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In the 1950s the concept of water activity was proposed for determining food stability. This concept is
now being used although it has some limitations. Indeed, these limitations mean that the concept is
not universally applicable and in fact is invalid under certain conditions. In order to address the limita-
tions of the water activity concept, the glass transition concept was proposed in the 1960s, although sig-
nificant application of the concept only started in the 1980s. Recently, it has become evident that the
glass transition concept is also not universally valid for stability determination in all types of foods when
stored under different conditions. Currently in the literature the need is emphasized to combine the
water activity and glass transition concepts since both concepts could complement each other. The glass
transition concept was used to develop the state diagram by drawing another stability map using freezing
curve and glass transition line. In this paper an attempt is made to review the published methods used to
combine both concepts. These approaches are graphical plot of glass transition conditions and water con-
tent as a function of water activity, and macro–micro region concept in the state diagram. In addition, a
new approach is proposed in this paper by defining a critical temperature for stability and then relating it
with water content, and other hurdles affecting food stability. The water mobility concept is also
reviewed to provide another dimension of food stability in order to determine a more complete picture.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Food preservation involves the action taken to maintain the de-
sired properties or nature of foods, within a time frame, so that it
remains safe and pleasant to consume. A stable food product can
be developed by applying different processing techniques and by
keeping it in appropriate conditions. Food stability determination
from a scientific basis rather than empiricism is a challenge to food
scientists and engineers. A relatively complete coverage of food
preservation is available in the Handbook of Food Preservation
and other references (Rahman, 2007a; Kalichevsky-Dong, 2000).
Microbial death/growth and deteriorative physical, chemical and
biochemical changes during processing and storage depend on
many factors, such as water content, food composition, preserva-
tives, pH, and environmental or processing factors (temperature,
pressure, electricity, gases or vapors). A list of hurdles for increas-
ing food stability is included in Table 1. A significant proportion of
the food products on the supermarket shelf are preserved based on
the main hurdle being pH, water activity, low temperature (freez-
ing and refrigeration) or heat treatment (pasteurization and steril-
ll rights reserved.
ization). In addition other hurdles are imposed in combinations,
such as including spices and packaging.

In the 1950s the concept of water activity was proposed to
determine the stability of foods and in the 1980s significant data
on food stability as a function of water activity was published. To
avoid the limitations of the water activity concept, the glass tran-
sition concept was extensively applied in the 1980s although the
concept had initially appeared in the literature much earlier in
the 1960s. The stability of foods is of the up most importance to
both food scientists and engineers; and a better understanding of
the factors controlling stability or reactions rates is clearly needed
(Le Meste et al., 1997; Kalichevsky-Dong, 2000; Rahman, 2006). In
this paper the concepts of water activity and glass transition are
summarized and their applications and limitations identified. A
macro–micro region concept combining water activity and glass
transition concepts in the state diagram was first presented in
the 18th International Congress of Chemical and Process Engineer-
ing (CHISA 2008), 24–28 August 2008, Prague, Czech Republic, and
was subsequently published in the International Journal of Food
Properties (Rahman, 2009). In this current paper an attempt is
made to further explain the macro–micro region concept and to
present its applications in food processing as well as in determin-
ing food stability during storage. In addition, a new approach is
proposed by defining a critical temperature for stability, which
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Nomenclature

G modulus (Pa)
k rate constant (day�1)
m fragility parameter
NMR Nuclear Magnetic Resonance
T temperature (�C or K) or NMR signal
X mass fraction (g/g sample)

Greek symbol
a high-density region
b low-density region

Subscript
b BET-monolayer water
c critical (where change in slope)
g glass transition
gs glass transition solids
gw glass transition water
m melting point of ice (i.e. freezing point)

ms melting point of solids
s solids
u eutectic point
w water
2 rate constant for decay of peroxide value in k

Superscript
0 maximal-freeze concentration condition in X, and T or

storage in G
0 intersection point of freezing curve and glass line or loss

in G
0 0 0 initiation of glass transition at maximal-freeze concen-

tration measured by DSC
iv non-ideal plasticization above maximal-freeze concen-

tration condition
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could be further related with water content and other hurdles in
food stability.

2. Water activity concept

In the 1950s scientists began to discover the existence of a rela-
tionship between the water contained in a food and its relative ten-
dency to spoil (Scott, 1953). It was observed that the active water
could be much more important to the stability of a food than the
total amount of water present. Thus, it is possible to develop gen-
eralized rules or limits for the stability of foods using water activ-
ity. For example, there is a critical water activity level below which
no microorganisms can grow. Pathogenic bacteria cannot grow be-
low a water activity of 0.85, whereas yeasts and molds are more
tolerant to reduced water activity, but usually no growth occurs
below a water activity of about 0.6. It has been widely recognized
that the concept of water activity has been accepted as a valuable
tool for determining microbial stability (Chirife and Buera, 1996). A
complete discussion on the microbial response to low water activ-
ity was presented by Rahman (2009).

A food product is the most stable at its ‘‘monolayer moisture”
content, which varies with the chemical composition, structure
and environmental conditions, such as temperature. The BET-
monolayer value can be determined from the well known BET-
Table 1
List of various hurdles in food stability.

Inhibition Inactivation Avoid recontamination

Acidification Blanching Aseptic packaging
Adding antioxidants Cooking Hygienic processing
Adding preservatives Electrifying Hygienic storage
Change in phase transitions Extrusion Packaging
Change in state transitions Frying
Chemical modifications Irradiation
Control of pH Light
Decrease of oxygen Magnetic field
Fermentation Pasteurization
Gas removal Pressure treatment
Increase of carbon dioxide Sanitation
Low temperature storage Sound
Reduction of water activity Sterilization
Structural modifications
Surface coating

Adapted from Rahman (2007a).
equation. The BET-monolayer estimation is an effective method
for estimating the amount of water molecules bound to specific po-
lar sites in a food matrix and it does not simply apply to the prod-
uct surface. A more detailed explanation of the BET-monolayer,
including their estimation and validity was recently provided by
Rahman and Al-Belushi (2006). In general the rule of water activity
concept is: Food products are most stable at their ‘‘BET-monolayer
moisture” content or ‘‘BET-monolayer water activity” and unstable
above or below BET-monolayer. However, experimental evidence
showed that optimal moisture for stability was in the multilayer
adsorption region (Caurie, 1971a, b). In many other instances it
has been shown that optimal water content for stability is not ex-
actly the BET-monolayer. The reason for this variation is due to the
fact that the BET theory of adsorption was developed based on
many simplified assumptions, which are not realistic when food
is considered.

