extensive series of papers by Levine and Slade
[13,14]. These reviews have voluminous citations to research papers and other
reviews.

The T, values of food components vary from that of water at —135°C[15,16] to
very high temperatures for food polymers such as polysaccharides and proteins
[17,18]. The T, of food components is most often determined by differential
scanning calorimetry (DSC) [19-21]. A typical DSC trace of the glass transition
ranges of an amorphous sugar is shown in Fig. 1. Recent studies have reported the
use of other methods such as mechanical spectrometry [22-24], dynamic mechani-
cal thermal analysis [25], thermal mechanical analysis [26] and nuclear magnetic
resonance [25]. T, values may be reported as onset or midpoint temperatures of the
transition range. We prefer the use of onset values as defined in Fig. 1, because
many changes in food materials, e.g. the crystallization of amorphous sugars, are
initiated when the onset temperature is exceeded [27].

Plasticizers, including water, depress T, drastically. The typical effect of moisture
content 2 on T is shown in Fig. 2. A typical plot of T, versus a,, is shown in Fig.
3. The T, values of polymers are related to molecular weight [28,29]

Ty=Tywy — KgM_] (3)

where M is molecular weight in D, K, is a constant, and T, is the limiting 7, at
a high molecular weight in K. _

The T, values of glucose oligo- and polysaccharides follow Eq. (3) [18]. We have
used Eq. (3) to predict the T, of anhydrous starch as shown in Fig. 4. The T, values
of solutions, and mutually soluble mixtures can be calculated using Eq. (4) [30]. We
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Fig. 2. The glass transition temperature of gliadin, glutenin and gluten as a function of moisture content
[17,22,24].
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Fig. 3. Effect of water activity of glass transition temperatures of sugars and maltodextrins.

were able to predict the effect of water on the T, of a wide range of carbohydrate
materials [18,23,29,31]
w, T, +kw,T
Tg 2l g 27 g (4)
wy + kw,
where w; are the weight fractions of component compounds, T, are the glass
transition temperatures of the anhydrous pure component compounds in K, and &
is a constant.
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Fig. 4. Effect of molecular weight on the glass transition temperature (7,) of glucose polymers and
maltodextrins. 1/M, (effective molecular weight) predicts the T, of anhydrous starch to be at 243°C.
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Fig. 5. Glass transition temperature (7,) and equilibrium water content at 24°C as a function of water
activity of lactose, skim milk and whole milk. The critical water activity range and water content assume
that stability decreases as the T, decreases below ambient temperature.

A combined use of Eq. (4) and water sorption isotherms [32] allows evaluation
of T, at various storage conditions. Diagrams showing both equilibrium water
content and T, as a function of water activity (Fig. 5) can also be used to determine
critical values of a,, and m, above which the stability at ambient temperature is
likely to decrease because T, is depressed below that temperature. Most foods have
high water contents and their theoretical T, values are close to that of pure water.
However, ice formation occurs below the freezing point. As the ice formation
proceeds, the equilibrium freezing point of water decreases due to solute concentra-
tion in the unfrozen phase. A maximally freeze-concentrated unfrozen solution is
formed in a relatively narrow temperature range between the 7, of the maximally
freeze-concentrated solute (7;) and the lowest equilibrium melting point of ice
within the unfrozen matrix (7,) [33]. Both T, and T, have values that are
independent of the initial solute concentration (Fig. 6).
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Fig. 6. Glass transition (7}), glass transition of the maximally freeze-concentrated solute (T,), and onset

temperatures of ice melting within the maximally freeze-concentrated solute (77,) of various carbohy-

drates as a function of their molecular weight.

The solute concentration of the maximally freeze-concentrated unfrozen matrix
C, can be calculated with Eq. (4). Recent studies show that solute concentrations
in maximally freeze-concentrated carbohydrate matrices are approximately 80%
(31]. Because of kinetic constraints, solutions with high initial solute concentrations
(60-80%) may require several days or even weeks of annealing at T, < T < T},
until the maximally freeze-concentrated state is achieved. Both T, and T%, depend
on the molecular weight of the solute. Roos and Karel [18] reported that above a
certain molecular weight 7', and T, have the same value (Fig. 6). Experimental T,,
T,, Cyand T, data for most common sugars were recently reported by Roos [31].

