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1 Complementary Aspects of
Thermodynamics, Nonequilibrium
Criteria, and Water Dynamics in the
Development of Foods and Ingredients

M. P. Buera

Abstract

Temperature and water content of the systems have been the variables most widely
employed to define and predict the kinetic coefficients of desirable and undesirable
changes in foods. Supplemented temperature vs composition phase diagrams have
been demonstrated to be helpful in determining the feasibility of occurrence of phase
or state transitions. These diagrams include the glass transition temperature (7,) curve
and the equilibrium liquidus curves. The inclusion of the nonequilibrium curves
enables relationships with the time coordinate and, thus, with the dynamic behavior
of the systems to be established and helps to predict whether the systems are under
thermodynamic or kinetic control for given composition vs temperature conditions,
provided that the thermal history of the samples is known. The present work analyzed
how complementary aspects of thermodynamics and nonequilibrium criteria and water
dynamics can be assembled in order to demonstrate the formulation and processing
strategies to optimize the stability of food products and ingredients, especially in dry
systems.

A wide variety of kinetic data from several chemical reactions (in vegetable and
animal tissues, dairy products, ingredients, and pharmaceutical formulations or model
systems) from the published literature on the results from specifically designed experi-
ments were distributed in supplemented phase diagrams. The results indicated that
both solid-water interactions and structural characteristics of the systems governed the
dependence of reaction rates on relative humidity. In addition to the supplemented
phase diagrams, structural aspects of the matrices where the reaction takes place,
water-sorption properties, and water mobility itself were key aspects for a complete
interpretation to describe the dynamics of the chemical reactions.

Introduction

The kinetic control of desirable and undesirable aspects of chemical reactions repre-
sents a challenge in basic and applied areas of chemistry and food sciences. Therefore,
the impact of the variables and mechanisms that determine reaction rates has been
given much attention. Temperature and water content of the systems have been the
variables most widely employed to define and predict the kinetic coefficients. The
significance of state and phase transitions in the stability of amorphous food materials
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and also their impact on chemical and enzymatic reactions have been evaluated since
the 1980s (Slade and others 1989; Roos and Karel 1991; Karmas and others 1992;
Levine and Slade 1992; Bell and Hageman 1994; Bell 1995; Buera and Karel 1995;
Lievonen and others 1998; Bell and White 2000; Kouasi and Roos 2000). Since an
equilibrium state does not exist in these systems, the conservation of desirable proper-
ties in foods and ingredients is governed by conditions of metastability, often based
on the maintenance of the systems in an amorphous state (Levine and Slade 1992):
although the system components are not thermodynamically stable, they are kineti-
cally stabilized.

Supplemented temperature composition phase diagrams have proven helpful in
determining the potential of phase or state transitions (Slade and others 1989; Levine
and Slade 1992). These diagrams include the nonequilibrium glass transition tempera-
ture (7,) curve and the equilibrium liquidus curves. The inclusion of the nonequilib-
rium curves enables the relationships with the time coordinate and, thus, with the
dynamic behavior of the systems to be established and helps to predict whether the
systems are under thermodynamic or kinetic control for given temperature/composi-
tion conditions, providing that the thermal history of the samples is known. Structural
aspects of the matrices where the reactions occur, sorption, and water mobility itself
were also detected as key aspects in describing the dynamic of this reaction. The
present work analyzed how complementary aspects of thermodynamics and nonequi-
librium criteria and water dynamics can be assembled in order to point out formula-
tions or processing strategies to optimize the stability of food products and ingredients,
especially in dry systems.

Reactions, Materials, and Methods

The stability of selected dehydrated systems toward the Maillard reaction, the loss of
enzymatic activity, or carotene degradation was analyzed. Data obtained in freeze-
dried vegetable tissues, dairy products, ingredients, and pharmaceutical formulations
or model systems as the result of specifically designed experiments (Mazzobre and
others 2001; Longinotti and others 2002; Prado and others 2006; Acevedo and others
2006, 2008b; Sutter and others 2007) were plotted in supplemented phase diagrams.
Additional information on water dynamics and water-sorption properties was obtained.

Differential scanning calorimetry (DSC) was helpful in analyzing thermal transi-
tions and generating temperature- vs composition-supplemented state diagrams. Time-
resolved proton nuclear magnetic resonance (‘"H-NMR) was used to complement DSC
with the aim of obtaining a better understanding of the mobility of water and food
solids in the systems (Schmidt and Lai 1991; Kou and others 2000; Tang and others
2000; Chatakanonda and others 2003). X-ray diffraction and microscopy provided
information on molecular and microscopic structural changes.