One of the earlier food stability maps based on the water activ-
ity concepts contained growth of micro-organisms and different
types of bio-chemical reactions (Labuza et al., 1972). The updated
food stability map based on the water activity is presented in Fig. 1
(Rahman, 2009). In this present map, the trends of microbial
growth, bio-chemical reactions and mechanical characteristics
are presented in the three zones of water activity. This stability
map indicates that different types of dynamics in reaction rates
can happen as a function of water activity. An example is shown
in Fig. 2 using the process of non-enzymatic browning. This figure
illustrates the non-enzymatic browning rate at 70 �C in a gelati-
nized starch medium as a function of water activity and moisture
content (Acevedo et al., 2008). The figure shows that the reaction
rate increased with increasing water activity up to the BET-mono-
layer (i.e. reached a peak) followed by a decrease in the reaction
rate with further increases in water activity. In this example, the
matrix is most stable below the BET-monolayer as expected; and
above BET-monolayer, reaction rate decreased instead of showing
an increasing trend (i.e. stability increased at least for non-enzy-
matic browning). However, this could be explained due to the dilu-
tion effect of solvent water at higher moisture. However, the
purpose of this example is not to overemphasize the BET-mono-
layer or to draw conclusions concerning non-enzymatic browning,
but rather to present an example of a food stability map including
the BET-monolayer.

The limitations of the water activity concept are identified as
(Rahman and Labuza, 2007; Rahman, 2005, 2006; Chirife, 1994;
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Fig. 1. Stability diagram based on the water activity concepts. gh: Microbial growth
trend; oa, ab, nb: chemical reaction trends below BET-monolayer; bc, bp: chemical
reaction trends in the adsorbed water; ce, cd, cf, pq: chemical reaction trends in the
solvent water region; ij, mj: mechanical properties trends below BET-monolayer;
jk: mechanical properties trend in the adsorbed water region; ki: mechanical
properties trend in the solvent water region (Rahman, 2009).

Fig. 2. Enzymatic browning rate at 70 �C in gelatinized starch medium. " indicate
water activity at BET-monolayer (Data source: Acevedo et al., 2008).
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Chirife and Buera, 1996; Van den Berg, 1986; Franks, 1991; Scott,
1953; Hardman, 1986): (i) water activity is defined at equilibrium,
whereas foods may not be in a state of equilibrium, for example
low and intermediate moisture foods can be in amorphous, glass,
crystallized and semi-crystallized states, (ii) the critical limits of
water activity may also be shifted to higher or lower levels by
other factors, such as pH, salt, anti-microbial agents, heat treat-
ment, electromagnetic radiation, and temperature, (iii) the nature
of the solute used to reduce water activity also plays an important
role, for example some solutes are more inhibiting or antimicrobial
than others even at the same water activity (so-called specific sol-
ute effect), (iv) water activity concept does not indicate exactly
when the molecular mobility starts although NMR signals could
be related to the water activity. It only provides information on
the amount of strongly bound and free water and an indication
of their reactivity, (v) the shift of water activity with temperature
is relatively very low, whereas in most cases reaction rates are sig-
nificantly affected by temperature, and (vi) many physical changes,
such as crystallization, caking, stickiness, gelatinization, and diffu-
sivity could not be explained based on water activity alone. These
limitations would not invalidate the concept completely but rather
make it difficult to apply universally. However, a stability map
could be developed by individually considering different factors
that influence stability as shown in Fig. 1. In order to find other
alternative models, the glass transition concept was put forward
in the literature.

The shift of the critical limit and specific solute effect could be
found in the case of other hurdles used in food stability. In the food
industry, practical control of microbial growth seldom is achieved
by water activity alone. In order to achieve microbial stability,
parameters other than water activity need to be utilized and con-
trolled. The parameters, such as pH, antimicrobials, mild heat
treatment, and oxygen partial pressure, are frequently included
as hurdles that microorganism must overcome or in some way, cir-
cumvent in order to cause deterioration of a food (Leistner et al.,
1981). It is well documented in the literature that the microbial re-
sponse to lowered pH is determined by both the pH of the system
and the acids used in acidification. For example, acetic acid is rec-
ognized as a better inhibitor (at similar pH) of bacterial growth
than other acids used in food preservation. The minimum pH re-
quired to inhibit growth and toxin production by Clostridium botu-
linum depends on the acid used (Minor and Marth, 1972; Smelt
et al., 1982). Similarly Sorrels et al. (1989) reported that overall
antimicrobial action (i.e. growth inhibition) (when based on equal
pH) on Listeria monocytogens was acetic acid > lactic acid > citric
acid > malic acid. A pH of 5.0 was sufficient to inhibit growth when
acetic acid was used, whilst a lower pH was needed for other acids.
Nevertheless, usual literature tabulations include a pH lower than
4.6 to inhibit the growth of this pathogen in accordance with a safe
practice (Brown and Booth, 1991). It is generally accepted that the
limiting pH of 4.6 provides a good margin of safety against the haz-
ards of botulism in acidified foods, and such products are given
only a mild heat treatment (Post et al., 1985). Similarly a water
activity of 0.6 is a safe margin for any microbial growth. The
well-documented existence of a solute effect on pH did not pre-
clude its widespread use in food preservation and this is simply be-
cause any specified safe pH limit usually does not correspond to
the most inhibitory acid, but to less inhibitory ones. The same hap-
pens with the specific solute effect for water activity limits for
microbial growth (Chirife and Buera, 1996).
3. Glass transition concept