The T,, T}, and T}, data of food materials can be plotted as a function of water
content. Such state diagrams were originally proposed by Franks et al. [34]. State
diagrams are important in the characterization of the physical behavior of food
materials under various processing or storage conditions [35]. A typical state
diagram shows the 7 line as a function of concentration with T, and T, values
(Fig. 7). The temperature-dependence of viscosity is often found to be given by Eq.
(5) and can be included in state diagrams to show isoviscosity states above T,. Such
isoviscosity lines can be used to evaluate rates of dynamic phenomena above T, e

C(T-T
rlg C2 + (T - Tg)
where 7 is viscosity at temperature T in (Pa s), 5, is viscosity at T =T, in (Pa s),
and C; and C, are constants.
Williams et al. [36] found average coefficients applicable to mechanical relaxation

in polymers to be: C; = —17.44 and C, = 51.6. Soesanto and Williams [37] found
these coefficients valid for the WLF correlation of the viscosity of sugars.

3. Dependence of physical changes on transitions: stickiness and caking

Stickiness and caking may cause problems in production and storage of dehy-
drated food powders [12,38]. Stickiness has been observed to occur at a “sticky
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Fig. 7. State diagram showing the glass transition temperature (7,) and changes in material physical
state above T,. The state diagram may be used to evaluate equilibrium and non-equilibrium phenomena
at various water contents and temperatures.

point” temperature defined by Lazar et al. [38] as the temperature at which the
force required to stir a food powder increased sharply. Downton et al. [39] reported
that stickiness occurs as the viscosity of the powder decreases below 107 Pa s.
Because the viscosity of amorphous food powders decreases rapidly above T,
stickiness may also be related to the temperature difference between ambient
temperature (T') and T, [35]. We have demonstrated that the critical viscosity for
stickiness as reported by Downton et al. [39] is equivalent to the viscosity of
amorphous sugars at (T — T,) values of 10-20°C; stickiness may, however, occur at
lower (T —T,) values when food is exposed to temperatures above 7, for long
times. Isoviscosity lines in state diagrams can be used to show critical viscosities for
stickiness and the time needed to a given degree of collapse, which may be used as
a quantitative prediction of stability (Fig. 7). Structural changes above T, result
from a decrease in viscosity and resultant flow, because the liquid-like material
above T, has a tendency to minimize its volume. Stickiness and caking temperatures
are also needed in the design of agglomeration processes, which use controlled
stickiness to control particle sizes of food powders.

4. Crystallization

Water sorption isotherms of many food powders show loss of adsorbed water
above a characteristic water activity, due to sugar crystallization. Makower and
Dye [40] showed that crystallization of amorphous sucrose and glucose proceeds at
a rate dependent on water content, and many studies have confirmed that sugars in
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amorphous powders may crystallize during water adsorption or heating [12,27].
Rapid crystallization may be observed by isothermal DSC at an approximately
“constant (T — T,) value independent of moisture content [27]. The rate of crystal-
lization depends on viscosity and the relationship between (7' — T,) and time to a
given extent of crystallization was correlated using the WLF equation (Eq. (5)). We
have also shown that the rate of crystallization is accelerated in hermetically sealed
containers [41] due to increasing plasticization by water released from the crystal-
lized material. Crystallization affects food stability by releasing encapsulated mate-
rials such as lipids, which subsequently show increasing rates of oxidation [42].
Retrogradation of starch during bread staling has also been related to crystalliza-
tion of amorphous amylopectin [43].

5. Non-equilibrium ice formation

Most foods contain solutes which do not crystallize readily from freeze-concen-
trated solutions. In such solutions the unfrozen mixture of solute and unfrozen
water may become glassy. Ice formation is affected by various factors including the
initial water content, temperature and time. Rapid cooling of solutions may result
in non-equilibrium ice formation, partial freeze-concentration, and ice formation
during rewarming (devitrification) (Fig. 8). Devitrification is observed as an exo-
thermal transition, which results from the release of latent heat from ice