Maillard Reaction

The Maillard reaction may have a positive or a negative contribution to the quality of
food products, and its complexity necessitates a deep kinetic analysis of reaction
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media and the variables involved to direct the reaction with the desirable outcome. In
dehydrated foods, the reaction is the cause of off-flavors, off-colors, and loss of nutri-
tional value. The kinetics of the Maillard reaction must be controlled also as a require-
ment of new food technologies: in the development of natural flavors, pigments,
emulsifiers, antimicrobials, and antioxidants; in the formulation of protective media
for biological systems and ingredients; and for controlled modification of biomolecu-
lar functionality or structure.

The reaction rate is strongly dependent on the concentration, ratio, and chemical
nature of reactants, temperature, water content, pH, and water activity (a,,) (Labuza
and Baisier 1992), but it is also influenced by the physical properties of the media.

In liquid systems, the Maillard reaction rate diminishes continuously as relative
humidity (RH) increases, mainly because water is a product of the reaction (Hodge
1953; Eichner and Karel 1972; Labuza and Saltmarch 1981). However, in solid or
quasi-solid systems, in which reactants are constrained by mobility restrictions, a
maximum rate of nonenzymatic browning (NEB) is observed at a given intermediate
RH value. Thus, the presence of a maximum in the plot of rate versus water content
(or ay) is a consequence of the low reaction rates due to mobility limitations of the
reactants (at low water content) and inhibition by the product (at high water content)
(Buera and Karel 1995; Van Boekel 2001). Systems with different structural charac-
teristics were analyzed to elucidate the relationship among browning rate, water-solid
interaction, and water mobility and the incidence of structural changes accompanying
phase or state transitions: highly collapsible polymeric (polyvinylpyrrolidone [PVP-
40]) matrices, crystallizing lactose and milk systems, and vegetable tissues exhibiting
an intermediate degree of collapse because of the presence of water-insoluble poly-
mers capable of providing residual structure. The shaded areas in Figures 1.1 and 1.2
represent the temperature vs composition conditions at which the Maillard reaction
was analyzed, and the circled regions show the conditions at which the maximum
rates were observed.

The corresponding 7, curves are shown in Figures 1.1 and 1.2 also as a function
of water content. Since sugars are the main soluble components determining 7, values
in vegetable and dairy systems, solubility curves for the main sugars present were
included as a reference.

In PVP systems (Figure 1.1) at a given temperature, the Maillard reaction rate
increased as water content increased, and the maximum rate occurred at a water
content at which T, was close to the storage temperature. Above this point, the samples
presented a fully collapsed fluid aspect, and the Maillard rate decreased when water
content increased (behavior similar to that of liquid systems). In the crystallizable
lactose- or trehalose-containing systems (Figure 1.1), the maximum rate occurred at
conditions in which a considerable degree of sugar crystallization had occurred, but
when the samples were totally crystalline the rate decreased. Figure 1.3 shows the rate
of the Maillard reaction as a function of water content for lactose systems compared
with the rates with milk and lactose-starch.

It should be noted that, in milk or lactose-starch systems, the presence of proteins
or biopolymers retarded lactose crystallization. Consequently, the maximum rate of
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State diagrams showing the glass transition temperatures (Tg) as a func-
tion of the mass fraction of water (w) for (a) polymeric (PVP), (b) lactose, and (c)
trehalose matrices in which the Maillard reaction was developed. Shaded areas repre-
sent the regions in which the experiments were performed. The conditions at which
fast-collapse or crystallization phenomena were observed are indicated by dotted lines.
Circled regions indicate the conditions at which the maximum browning rate was
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Figure 1.2. State diagrams showing the glass transition temperatures (Ty) as a func-
tion of the mass fraction of water (w) for (a) apple, (b) cabbage, and (c) potato in
which the Maillard reaction was developed. Shaded areas represent the regions in
which the experiments were performed. The solubility curves (S) for the sugars fructose
(fru), glucose (glu), and sucrose (suc) are indicated as a reference. Circled regions indi-
cate the conditions at which the maximum browning rate was observed.
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Figure 1.3. State diagrams showing the lactose glass transition temperature (T,) as
a function of the mass fraction of water (W). Browning rate constants (k) for the lactose,
milk, and lactose-starch systems are also shown as a function of W.

browning occurred with a higher water content, and the maximum rate was maintained
in higher water contents than in the sugar-only matrices (complete crystallization
occurred at higher water content values in those samples). In vegetable tissues contain-
ing structure-maintaining water-insoluble biopolymers and presenting an intermediate
degree of collapse, the maximum rate of NEB occurred at RHs in a range of 50%—-80%
when the samples were well above T, at the storage temperature (Figure 1.2).