In crystalline solids the molecules pack themselves in regular
three dimensional arrays and they have long-range molecular or-
der within the matrix. A single molecule in the amorphous solid,
compared to that in the crystalline solid, has a similar number of
neighboring molecules and a similar distance to the nearest adjoin-
ing molecule. However, this similar short range molecular order is
only consistent over a few molecular dimensions. Amorphous sol-
ids totally lacking long-range order and semi-crystalline solids
contain both crystalline and amorphous regions in the matrix. In
Fig. 3 it is shown that an amorphous solid may have distinct re-
gions and, therefore, micro-heterogeneity, such as high-intensity
a regions and low-density b regions, which are positioned between
high-density a regions (Liu et al., 2006). The development of an
amorphous food structure could result from melting, denaturation,
glass transition, gelatinization, mechanical shear, rapid removal of
dispersing solvent, and depolymerization of large structure. Glass
transition is a second-order time–temperature dependent transi-
tion, which is characterized by a discontinuity or change in the
slope of physical, mechanical, electrical, thermal, and other proper-
ties of a material when plotted as a function of temperature (Rah-
man, 1995). The transition process is considered to be a second-
order thermodynamic in which the material undergoes a change
in state but not in phase. It is more meaningful to define glass tran-
sition as the nature second-order change since each measurement
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technique is based on monitoring change in a specific property,
and since change or break in properties used to measure transition
are achieved within a certain temperature range rather than at a
specific temperature (Rahman, 2006). A perfect second-order tran-
sition occurs at a specific temperature. During heating, glass tran-
sition of food materials does not occur at a fixed point with the
change of specific heat. Instead networks soften or become trans-
formed over quite a large range of temperatures (Kasapis, 2005).
Glass transition is also called a state transition, rather than a phase
change due to the non-equilibrium nature of glass transition
(Schmidt, 2004). Due to the other features of glass transition, such
as its occurrence over a temperature range and the dependence of
its determination on the experimental conditions, it is also called a
kinetic and relaxation transition, rather than a second-order tran-
sition (Schmidt, 2004; Liu et al., 2006).

Glassy materials have been known for centuries but it was only
in the1980s that the technology started to be purposefully applied
to foods and a scientific understanding of these systems started to
evolve (Ferry, 1991). A low glass transition means that at room or
mouth temperature, the food is soft and relatively plastic, and at
higher temperatures it may even flow. In contrast, a food with a
high glass transition temperature is hard and brittle at ambient
temperature. Early attempts to describe glassy phenomena con-
cluded that glass is a liquid that has lost its ability to flow in a short
time frame, thus instead of taking the shape of its container, glass
itself can serve as the container for liquids. Food materials are in an
amorphous or non-crystalline state below the glass transition tem-
perature and are rigid and brittle. Glasses are not crystalline with a
regular structure, but retain the disorder of the liquid state. Phys-
ically it is a solid but it more closely resembles a thermodynamic
liquid. Molecular mobility increases 100-fold above glass transi-
tion. In kinetic terms, Angell (1988) described a glass as any liquid
or super-cooled liquid whose viscosity is between 1012 and
1013 Pa s, thus effectively behaving like a solid, which is able to
support its own weight against flow due to gravity. To put this vis-
cosity into context, a supercooled liquid with a viscosity of
1014 Pa s would flow 10�14 m/s in the glassy state compared to
the flow rate of a typical liquid which is in the order of 10 m/s.
In other words, a glass is a liquid that flows about 30 lm in a cen-
tury (Buitink and Leprince, 2004). This is evidenced by the fact that
ancient stained glass windows are thicker at their base due to flow
under gravity (Kasapis, 2005).

The early papers concerning glass transition in food and biolog-
ical systems appeared in the literature in the 1960s (White and
Cakebread, 1966; Luyet and Rasmussen, 1968). White and Cake-
bread (1966) first highlighted the importance of the glassy state
of foods in determining its stability. They were perhaps the first
food scientists to discuss the importance of the glassy and rubbery
states in relationship to the collapse of a number of high solids sys-
tems. The significant applications of the glass transition concept in
the 1980s emerged in food processing when Levine and Slade
(1986) and Slade and Levine (1988a) identified its major merits
and wide ranging applications. In the 1990s Roos, Karel, and other
groups generated significant data on the glass transition and other
components of the state diagrams for a number of food ingredients.
Also, in the 1990s Chirife, Buera, Bell, Karel, Roos, Labuza and oth-
ers started to present data on food stability based on glass transi-
tion and water activity concepts.

It has been mentioned in the literature that foods can be consid-
ered very stable at the glassy state, since below glass transition
temperatures compounds involved in the deterioration reactions
take many months or even years to diffuse over molecular dis-
tances and approach each other to react (Slade and Levine,
1991). The hypothesis has recently been stated that this transition
greatly influences food stability, as the water in the concentrated
phase becomes kinetically immobilized and therefore does not
support or participate in reactions. Formation of a glassy state re-
sults in a significant arrest of translational molecular motion, and
chemical reactions become very slow (Rahman, 2007b). The rules
of the glass transition concept are: (i) the food is most stable at
and below its glass transition (i.e. Tg or T 0g), and (ii) the higher
the T � Tg or T/Tg (i.e. above glass transition), the higher the deteri-
oration or reaction rates. These conditions identify two macro re-
gions (i.e. above and below) in the state diagram (Fig. 4). In Fig. 4
it is shown that macro region one is below glass line (marked as
1), and macro region two includes above glass line (marked as 2,
3, 4). Similarly mechanical and transport properties could also be
related with glass transition. It is very interesting to see that this
concept has been so widely tested in foods. In many instances,
the glass transition concept does not work alone, thus it is now
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being recommended to use both the water activity and glass tran-
sition concepts in assessing process-ability, deterioration, food sta-
bility, and shelf-life predictions (Roos, 1995). Chirife and Buera
(1996) concluded after analyzing data from the literature that cer-
tainly the glass transition concept could not presently offer a better
alternative to the concept of water activity as a predictor of micro-
bial growth in foods.
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4. Validity of glassy state

Applications of the glassy state concept in foods and other sys-
tems are thoroughly reviewed by Kalichevsky-Dong (2000), Rah-
man (2006), Hancock and Zografi (1997), Liu et al. (2006),
Champion et al. (2000) and Le Meste et al. (2002). They grouped
the applications of glassy state in the processes of controlling dif-
fusion, structure, crystallization, stickiness, grain damage, pore for-
mation, microbial stability, seed stability, oxidation, non-
enzymatic browning, enzymatic reaction, protein denaturation,
hydrolysis, and enzyme inactivation. Most of the investigations
used two criteria to test the validity: (i) whether food is stable if
it is in the glassy or unstable if it is above glass, and/or (ii) whether
the change in the stability attributes above glass is related to the
(T � Tg) or T/Tg. It is clear from the literature that all the experimen-
tal results could not be explained by the above rules, thus it is now
important to identify when the concept fails and why. It is also a
challenge to combine other concepts with glass transition (Rah-
man, 2006; Rahman, 2009).