65% SUCROSE (w/w)

el Peak integration
baseline

2100 —80  —60  —40 20 0
Temperature in °C

Fig. 8. Thermal behavior of a frozen sucrose solution. (Initial sucrose concentration = 65%.) Rapid
cooling results in partial freeze-concentration (A), which can be observed from a low glass transition
temperature (T,) and devitrification (T,) during rewarming. Maximum freeze-concentration can be
achieved by annealing the solution at —35°C (below onset of ice melting, T,,). The thermogram of the
annealed solution (B) shows the glass transition temperature of the maximally freeze-concentrated
solution (Ty) and ice melting at T,.
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formation. The devitrification temperature 7, increases with increasing rewarming
rate, indicating that ice formation above a preceding 7, is time-dependent [23,29].
The increasing amount of ice decreases water content and increases the T, of the
unfrozen matrix. The increased T, value decreases the rate of ice formation as the
(T — T,) decreases, resulting in increasing viscosity [23,29]. We have shown that
isothermal annealing above T, can be used to form ice in carbohydrate solutions
and proposed that the rate of ice formation is determined by (7 — T;) [23,29].
Melting of ice in maximally freeze-concentrated solutions starts at a temperature
characteristic for a given material [23,29,31]. Above this temperature (77,), eutectic
crystallization of sugars may also occur as the amount of unfrozen water increases
and viscosity decreases (Fig. 7). A typical example of such behavior is lactose
crystallization in ice cream, which can be delayed by adding polysaccharides to
increase the viscosity of the unfrozen phase.

6. Collapse of pores during drying

Structural collapse (defined as a decrease in specific volume) during drying affects
product quality by reducing porosity, rehydration ability and texture. We have
studied these structural changes during freeze drying below and above T,. In freeze
drying, sublimation of ice creates pores, the walls of which may collapse due to
surface forces or gravity. The high viscosity of the concentrated amorphous
solution (CAS) [44], a major component of pore walls, prevents or retards collapse.
The premise of our work was that if the temperature of the CAS remained below
T, during drying, no collapse would occur because the viscosity would be very high
(approximately 10!! Pa s) [45]. Collapse during freeze drying has been related to the
collapse temperature, which is close to but higher than T, [46]. Increased plasticiza-
tion of the CAS by unfrozen water occurs above the temperature at which the ice
begins to melt (7,), decreasing the viscosity and causing acceleration of collapse.
Resonance mechanical spectrometry (RMS) and differential scanning calorimetry
(DSC) were used to determine the T, of potato, apple and celery. Fresh plant
tissues were found, by both methods, to have a T, of approximately —46°C. It was
assumed that during freezing they were concentrated to the same extent. We
detected an apparent crystallization of some unfrozen water during thermal analysis
and in RMS studies; thus it appears that maximum freeze-concentration did not
occur. The T, determined by mechanical spectrometry is known to correspond to
the “endset” of the transition measured by DSC [22,47]. The onset glass transition
temperature of a maximally concentrated amorphous sucrose solution (77%,) has
been shown by Roos and Karel [33] to be —46°C and the endpoint (7,.) to be
—35°C. Comparing T, determined by DSC with T, estimated by RMS shows some
differences. Nevertheless we could estimate the T, of our experimental samples to be
in the vicinity of the T,, (—46°C). Freeze drying was performed under high
vacuum (0.53 Pa) and reduced vacuum conditions (90.64 Pa and 209.28 Pa) to
obtain varying initial sample temperatures that were below ( —55°C), near (—45°C)
and above (—28°C) the T, of these materials. Collapse was determined by
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Fig. 9. Collapse (measured as volumetric shrinkage) during freeze drying of potato, apple and celery.

measuring the bulk volume before and after freeze drying, expressing the change as
(V[V,) x 100, where V is the bulk volume at the end of drying and V¥, is the initial
bulk volume. Fig. 9 shows the collapse of apple, potato, and celery during freeze
drying. T.,, the onset of melting, was approximately —32°C [48] in these plant
tissues. Because of ice melting, detrimental effects in the —28°C sample occurred
due to both the glass-to-rubber transition and melting which freed water to
plasticize the matrix. Apple and celery showed more collapse than fresh potato due
to the initial higher volume of water in apple and celery. Fresh potato contains 3.72
g H,O0/g solids compared to 7.9 and 18.96 g H,0/g solids for apple and celery,
respectively. The temperature T'y,, above T, can result in substantial collapse, thus
emphasizing the importance of the glass transition in structural changes during
drying.