In all cases analyzed, the Maillard reaction occurred below the T, and required a
minimum of water content (w in Figure 1.2) to mobilize the reactants, but the reaction
was immediately inhibited by water in excess of this requirement. The minimum water
content was directly related neither to the monolayer Guggenheim-Anderson-de Boer
(GAB) value nor to the T, value of the systems. The browning rate of the vegetables
and food models analyzed was very low in the glassy state, but at temperatures above
the T,, in addition to the decreasing viscosity and increasing rate, other changes such
as crystallization and collapse affected the browning rate.

As already discussed, the maximum reaction rates were reached either close to or
well above the T,, depending on the system structure. The observation of the maximum
rate as a function of water content indicated that the reaction rate decreased at a point
at which the matrix was unable to adsorb water either because of crystallization (as
in the case of lactose-containing systems), saturation of the most active sites of the
water-adsorbing matrix, or capillary condensation. I thus analyzed the location of the
beginning of the third water-sorption stage, the transverse spin-spin 'H-NMR relax-
ation times by spin echo after the Hahn sequence pulse, and the detection of frozen
water by DSC. The location of the beginning of the third sorption stage was analyzed
by the inverse plot of the GAB model, as proposed by Timmermann and Chirife
(1991). The analysis of proton spin-spin relaxation times by the Hahn spin-echo pulse
sequence in the samples at different water contents showed two 7, components. A
fast-decaying component, with 75 .., values on the order of 30—40ms was present
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at all the RHs analyzed and corresponds to both protons of solids and protons of water
molecules that are strongly influenced by their proximity to the solid components. (It
could also be detected by free-induction decay [FID] measured after a single 90°
pulse.) Above a given water content (in the proximity of a, = 0.22), a slow-relaxing
component (75 ym.») in the range of 400-950 ms was also observed, the value of which
increased linearly up to the beginning of the third sorption stage, as previously defined,
and then became constant. The inhibitory water concentration was associated with the
second inflection point of the water-sorption isotherm up to the appearance of freez-
able water as determined by DSC and up to the saturation of the second sorption stage
as determined by proton spin-spin transverse relaxation times (75) analyzed by 'H-
NMR with the Hahn pulse sequence (Acevedo and others 2008b).

Upon the appearance of freezable water and highly mobile water (determined by
the T2 Value), the NEB rate decreased as the water molecules inhibited the reac-
tion and/or diluted the reactants.

As the scheme in Figure 1.4 shows, the water content at a maximum Maillard
reaction rate results from the compromise between water plasticization and its inhibi-
tory effect. These conditions can be predicted on the basis of sorption and structural
properties and of thermal transitions of the matrices where the reaction takes place
and through the analysis of water mobility.

Matrix o Matrix collapse
crystallization (PVP)
(lactose)

3rd sorption stage
(T2-2 ~ 1 ms)
(vegetables)

Figure 1.4. Schematic tridimensional plot showing the browning rate (k,, in arbitrary
units) as a function of the temperature and mass fraction of water (w). The conditions
for the decreasing rate constant after the maximum were different for each type of
system and are indicated by the arrows. PVP, polymeric matrix.
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Enzyme Stability

Due to chemical and physical changes, most proteins lose their activity when stored
for extended periods in aqueous solution, and they are generally freeze-dried to
achieve a stable product. The dry state slows chemical degradation and alleviates
physical problems, such as protein unfolding and aggregation. However, protein sta-
bility in the solid state can be worse than that in liquid state if adequate components
are not present during the process to form suitable matrices (Crowe and others 1998).
Sugars, and particularly trehalose, have been found to be optimal in protecting enzymes
during drying and later storage (Leslie and others 1995; Suzuki and others 1997;
Crowe and others 1998). Much knowledge about protein stability is derived from
understanding how organisms survive thermal and hydric stresses (Sun and Leopold
1997). Vitrification of protective sugars is possibly the main strategy in nature to avoid
the crystallization of these sugars in anhydrobiotic organisms.