An example can be given when it is clear that other factors need
to be included. Terebiznik et al. (1998) studied enzyme stability
considering different matrices after a heat treatment at 70 �C at a
constant relative humidity of 0–42%. They identified that transfor-
mation into the glassy state was not sufficient to ensure enzyme
stability in the matrix. In fact trehalose and lactose matrices al-
lowed the retention of approximately 80% of a-amylase activity,
while PVP allowed retention of about 25% activity. The protective
effect of the matrices could not be explained on the basis of the
glassy condition of the systems alone, since inactivation of a-amy-
lase and browning development were observed in the glassy state
in all matrices analyzed at a rate depending on each particular ma-
trix. The reactivity values of glassy, rubbery and crystalline matri-
ces need to be determined when considering all the possible
interactions between participant molecules, such as water-matrix,
water reactant, and solute matrix (Terebiznik et al., 1998; Le Meste
et al., 1991).

The water activity concept is based on the binding nature of
water molecules in the matrix. When water is bound (i.e. unavail-
able to take part in the reactions) to the solid matrix or non-solvent
then no deterioration reactions are expected. The glass transition
concept is based on the mobility of a matrix, thus diffusivity of
the reactants is very slow through the systems to take part in the
reactions and stability is achieved. In fact there are other factors
which play a role and in many instances combining both could
be only one step ahead. However, this could form a basis onto
which other building blocks could be added. Combining both the
concepts could be a powerful tool for stability determination. At-
tempts are being made to provide methods of combining both,
while both concepts could not be rejected for all conditions. A suc-
cessful combination of water activity and glass transition could
open more precise and unified determination of stability criteria.
It should be mentioned here that boundary modeling techniques
could be used at first instance to predict the dynamics of stability
[i.e. identifying stability (i.e. yes/no)] with any combinations of two
parameters (i.e. water activity and glass transition). In a second
step, the kinetics models could be developed in the ‘‘no” stability
regions.
5. Attempts to combine water activity and glass transition
concepts

5.1. Graphical plot of glass transition and water activity

It was identified that further work is required on the relation-
ships between glass transition, water activity and food stability
(Kalichevsky-Dong, 2000). It appears that interrelationships can
be very complex, depending on the complexity of the food system
and on the type of stability being studied. Recently many papers
presented data on the water activity as well as the glass transi-
tion as a function of water content. However, the link between
them was not identified in order to determine stability. Karel
et al. (1994) attempted to relate water activity and glass transi-
tion by plotting equilibrium water content and glass transition
as a function of water activity (Fig. 5). By drawing a vertical line
on the graph, stability criterion could be determined from the
moisture isotherm curve and glass transition line. The same ap-
proach was also used by Sablani et al. (2004) for identifying a
relationship between water activity and glass transition in aba-
lone. At any temperature (say 25 �C) the stability moisture con-
tent from the glass transition line was much higher than the
stability moisture from the isotherm based on the BET-mono-
layer. Similarly Sablani et al. (2007) determined stability criteria
(solids content) predicted from an isotherm model (GAB equa-
tion) considering water activity as 0.20, they estimated the solids
content from a glass model (Gordon–Taylor) considering storage
temperature as Tg. They found a surprising gap between the pre-
dictions of the stable solids contents using the two approaches for
number of food products. It can be seen from Fig. 5 that the gap
of the stability moisture content depends on what reference
water activity or what reference temperature is used. However
it is true that at least at one point both lines intersect and give
the same value (i.e. marked as a). At present it is a real challenge
to link them in a meaningful way. This approach to combine both
concepts was superficial since the difference or similarity de-
pends on the reference water activity and this approach did not
really use the measured or theoretical deterioration kinetics,
which is most important for determining food stability. In addi-
tion it is not surprising to see coincidence of BET-monolayer or
glass transition criterion with certain stability criteria. Therefore
it is important to define the stability criteria, such as ‘‘fat oxida-
tion”, ‘‘enzymatic activities” while correlating between water
activity and glass transition concepts.
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5.2. Critical temperature concept

The concept of glass transition is usually tested considering a
specific reaction in a matrix containing different solutes making
different glass transition transformations of the matrix. The alter-
native approach was to change the matrix moisture content (thus
varying glass transition) and measure the reaction kinetics by stor-
ing the matrix at a specific storage temperature. In both cases, the
reaction kinetics were measured and the stability was determined
above or below glass transition. Selected data from the literature
on sucrose hydrolysis were considered in different matrices as a
function of varied water contents (i.e. changing glass transition
of the matrix) and storage at a specific temperature. An attempt
was made to analyze selected data as a function of T/Tg and X/Xb

in order to explain the ‘‘critical temperature concept”. In this ap-
proach critical point (Tc or Xc) could be observed in relation to
the glass transition and BET-monolayer water.

Fig. 6A and B show the data for sucrose hydrolysis in PVP med-
ium at 30 �C (Chen et al., 1999). Fig. 6A shows that a significant in-
crease in the reaction rate started when Xc/Xb > 2.62 and Fig. 6B
shows Tc/Tg > 1.08, this justifies the validity of the two concepts
to some extent although the critical limit is not exactly at 1 as both
concepts suggest. Similarly data of Kouassi and Roos (2001) in
starch medium provides the critical limits as Xc/Xb > 2.30 and Tc/
Tg > 1.18 at 24 �C (Fig. 6C and D). In both references, the authors
tested the hydrolysis at a constant storage temperature of 30 �C
with varied moisture contents. The data of Schebor et al. (1995)
shows the effect of temperature when samples are stored at 70
Fig. 6. (A) Rate of hydrolysis at 30 �C as a function of Xw/Xb for PVP medium (Data source:
(Data source: Chen et al., 1999), (C) rate of hydrolysis at 24 �C as a function of Xw/Xb for
and Roos, 2001), and (D) rate of hydrolysis at 24 �C as a function of T/Tg for non-crysta
2001).
and 80 �C in starch medium (Fig. 7A and B). The critical limits for
Xc/Xb are 0.7 and 1.0 when the storage temperatures were main-
tained at 80 and 70 �C, respectively (Fig. 7B). Similarly the critical
limits for Tc/Tg are 0.74 and 0.80, respectively, for 80 and 70 �C
(Fig. 7A). Their data indicated that storage temperature indepen-
dently affected the hydrolysis by shifting the critical limits, and
the slope of the reaction rate was steeper at higher water content
above the critical temperature. Other interesting results for a wide
range of temperatures and moisture contents could be seen from
the data of Buera et al. (1995) for the medium PVP. The critical lim-
it for Xc/Xb is 6.4 and for Tc/Tg is 1.5, respectively (Fig. 7C and D). An-
other interesting point that could be seen from these figures is the
dilution effect at very high moisture contents. These data only for
sugar hydrolysis in different media indicated that the critical limits
for moisture and storage temperature were affected by the nature
of the matrix as well as reactants’ concentrations. All these data
indicate that it is not only temperature and moisture that control
the critical limits in fact, above glass transition the reaction could
be significantly reduced due to dilution factors (Fig. 7C and D). In
the literature most of the stability experiments were designed sim-
ilarly by storing sample at different relative humidity (i.e. varying
water activity) in order to vary glass transition and moisture con-
tents, while storage experiments were conducted at a specific tem-
perature. In reality the effects of moisture and temperature in the
state diagram can not be assessed unless samples with different
moisture contents are stored at different temperatures.