7. Diffusional processes as affected by phase transitions

Many changes in foods (reactions, flavor loss) are affected by the diffusivity of
the components. Two approaches have been widely used to express the dependence
of diffusivity in amorphous materials. The first considers temperature dependence
to be given by the Arrhenius equation, but with the activation energy Ep being
different above and below T, [48]

D — D,e~Eo/RT 6

where D is the diffusivity at temperature T (m? s~'), D, the pre-exponential factor,
Ep, the activation energy for diffusion (J g=' K~'), R the gas constant, and T
absolute temperature (K).

The difference between the activation energies below and above T, depends on
diffusant size and on the packing density of the amorphous matrix. A typical plot
resulting from the above assumption is shown in Fig. 10. The second approach
relates the diffusivity to viscosity above T, assuming a reciprocal relationship
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Fig. 10. Initial release of n-propanol from anhydrous sucrose:raffinose (3:2) as a function of time in a

matrix maintained at (7 — 7,) = 15°C. Release is linecar when plotted on a semi-log axis showing
exponential behavior.

between D and viscosity (7). It has been suggested [13] that this dependence can be
expressed by a modification of the WLF equation [36], assuming that D is inversely
proportional to 5

D C(T—-T,)

g _

Dy C+(T—T,)

where Dy is the diffusivity at temperature T (K), D, is the diffusivity at reference
temperature 7, (K), C, and C, are constants, and T, is the glass transition
temperature (K).

An important application in food technology is the controlled release of en-
trapped food components or additives. It is feasible to incorporate such entrapped
volatile components (as particles, droplets, or individual molecules) in glasses
formed by other food components, e.g. sugars, by drying, extrusion or other
methods [49]. Their release may be controlled by achieving specified (T — T,) levels.
A drastic decrease in retention of volatiles in carbohydrate glasses above a “collapse
temperature” (T,) has in fact been observed and attributed to T, being above T,
[50,51]. In most systems, glass transition also allows deformation under gravita-
tional forces and collapse due to the elimination of pores and cavities [45,51,52].
The resulting increase in bulk density may also affect diffusion. Water, which acts
as a plasticizer in carbohydrate systems [13,18], lowers T, and accelerates flow
processes [54,55]. The relationship between the relaxation time for various pro-
cesses, including “collapse”, and the temperature above T, has been shown to be
given in many cases by the WLF equation. Because, in practice, in many cases
collapse processes coincide with the release of part of the entrapped materials, we

log (7
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Fig. 11. Arrhenius plot of the effect of temperature on the diffusivity of helium (A), methanol (B) and
ethyl bromide (C) in poly(vinylacetate) above and below T,. The larger the penetrant, the larger the
difference in activation energy for diffusion (Ep) below and above T, where Ep, above T, is greater than
Ep below T,. (See Ref. [48].)