Mazzobre and others (2003, 2008) analyzed the stability of freeze-dried enzymes
(B-galactosidase, invertase, honey amylase, soy urease, and soy transaminase) over a
wide range of temperature and water-content conditions. Materials capable of forming
amorphous matrices, but with different physicochemical characteristics, were chosen
to compare their efficiency in protecting the enzymes. In the polymeric glassy matri-
ces, the enzyme stability was diminished either by increasing water content at a certain
temperature or by increasing the storage temperature at fixed water content. The good
glass—former polymers maltodextrin and PVP were not effective in protecting the
enzyme during heat treatment, the enzyme stability being affected mainly by effects
of temperature. Crowe and others (1998) reported that although vitrification of the
structure is necessary for improved enzyme stability, it is not the only condition
required for the protection of molecules, since specific hydrogen-bond interactions
between the matrix and the protein are also needed. According to this, sugars, and
especially trehalose, were more effective protectants despite their lower 7, values,
even at relatively high temperatures. The enzymes retained quite good activity in the
trehalose supercooled region, but their activity decreased drastically when the sugar
crystallized at a mass fraction of water greater than 0.1. Starch protected the enzymes
adequately at high water content and low temperature where stability was completely
lost in other systems. Enzyme interactions with the surface of starch granules and the
high T, value of this matrix may have played a role in enzyme stability.

When sugar crystallizes, the protein is excluded from the sugar crystals, and is
exposed to a matrix where, besides lacking the stabilizing effect of hydroxyl groups,
the changes in pH, concentration of reactive groups, and ionic strength may also nega-
tively affect its stability. However, it has been observed that, for many enzymes, if
sugar crystallization is inhibited or conveniently delayed, the protective action of
sugars may be extended to the supercooled-liquid state (Suzuki and others 1997; Buera
and others 2005; Mazzobre and others 2008).

The addition of polymers, other sugars, or salts extended the protective effect of
sugars to the supercooled region by delaying crystallization (Mazzobre and others
1997; Gabarra and Hartel 1998). In dairy systems, compared with pure-lactose systems
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Figure 1.5. Supplemented phase diagram showing the sucrose glass transition tem-
perature (Tg) as a function of the mass fraction of water (W): T, sucrose solubility curve;
and T,, water-melting curve. The effect of magnesium chloride on the sucrose curves
is indicated by arrows. The dotted lines indicate the freezing-point depression for
increasing sugar/salt proportions (R), from R; to Rs: Wg, the mass fraction of water for
the maximum cryoconcentrated matrix; and Ty, the glass transition temperature of the
maximally concentrated matrix. Adapted from Mazzobre and others (2001).

(Jouppila and Roos 1994), the presence of proteins delayed lactose crystallization.
Gelatin inhibited crystallization of raffinose and, in the presence of bovine serum
albumin, of sucrose, and raffinose crystallization was inhibited even at high RH (84%)
(Espinosa and others 2006). Additives like polymers that raise the overall 7, of pure
sugars reduced molecular mobility and inhibited crystallization, although delayed
crystallization in many studies was related to the modification of the molecular envi-
ronment of the crystallizing sugar in those mixtures, affecting thermodynamic and
geometric factors that control nucleation without changing T, significantly (Mazzobre
and others 2001; Longinotti and others 2002).

A special set of studies was dedicated to the analysis of the effect of salts on the
phase diagram of sugars (Mazzobre and others 2001, 2008; Longinotti and others
2002), which are presented in Figure 1.5. Water sorption and water or sugar crystal-
lization behavior indicated that the effect of salts on the sugar phase diagram was
directly related to the charge/mass ratio of the cations present (Mg > Ca > Na > K).

Measurements of electrical conductivity in concentrated sugar-salt-water systems
revealed a high population of local inhomogeneities, which were induced by prefer-
ential solvation of the ions as a consequence of the larger ion-water interactions as
compared with the ion-disaccharide interactions. Therefore, whereas the ion mobility
is enhanced by a low-viscosity local environment, sugar molecular mobility should
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be depressed by a high local viscosity. Ediger (2000) described spatially heteroge-
neous dynamics in supercooled liquids, as resulted from analysis by different tech-
niques. The dynamics in regions separated by a few nanometers could be different by
several orders of magnitude. The short-range dynamics of sugar-water systems could
change dramatically without modifying the T, of the system, which is a result of
suprastructural relaxation. Thus, the presence of salts could retard the sugar crystal-
lization even when T, remains unchanged. This effect should be more pronounced for
ions with stronger interactions with water. In frozen systems, on the other hand, the
salts have a colligative effect (Figure 1.5) and promote an increase of the water associ-
ated with the maximally concentrated nonfrozen phase (w in Figure 1.5). Consequently,
the T, of this phase decreases. Decreased enzyme activity was observed in these salt-
containing systems.