Rahman et al. (2009) studied fat oxidation in freeze-dried
grouper by measuring its peroxide value (PV) considering two
Chen et al., 1999), (B) rate of hydrolysis at 30 �C as a function of T/Tg for PVP medium
non-crystalline carbohydrate (maltodextrin/lactose) medium (Data source: Kouassi
lline carbohydrate (maltodextrin/lactose) medium (Data source: Kouassi and Roos,



Fig. 7. (A) Rate of hydrolysis at 70 and 80 �C as a function of Xw/Xb for amorphous starch (Data source: Schebor et al., 1995), (B) rate of hydrolysis at 70 and 80 �C as a function of T/Tg

for amorphous starch (Data source: Schebor et al., 1995), (C) rate of hydrolysis at 45–90 �C as a function of Xw/Xb for PVP medium (Data source: Buera et al., 1995), and (D) rate of
hydrolysis at 45–90 �C as a function of T/Tg for PVP medium (Data source: Buera et al., 1995), series1: 45 �C, series2: 57 �C, series3: 70 �C series4: 80 �C, series5: 90 �C.
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moisture levels (5 and 20 g/100 g sample) and five storage temper-
atures (�40, �20, 5, 25, and 40 �C), respectively. This experimental
protocol allowed the effects of moisture content and temperature
to be identified separately. The rate constants were plotted as a
function of T/Tg and X/Xb (Figs. 8 and 9). Fig. 8 shows a break in
the slope at Tc/Tg = 0.78 for the sample with a moisture content
of 5 g/100 g sample, whereas the break occurred at 0.96 when
the moisture content was 20 g/100 g sample. This indicated the
validity of the glass transition concept to some extent; although
Fig. 8. Rate constant for PV values during fat oxidation as a function of T/Tg for
freeze-dried grouper muscle containing water 5 and 20 g/100 g (Rahman et al.,
2009).
the break in slope was not observed exactly at 1.0 and the moisture
content affected the critical limit of Tc/Tg. The shift of the critical
limit to a higher level indicated that water may have a protective
effect to reduce the initiation of reaction significantly.

The rate constant is plotted as a function of X/Xb for different
temperatures in Fig. 9. This plot shows that there are no breaks
in the slopes for temperatures �40, �20, 5, 25 �C and moisture
did not show any effect until Xc/Xb = 3.5, which was the maximum
moisture content tested. At 40 �C the rate constant increased. Rah-
Fig. 9. Rate constant for PV values during fat oxidation as a function of Xw/Xb for
freeze-dried grouper muscle stored at different storage temperature (Rahman et al.,
2009).
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man et al. (2009) concluded that the glass transition concept could
be used to explain the process more adequately than the water
activity concept since glass transition indicates a break in the slope
of line for rate constant versus Tc/Tg plot. Two points could be con-
cluded from all the above analysis; (i) there is a critical limit of
temperature, which could vary with the moisture content, (ii)
above the critical limit an increase in the water content signifi-
cantly increased the reaction rate whilst below the critical limit
the rate was relatively less affected by temperature. The relation-
ship of the critical limit Tc/Tg could be developed as a function of
Xw, pH, and other factors when more data are available. Moreover,
the deviations of Tc/Tg from 1.0 explain why in many instances in
the literature both stability and un-stability was observed above
and below glass transition. These instances are clearly discussed
later in the section on molecular mobility.

5.3. State diagram and its components

Rahman (2006) combined both the water activity and glass tran-
sition concepts in the state diagram. He plotted the BET-monolayer
value in the state diagram, thus combining both concepts in the
state diagram. A detailed discussion on this approach is provided
as follows. The state diagram is another stability map of different
states and phases of a food as a function of water or solids content
and temperature (Rahman, 2004). Levine and Slade (1986) pre-
sented a state diagram of polyvinyl pyrrolidone (PVP) containing
the glass line, freezing curve, and the intersection of these lines as
T 0g (in this paper it is defined as T 00g). This is most probably the first
state diagram in the food science literature. Many of their publica-
tions later presented the state diagram of starch by quoting the ref-
erence of Van den Berg (1986) (Slade and Levine, 1988a). Later they
presented another state diagram including glass line, freezing curve,
melting line, eutectic point, T 0g and vapor line (Levine and Slade,
1993). Starting in the 1990s Roos, Karel, Kokini and others pre-
sented state diagrams for a number of food components and food
products. The main advantages of drawing a map are to help in
understanding the complex changes that occur when the water con-
tent and temperature of a food are changed (Slade and Levine,
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1988b, 1994, 1995; Roos, 1995; Roos et al., 1996; Slade et al.,
1993; Kokini et al., 1994, 1995). It also assists in identifying food’s
stability during storage as well as selecting a suitable condition of
temperature and moisture content for processing (Rahman, 2005;
Roos and Karel, 1991a; Cuq et al., 2003; Rahman, 2006, 2009). The
regions of drying and freezing processes can be easily visualized
in the diagram, and product stability could be assessed based on
moisture content and temperature. Fig. 10 shows a state diagram
indicating different states and phases as a function of temperature
and solids mass fraction (updated from Rahman, 2004, 2006).

5.4. Macro–micro region concept

The state diagram shown in Fig. 10 is updated from Rahman
(2004, 2006). In Fig. 10 the freezing line (ABC) and solubility line
(BD) are shown in relation to the glass transition line (EQFS). The
point F (X0s and T 0g) lower than T 0m (point C) is a characteristic tran-
sition (maximal-freeze-concentration condition) in the state dia-
gram defined as the intersection of the vertical line from T 0m to
the glass line EQFS (Rahman, 2006). The water content at point F
or C is considered as the un-freezable water ð1� X0sÞ. The un-freez-
able water mass fraction is the amount of water remaining unfro-
zen even at very low temperature. It includes both un-crystallized
free water and bound water attached to the solids matrix. The
point Q is denoted as T 00g and X00s and defined as the intersection of
the freezing curve to the glass line by maintaining a similar curva-
ture of the freezing curve ABC.