have carried out studies in model systems to analyze the dynamics of both
processes. Amorphous sugar glasses were prepared by freeze-drying of 25% (w/w)
sugar solutions. The diffusant entrapped within these glasses was radio-labelled
n-propanol. Sucrose solutions gave a system which crystallizes readily above T,
and sucrose: raffinose (3:2) mixture, a system in which crystallization was inhibited.
We noted that the initial release of the entrapped volatiles from the su-
crose : raffinose matrices was exponential (Fig. 11). The exponential release allows
the calculation of a relaxation time for release. The collapse as measured by
volumetric shrinkage is also exponential, and . (relaxation time for collapse) can
be calculated. The release of a portion of the enrapped volatiles during collapse was
designated as fast release, with the relaxation time being tgg. In sucrose system,
crystallization coincides with the complete release of entrapped propanol. Relax-
ation times for both collapse and the initial fast release (7., Tgr) were found to be
dependent on (7 — T,) and the WLF equation was used to correlate this depen-
dence. Complete crystallization of sucrose above T, was also found to be exponen-
tial with relaxation time t,. The WLF correlation of relaxation times for propanol
release in the sucrose system (zcgr) and of the time required to achieve complete
crystallization (z¢,) are shown in Fig. 12. Because crystallization leads to complete
release of propanol and the release kinetics are of the first-order type, it is not
surprising to see that both relaxation times are of similar magnitude. The WLF
equation with the original constants ( —17.44 and 51.6 for C, and C, respectively)
gives a good prediction of the dependence of 7., and 1crr On the temperature
above T,. In systems with inhibited crystallization, rapid release occurs, followed by
a much slower release of the remaining propanol (Fig. 13). We found that the slow
release can also be analyzed, assuming exponential release, and a relaxation time
(tsr ) calculated. The observations may be explained by assuming that freeze drying
results in a porous system, with the diffusant entrapped in the walls of the pores
(Fig. 14A and B). The softening of the walls results in pore collapse. Part of the
propanol is released during this process (“fast” release step) (Fig. 14C). Once the
collapse is complete, the release of the portion of the propanol remaining within the
matrix occurs by diffusion through a dense matrix (Fig. 14D). A schematic diagram
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Fig. 12. Effect of (T — T,) on the relaxation time for complete crystallization of anhydrous sucrose (7c,)
and n-propanol release (tcgr). Solid lines represent the WLF equation for each pair of 7 and (T — T,),
averaging over the full range of data pairs.
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Fig. 14. Schematic diagram of the encapsulation of organic compounds during freeze-drying. A. After
freezing, before drying, the crystallizing ice excludes any soluble and insoluble compounds thus
concentrating it and, with the rapid increase in viscosity, forming concentrated amorphous solute (CAS)
containing both the matrix and the organic compounds. B. After drying (7" < T,). Ice sublimation results
in pores and the formation of glass with the entrapped compounds. Compounds in contact with the
pores will be lost. C. After drying (T > T,), ¢ < 1.. Initial pore collapse and matrix flow results in
exclusion of part of the entrapped compounds to the pores or the surface where they will be lost (“fast”
release). D. After drying, T > T,, t > 1. Pores are gone, the matrix is collapsed and probe release is
mainly due to diffusional process in the dense “rubbery” matrix.

describing the release from crystallizing and non-crystallizing systems is shown in
Fig. 15. The relaxation times for these processes were obtained experimentally and

are shown in Table 1.

8. Effect of glass transition on rates of chemical reactions

It has been suggested that glass transitions may result in increased mobility of
reactants, because reactions may be diffusion-limited below T, as summarized in
Fig. 16 [53]. However, the increased diffusivity above T, removes this limitation.
Diffusion limitations have in fact been proposed as the cause of lower rates of
non-enzymatic browning (NEB) at low moisture contents. We have studied the
effect of glass transition on browning of a reactant mixture of an amino acid and
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Fig. 15. Schematic representation of release of probe entrapped within amorphous, initially porous,
matrices in consequence of exceeding the glass transition temperature, as a function of time. A. Below
T,, no crystallization, collapse or release will occur within a reasonable time frame. B. In a crystallizing
system, probe release will lollow crystallization. C. In a non-crystallizing system, initial fast partial
release coincides with collapse, followed by slower release in the collapsed system.

Table 1
Relaxation times for propanol release in sucrose:raffinose above T,
(I'-T,) in °C Anhydrous, 7, = 63°C m=2 7,=525C

Tc TFR TSk Te TeER Tsr
15 74 524 2063 72 30.1 1536
20 4.5 72 513 24 5.1 508
25 1.01 0.89 115 0.31 1.8 189
30 022 0.05 89 0.06 0.07 190

Key: 1., relaxation time for vollapse (h); Tpp, relaxation time (h) for “fast” release; 155, estimated
relaxation time (h) for “slow™ release.

reducing sugar in various inert matrices. Xylose and lysine were chosen because of
their relatively high reactivity. They were incorporated in matrices having different
characteristics, including simple sugars, polysaccharides, and other polymers. Sam-
ples were prepared from 20% solutions which were freeze dried and equilibrated to
various moisture contents. Three types of experiments were done (Fig. 17): determi-
nation of the extent of browning at 20°C at various moisture contents
(T = constant, T, decreases with m, (7' — T,) variable); determination of browning
rates at different temperatures at a fixed moisture content (7 variable, T, fixed,
(T — T,) variable); and determination of browning rates in systems where both
temperature and moisture content were changed.