Mazzobre and others (2008) observed that the effect of salts, with regard to sugar
crystallization kinetics and enzyme inactivation, seems also to be associated with the
magnitude of their effect on disrupting the tetrahedral hydrogen-bond network of
water. Water structure-maker ions (citrate > acetate; Mg*?) enhance the tetrahedral
coordinated hydrogen-bond structure of water, and water structure-breaker ions (K*)
disrupt the tetrahedral coordination of water. Some ions, such as Na* or CI7, are con-
sidered neutral (Calligaris and Nicoli 2006). Trehalose acts as a structure breaker but
provides enzyme stabilization by strong hydrogen-bonding interactions (Patist and
Zoerb 2005). In restricted water environments, such as the dehydrated (or frozen)
systems analyzed in the present work, the amount of water determines the kinetics of
phase changes and enzyme inactivation. Thus, the type of water-ion interactions are
manifested in those dynamic changes, and the use of the so-called Hofmeister series
could offer great help in their description.

To optimize the efficiency of biomolecular dehydroprotectant agents, the develop-
ment of state diagrams is a good starting point for the analysis of the dynamics of
quality changes, but the diagrams must be complemented by knowledge of the inter-
molecular interactions that may occur. Besides supramolecular aspects, like 7, and
crystallinity, the density of the molecular packing of the matrices, reducing power,
and hydrogen-bonding capacity determined the effectiveness of agents as biomolecu-
lar protectants. Electrolytes commonly present in biological media or food and phar-
maceutical formulations modified metastable systems, affecting the kinetics of water
and sugar crystallization and enzyme inactivation, by both molecular and supramo-
lecular interactions.

Degradation of Carotenes

Stability and retention of labile biomolecules during drying and later storage often
depend on encapsulation of the biomolecules in the amorphous matrix formed during
dehydration processes (Constantino and others 1998; Pyne and others 2003). The high
degree of unsaturation in the structure of carotenes renders them extremely susceptible
to oxidation. Amorphous sugars are effective encapsulating agents. However, sugar
crystallization as a consequence of storage above the 7, promotes not only the loss of
the stabilizing effect on biomolecules such as enzymes, as previously discussed, but
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also the release of encapsulated lipids (Shimada and others 1991; Labrousse and others
1992). The changes in the physical structure of the matrix may also lead to increased
permeability and diffusivity of gases (water and oxygen) that affect reaction rates and
decrease stability of encapsulated active materials (Karel 1991; Karel and Saguy
1991).

Figure 1.6 presents the phase diagram of PVP (a) and crystallizable trehalose (b)

matrices. The shaded area indicates the magnitude of the kinetic constants of carotene
degradation.
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Figure 1.6. State diagram showing the glass transition temperatures (T;) as a function
of the mass fraction of water (w) for (a) polymeric (PVP) and (b) trehalose matrices
in which B-carotene was encapsulated. The conditions at which fast-collapse or crystal-
lization phenomena were observed are indicated by dotted lines. Shaded areas represent
the regions in which the experiments were performed; within those areas, the darker
regions indicate a high B-carotene loss rate. Arrows show the direction of the kinetic
constant increase for B-carotene loss.
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Elizalde and others (2002) showed that the rate of encapsulated 3-carotene loss in
a trehalose matrix was affected mainly by the moisture in excess of that necessary for
trehalose dihydrate crystallization. In fact, when water content was low but higher
than 10%, the available water crystallized with trehalose, forming the dihydrate, and
less water was free to liberate the encapsulated -carotene. Once crystallization was
completed, the kinetics of [-carotene loss were strongly accelerated (Figure 1.6a).
Prado and others (2006) demonstrated that 3-carotene loss in a freeze-dried polymeric
(PVP-40) matrix was observed mainly in the glassy state (below T,), where the high-
porosity matrix allowed oxygen diffusion and then fast degradation of B-carotene. To
the contrary, the lower degradation rate constants were observed under conditions in
which the structural collapse caused the disappearance or dramatic decrease of matrix
micropores (Figure 1.6b). Although maltodextrins improved the shelf life of B-carotene
in spray-dried carrot juice (Desobry and others 1998), and the release of encapsulated
material has been qualitatively related to structural collapse or shrinkage caused by
storage above the matrix 7, (Omatete and King 1978; Levi and Karel 1995; Selim and
others 2000; Serris and Biliaderis 2001), in the case of oxidizable compounds the
sample porosity in freeze-dried amorphous systems may negatively affect the stability
of encapsulated compounds.