Point R is defined as T 000g the glass transition of the solids matrix
in the frozen sample, which is determined by DSC below T 0m. This is
due to the formation of similar solid matrix associated with un-
freezable water and transformation of all free water into ice
although the sample contains different levels of total water before
the start of DSC scanning (Rahman et al., 2005). The values of T 000g
decreased as the solids content increased falling to a minimum va-
lue. In the AGB, the phases present are ice and solution. Below
point B, first crystallization of solute occurs, and transforming
GBCH region to three states: ice, solution and solute crystal. No
free water (i.e. able to form ice) exists to the right side of point C
1
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(T 0m, end point of freezing with maximal-freeze-concentration-con-
dition) and then the very concentrated solution is transformed to a
rubber state. The maximal-freeze-concentration condition could be
achieved using optimum conditions by slow cooling and/or anneal-
ing of the samples. The region HCRI contains ice, rubber, and solute
crystal. The point F is the T 0g , below this point a portion of the rub-
ber state is transformed to the glass state, thus region KFS contains
glass, ice, and solute crystal. The rate of cooling can shift the points
B, C, R, Q and F. More detailed effects of cooling on the shift are dis-
cussed by Rahman (2004). The glass line should follow the line
EQFS if maximum, ideal plasticization occurs in the solid matrix
with the addition of water. The line EQF could be shifted upward
if water causes different degrees of plasticization (as shown in
curve EP). The vertical line from F will intersect at point P and
the temperature is defined as Tiv

g as defined by Rahman (2009).
This behavior could be explained from the classification proposed
by Angell (1995) into strong/fragile materials according to the vari-
ations in their dynamic properties through glass transition. The fra-
gility parameter was introduced to differentiate fragile systems
from strong ones. According to Hancock and Zografi (1997), the
molecular mobility of a strong liquid (16 < m < 100, m: fragility
parameter) typically exhibits weak temperature dependence, in
contrast, the molecular mobility of a fragile liquid (100 <
m < 200) has a much stronger temperature dependence near glass
transition. In addition, a strong liquid shows a relatively small
change in heat capacity at glass transition, whereas a weak liquid
shows a relatively large change. In other words, compared to
strong liquids, the molecular mobility in fragile liquids changes
more rapidly with temperature near glass transition, therefore its
molecular arrangement or its structural configuration is broken
down more rapidly as well (Liu et al., 2006). More theoretical dis-
cussion on the strong/fragile glassy materials is also provided by
Sokolov (1997). Principal component analysis was also used to
classify glassy materials using strong-fragile related parameters
(Nascimento and Aparicio, 2007).

The region BQEL is important in food processing and preserva-
tion, many characteristics such as crystallization, stickiness, col-
lapsed phenomenon are observed in this region (Roos and Karel,
1991b; Roos, 1995). In the case of cereal proteins, Kokini et al.
(1994) identified an entangled polymer flow region and a reaction
zone based on the mechanical characteristics. Madeka and Kokini
(1994, 1996) studied micro-region 11 of the proteins gliadin and
zein by measuring their rheological characteristics. Above glass
transition they identified three regions: entangled polymer, reac-
tion and softening. Madeka and Kokini (1996) measured G0 and
G00 of zein using pressure rheometry for samples containing mois-
ture at levels of 15, 20, 25, 30 and 35 g/100 g sample. The glass
transition at moisture level 15 g/100 g was 10 �C as measured by
DSC. The regions were identified from a typical temperature
sweep. The characteristic temperatures are discussed for moisture
content 15 g/100 g sample as follows. The magnitudes of G0 and G00

were relatively identical within the temperature range 50–120 �C.
This region was characterized as the region of entangled polymer
flow. This flow region ended at 110 �C (i.e. above glass transition
temperature), thus rubbery flow was expected within 110–
120 �C. As the temperature exceeded 120 �C, zein experienced a
sharp decrease in G0 and a simultaneous increase in G00. This was
due to cross-linking reactions occurring once the mobility of the
zein molecule was high enough. It is interesting to note that up
to a temperature of 110 �C (i.e. above glass) no significant reaction
was observed. Once the temperature was high enough, individual
zein molecules gain enough mobility to come together and cross-
link. The aggregation observed in zein was similar to that observed
in gliadin. This cross-linking could make zein a thermosetting
material causing a decreased solubility, which is relevant to extru-
sion processes (Chan, 1991). At 160 �C the polymer appeared to
reach a maximum cross-link density where G0 reached a maximum
and G00 a minimum. The maximum in G0 suggested melting of the
cross-linked structure allowing increased mobility which is neces-
sary for temperature softening. When the temperature was further
increased, the G0 started to decline once the temperature exceeded
160 �C. The G00 also started to increase from its minimum point also
indicating a softening process. Finally, the characteristic tempera-
ture was plotted in the state diagram as a function of moisture con-
tent showing three regions. Typical regions are identified in Fig. 10.
Kokini et al. (1995) provided a complete review on the different re-
gions in the BQEL in the Fig. 10.

The line BDL is the melting line which is important when prod-
ucts are exposed to high temperatures during processing, such as
frying, baking, roasting, and extrusion cooking. In the case of a
multi-component mixture, such as food a clear melting point is dif-
ficult to observe at high temperature due the reactions or interac-
tions between the components. In this case, Rahman (2004) and
others defined melting as the decomposition temperature. Line
MDL is the boiling/evaporation line for water evaporation from
the liquid phase (line MD) and solid matrix with a degree of satu-
ration with water (line DL).

As a first attempt, Rahman (2006) plotted the BET-monolayer
value as the LNO line in the state diagram shown in Fig. 10. It inter-
sects at point N with the glass line EQFS, which shows that at least
in one location (point N), glass and water activity concepts provide
the same stability criterion. This approach forms more micro-re-
gions, which could give different degrees of stability in the state
diagram. More studies regarding the stability need to be done on
the left (above and below glass) and right sides (above and below
glass) of the line LNO. It should be mentioned here that the BET-
monolayer could be achieved by mainly removing water from a
system (since isotherm is relatively less affected by temperature),
but glassy state could be achieved by removing water through dry-
ing as well as by decreasing the temperature of the system. A suc-
cessful combination of water activity and glass transition could
open more in depth knowledge on stability criteria. In addition
how other factors, such as pH, preservatives etc. could be linked
with these concepts. Are we still far away from developing a uni-
fied theoretical basis?