In systems in which crystallization occurs above T, e.g. trehalose sucrose, the
crystallization may result in changes in reactant concentration in the solution phase.
In the case of hydrate crystals, the reactants can be concentrated or diluted. In the
case of anhydrous crystallization, the reactants are diluted in systems at constant
a,,. The effects on reactivity can therefore be complex. Trehalose hydrate crystal-
lization resulted in an increase in reaction rate.
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A+B--—->C
IN WELL-MIXED SYSTEMS:
g§= k[A][B]
IN DIFFUSION-LIMITED SYSTEMS:
g§= K[A][B]

k'= _k_
1 + (k/aD)
k' 1.0
k
D
D =f(T-Ty)

Fig. 16. Schematic representation of the effects of diffusional limitations in bimolecular reaction between
reactants A and B to form C: k, reaction rate constant; k', apparent reaction rate constant in
diffusion-limited systems; D, diffusivity of reactant; a, a constant.

Experimental Design

Temperature

Ty system 2
Rubbery state

- — -

Glassy state Tgsystem 1

Moisture content

Fig. 17. Schematic representation of experimental design for studying reaction below and above T,.
Experiments for a given material can be done at various (T — T,) values by changing the temperature
and/or moisture content. The system can also be changed.

In systems in which there is no crystallization, the situation is more complex. We
studied xylose—lysine reactions in dry maltodextrins which do not crystallize. Two
different maltodextrins of different molecular weights (MW 920 and MW 1200)
were used. Solutions of a maltodextrin with xylose and lysine were prepared, put
into vials, freeze dried, and dried over P,Os. The vials were then sealed and heated
at various temperatures, after which browning was determined by optical density
measurements at 420 nm. Arrhenius plots of zero-order browning-rate constants
(Fig. 18) show the dependence of the rate of browning on temperature. The glass
transition temperatures are indicated and identified by arrows. All experimental
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Fig. 18. Arrrhenius plots for browning reaction rates in two systems with different 7, values. Ma-
trix : xylose: lysine = 94:5:1; a,, =0.

temperatures were below the 7, for the MD (1200 MW) system while the experi-
ments were conducted above and below the T, for the MD 250 (900 MW) system.
When the T, of the maltodextrin 900 MW system is exceeded, the browning rates
become noticeably faster than in the corresponding maltodextrin 1200 MW system.
Below T, the browning rates are similar. The browning kinetic changes seem to
occur in the vicinity of the 7, of the maltodextrin 900 MW system. Similar
observations were made for the systems with other concentrations.

Browning results for PVP (MW = 10 000), xylose, and lysine (28:1:1) are shown
in Fig. 19. In these experiments (T — T,) was changed by using different tempera-
tures (changing T'), as well as by having systems of different moisture contents
(having different T,s). Data are plotted as a function of (T — T,) with symbols
representing samples of the same moisture content. Browning rates below T, are
low for all moisture contents. Above T,, separate curves for browning at the
different moisture contents are obtained. This indicates that effects of water and
temperature are not fully explained by their impact on (7 — 7,). Similar results
were seen for browning in PVP (MW = 40 000), xylose, and lysine samples, as well
as in other systems. Statistical analysis has indicated that the variables temperature,
moisture content, and glass transition are all important. However, adequate empir-
ical models (r? > 0.95) can be obtained when browning rates are described by any
2 of the 3 terms: (T — T,), moisture content, or 1/T(K).

A typical equation incorporating all 3 variables is shown below (obtained for
polyvinylpyrrolidone : xylose :lysine (98:1:1)

1
T
where kg is the browning rate constant in (OD units h™') and m is moisture in
% (dry basis).

In(ky) = 18.42 —7111( )—O.lSm +0.0UT —T,)
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O a,=0,mc=0%,T;=89°C
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Fig. 19. Browning rates at various moisture contents and temperatures for the system polyvinylpyr-
rolidone: xylose:lysine (98:1:1).

9. Summary

The glass transitions of the amorphous components of foods affect the mobility
of food components and this has drastic effects on food stability. The stability-related
processes which were found to be affected by glass transition are: the stickiness and
caking of powders, the crystallization of sugars and ice; the collapse of pores during
dehydration, the diffusion of food components, and chemical reactions including
non-enzymatic browning. Quantitative relations allowing the evaluation of the effects
of the glass transition on food properties have been proposed.
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