Mannitol is a popular excipient used in freeze-dried formulations to stabilize bio-
molecules (proteins, enzymes, hormones, and vitamins). Obtaining amorphous pure
mannitol is difficult because of the great tendency of this polyol to crystallize. Various
solutes that remain amorphous in frozen solutions and during freeze drying (sodium
chloride, dipotassium hydrogen phosphate [K,HPO;], and glycine) were reported to
inhibit mannitol crystallization (Pikal and others 1991; Constantino and others 1998;
Pyne and others 2003; Yoshinari and others 2003). As in the case of sugars, discussed
previously with regard to enzyme stability, the effect of salts on carotene encapsula-
tion was studied in mannitol systems (Sutter and others 2007). Phosphate salts signifi-
cantly delayed mannitol crystallization during freeze drying, and consequently the
degree of B-carotene encapsulation increased (Sutter and others 2007). This effect was
maintained for quite a long time during storage of the freeze-dried samples at 25°C.
The divalent cations showed a synergistic effect and also modified 3-carotene degrada-
tion kinetics during storage, increasing carotene’s stability. The mechanism of crystal-
lization inhibition likely includes a change in the hydrogen-bond network and/or a
change in molecular mobility in the presence of divalent cations and phosphate anions.
The degradation rate of B-carotene in a mannitol-potassium dihydrogen phosphate
matrix increased as the %RH increased until reaching a value at which the samples
collapsed (75% RH) and then the degradation rate decreased.

Structural Effects

In systems with very low water content, water released during the Maillard reaction
or sugar crystallization accelerated enzyme inactivation and browning (Kim and others
1981; Burin and others 2000), and the magnitude of the effect depended on the degree
of collapse or porosity, which affected the retention of water in the systems (Buera
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and Karel 1995; Burin and others 2004). The water-content increase resulting from
the Maillard reaction was also reflected in a 7, depression (Roos and others 1996;
Burin and others 2004).

Acevedo and others (2008a) showed that the different structure generated during
drying of apple discs, depending on the type of drying method used (air convection
or the use of different freezing rates before freeze drying) affected sorption properties
of the dried material and, consequently, the rate of browning development, which in
turn were also different from those of dried-apple powdered samples.

An inverse correlation was observed between degradation rate constants for -
carotene and degree of collapse. Thus, matrix collapse under controlled conditions
during product processing may improve the stability of encapsulated biomolecules.

These observations demonstrated that factors such as microstructure and matrix
porosity may be important modifiers of reaction kinetics, and the sample structure is
another variable that has to be considered when the kinetics of deteriorative reactions
are analyzed.

Concluding Remarks

The rates of three different chemical reactions were analyzed from the perspective of
phase diagrams of the matrices where the reactions occurred. Both solid-water interac-
tions and structural characteristics of the systems governed the dependence of reaction
rates on RH.

In addition to affecting chemical reactions via a,, and by plasticizing amorphous
systems, water mobility itself was demonstrated to have a direct impact on chemical
reactivity in low-moisture and intermediate-moisture systems.

In this way, besides the valuable information provided by localizing the plausible
system conditions (compositions and temperatures) on supplemented phase diagrams,
structural aspects of the matrices where the reaction occurs, water-sorption properties,
and water mobility itself were detected also as key aspects that must be considered
for a complete interpretation in describing the dynamics of the chemical reactions.
Product formulation, process, and storage may be managed through knowledge of
reaction kinetics, solid and water dynamic properties, transition temperatures, and
process variables (mainly water content and temperature). Potential topics for further
research include the study of macroscopic and molecular properties of the materials,
such as the effect of sub-7, relaxations on the kinetics of chemical reactions, or local
heterogeneities in water distribution at microscopic scales. Also, the quantification of
structural effects such as collapse and compression would be valuable in the complete
interpretation of deteriorative reaction kinetics.
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