It is evident from the literature that stability below or above
glass transition varied based on the specific cases indicating that
developing the stability rule based on only the glass transition
temperature could be inadequate. Samples having freezable water
are more complex and four temperatures are defined as
Tiv

g > T 0m > T 000g > T 00g > T 0g (Rahman et al., 2005; Rahman, 2009). In
addition the stability below or above Tiv

g > T 0m > T 000g > T 00g > T 0g
should also be explored. There are only a few references available
including all four characteristic temperatures with their moisture
content. It is important to know how these temperatures affect
the stability of foods. It would be interesting to explore the differ-
ences in stability of various products within these different ranges
(Rahman, 2006; Rahman, 2009).

The BET-monolayer line shown as LNO intersecting glass line in
the state diagram (Fig. 10) makes four regions: below BET-mono-
layer, one above and one below; and above BET-monolayer, one
above and another below (Rahman, 2006). This approach forms
more micro-regions, which could give different stability in the
state diagram and could explain the limitations of each concept.
The present hypothesis proposed 13 micro-regions having the
highest to the lowest stability based on the location from the glass
and BET-monolayer lines. For example, region-1 (relatively non-
reacting zone, below the BET-monolayer line and glass line) is
the most stable and region-13 (highly reacting zone, far from
BET-monolayer line and glass line) is the least stable. Schebor
et al. (1995) studied sucrose hydrolysis in the micro-regions 1
and 2 by moving to the left side as well as in a vertical direction.
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They observed more stability in region 1 compared to in region 2.
In addition stability decreased towards the left side as well as to-
ward the vertical direction with higher temperature. The stability
decreased as the zone number increased. Each micro-region could
be studied for specific attributes separately considering the differ-
ent characteristics of a medium.

It is clear that stability estimates based on macro-regions in the
state diagram considering below and above BET-monolayer or
glass transition could be deficient. The literature has recorded that
many systems were stable above glass transition and unstable be-
low glass transition. One of the arguments proposed that mobility
of water could also occur below glass transition. Based on the var-
iability in the stability, micro-regions were identified within the
macro-regions. In the state diagram, 3 factors are clearly identified
or mapped: (i) how far it is from the BET-monolayer line, (ii) how
far it is from the glass transition line, and (iii) how low is the sam-
ple temperature. In addition to the binding nature of water (water
activity) and structural mobility (glass transition), sample temper-
ature could be identified as a separate factor in the state diagram
considering temperature dependent reaction rates. The reactivity
does not increase only based on a function of (T � Tg) or T/Tg and
variations in increasing or decreasing behavior could be observed,
for example micro-region 10 is below BET-monolayer and above
glass transition and could be very reactive. Micro-region 1 is con-
sidered most stable since it is below glass transition and BET-
monolayer, and low storage temperature. The most unstable mi-
cro-region is region 13 since it is the most reactive region. In this
case there is no point in applying the concepts of glass transition
or water activity alone and other preservation hurdles should be
used. The micro-regions could also be sub-divided further to ex-
plain the variability of stability, for example regions between 3
and 8 based on Tiv

g ; T
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000
g ; T

00
g or T 0g . Another important aspect is

to study the types and characteristics of glass formed in different
foods. This could open another dimension to explain variation of
food stability.
6. Further applications of macro–micro region concept in the
state diagram

6.1. Drying process in the state diagram

The progress of drying and freezing process can be easily visu-
alized in the diagram, and product stability could be assessed
based on moisture content and temperature. Fig. 11 shows the
dynamics of the drying process in the state diagram. Point a in
Fig. 11 represents fresh foods with a high moisture content at room
temperature. The sample temperature is increased to wet bulb
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Fig. 11. Different stages of drying shown in the state diagram.
temperature and the moisture is decreased and sample is reached
at point, for example b as a rubbery state. After cooling the dried
sample reached to the glassy state at point c and it becomes stable.
6.2. Baking process in the state diagram

The development of structural characteristics of bakery prod-
ucts as a function of processing can be described using macro–mi-
cro regions in the state diagram (Cuq et al., 2003). A state diagram
for wheat flour could be developed from glass transition curves for
amorphous systems (starch and gluten proteins), protein thermo-
setting temperature, starch gelatinization, and melting curves for
crystalline systems (starch) as a function of solids (Fig. 12A). The
glass transition range of proteins appeared to be at slightly lower
temperatures than for wheat starch. The four stages of the process
are shown in Fig. 12.

The first stage is associated with a water-flour mixing process
until the final water content reaches a level such as 80 g/100 g
sample. This stage is associated with the beginning of kneading
and continues until the flour particles are fully hydrated. Flour par-
ticle hydration is a very important stage because the wheat gluten
proteins pass their glass transition indicating an increase in protein
molecular chain mobility. Protein mobility alone is not sufficient
for proteins to interact with each other and to form a continuous
structure. Grain hydration also involves the swelling of starch
granules and transformation of amorphous molecular organiza-
tions above glass transition.

The second stage occurs simultaneously with the hydration of
flour during kneading and an input of mechanical energy into the
system. This input of mechanical energy distributes particles and
components, induces interactions between proteins and finally
leads to the formation of a rubbery state by continuous interlinking
macromolecular creating viscoelastic structure of bread dough. The
optimum kneading time can be associated with an equilibrium be-
tween the structuring (i.e. increase cohesion of dough) and shear-
ing (i.e. decrease cohesion of dough) effects on the protein
network. This second stage continues by fermentation during
which starch is partially hydrolyzed. The rubbery stage of dough
could hold the gas bubbles like a balloon without collapsing.

The third stage is product stabilization by cooking leading to the
formation of hydrated crumbs and dry crust. During the baking
treatment the dough surface is exposed to high temperatures
(above 200 �C) and substantial dehydration. In these conditions,
starch and proteins are involved in different kinds of irreversible
reactions, such as dextrinization, caramelization, non-enzymatic
browning, and thermal degradation. These reactions result in the
formation of colored and aromatic substances characteristic of
fresh bread. Simultaneously, when the cooking temperature
reaches 100 �C, the crust is sufficiently formed to restrict water loss
from the dough. Water vaporization inside the dough leads to tem-
perature stabilization around 100 �C. Water content and tempera-
ture are then sufficient to allow starch gelatinization. In addition,
proteins involved in the gluten network (in the rubbery state)
can interact through thermosetting reactions and thus establish
some stable associations. These changes lead to the formation of
breadcrumbs.

The final product in stage 4 is obtained after the baked product
is cooled. The water content of bread crumb and crust are then sig-
nificantly different. The low moisture content (for example, 3–7 g/
100 g sample) of crust results in the transformation from a rubbery
state into a glassy state. Consequently structural hardening occurs
and is responsible for crust crispness. The high moisture content of
crumb (between 35 and 40 g/100 g sample) permits the macromo-
lecular structure to behave as a rubbery material, characteristic of
the smooth texture of crumb. It should be pointed out here that the
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rubbery state of the crumb causes rapid changes during storage at
room temperature.
6.3. Stability of enzymes in the state diagram

Mazzobre et al. (2008) studied the thermal stability of several
enzymes from different sources (malt extract, soy extract and hon-
ey) enzymes were analyzed in a frozen matrix (marked as A in
Fig. 13) and a dehydrated matrix (marked as B in Fig. 13) in relation
to the sugar (dried systems) or water (frozen systems) crystalliza-
tion. They used honey (T 0g: �46 �C) and trehalose (T 0g: �44 �C) as
solids and stored the frozen systems at �26 �C, while the dehy-
drated systems were stored at 55 �C. The stability decreased with
the increase of initial concentration of solids before freezing, indi-
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Fig. 13. Stability of enzymes in frozen system (marked as the shaded region A) and
dehydrated system (marked as the shaded region B) (Mazzobre et al., 2008).
cating the amount of ice formed also affects the stability in addi-
tion to T 0g . They also studied the effects of salts in determining
stability and found that salts could have positive or negative effects
both in frozen (region A) and dried systems (region B). In addition
salts also lowered the Tg or T 0g values. When sugars crystallized the
protective effect of the sugar was lost and the enzymes quickly be-
came inactivated in almost all types of salt containing systems.
Crystallization of sugar concentrates the salts in the amorphous
phase, negatively affecting enzyme stability, possibly by changing
pH and/or ionic strength. Mazzobre et al. (2008) pointed out that
in order to optimize the efficiency of cryo- and dehydro-protecting
agents of biomolecules, the construction of state diagrams was a
good starting point for the analysis of the dynamic of quality
changes, but they must be complemented by knowledge of the
intermolecular interactions that may take place.
7. Combining other factors with glass transition and water
activity concepts

The graphical plot of glass transition and water content as a
function of water activity as discussed earlier is just a relation
without any real indication of stability. In addition determination
of the stability could not be solved even by identifying macro-re-
gion or micro-region, but it could help in developing an organized
approach towards determining stability. Further research needs to
be targeted towards the stability in each macro–micro region and
to explore more generic rules for stability. A knowledge-based ap-
proach could be used to explore further, for example by identifying
how other factors, such as pH, preservatives, types of solutes affect
the stability in each micro-region. Other alternative approaches as
proposed in this paper are to define a critical temperature for sta-
bility and then to identify the relationship of Tc/Tg as a function of
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Xw, pH and other factors. This approach could also have high poten-
tial in combining multi-concepts. However, a knowledge-base thru
data mining is also required to progress all the ideas further. The
database if developed could be the foundation for new theoretical
progress.

8. Water mobility concept

The water activity or glass transition concept may define the
simplified nature of the real complexity. It would be interesting
to incorporate the concept of water mobility in order to provide
a more complete picture of food stability. Irrespective of water
activity or glass transition the key factor is the mobility of water
molecules within the food matrix. At a given water activity, some
molecules can be mobile, whilst others are not. Similarly molecules
could be mobile both below and above glass transition. In foods,
mobility can be expressed by Fickian, non-Fickian and fractal diffu-
sion. In addition, molecules can move as a whole, or localized mo-
tion can be observed. Therefore, the ability of reactants to move
decides whether a given reaction can proceed. In the following sec-
tion, molecular mobility and their relevance to the physico-chem-
ical changes in foods are discussed. An attempt is also made to
relate or differentiate molecular mobility in relation to thermal
or mechanical glass transition (i.e. structural mobility).

Molecular mobility of water has been addressed often as a food
stability indicator, but limited experimental data is available (Vit-
tadini et al., 2001). In order to have a complete understanding of
the molecular motions in and above the glassy state, other relaxa-
tion techniques that may explain many complexities should be
considered. Nuclear Magnetic Resonance (NMR) is being used to
characterize molecular mobility in foods (Richardson and Stein-
berg, 1987). Thermal and mechanical relaxation measures mobility
(glass transition) in a 20–300 nm range, while NMR measures
molecular relaxation in a 1–2 nm range. Mobility is defined by
the analytical parameters measured according to time frames or
the frequencies of the methods used. For example, NMR can detect
molecular motions in the picosecond–millisecond range, while dif-
ferential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA) detect relaxations over milliseconds–second
ranges (McBrierty and Packer, 1993). Therefore, data on bulk prop-
erties, such as viscosity, modulus, and DSC-glass transition alone
cannot be used in some cases to describe directly the molecular
changes (Vittadini et al., 2001). Roudaut et al. (2004) reviewed dif-
ferent levels of mobility which existed below and above the glass
transition temperature and selected examples of their conse-
quences on the physical properties of food products.

The existence of complex structural features in foods with
lengths ranging from nanometers to centimeters and the recogni-
tion of complex vibration motions which are activated in the glassy
state emphasizes the need to go beyond macroscopic measure-
ments of glass transition. It is now important to determine how
molecular structure and mobility as well as microscopic organiza-
tion modulate the macroscopic properties (Ludescher et al., 2001).
Ludescher et al. (2001) indicated that luminescence spectroscopy
provides a powerful arsenal of biophysical tools to investigate
the structure and molecular mobility of amorphous solids. It can
measure emission intensity, energy (wavelength), and polarization
which could provide direct information about molecular structure,
mobility, and local vibrational and rotational motions, which may
be different from global translational mobility.

Water, for example, was found to be very highly mobile even in
a glassy state of waxy corn starch (9.3% moisture content) (Li et al.,
1998) and water–maltose solutions (Hills and Pardoe, 1995). In the
case of starch, although changes in the backbone mobility of starch
can be observed during a glass transition, this does not necessarily
mean that smaller components such as water are also in a glassy,
vitrified state. In fact, un-freezable water has been reported to be
very mobile (liquid like) even at temperature �100 �C below the
system glass transition (Li et al., 1998). NMR mobile signals were
also observed in gluten (Cherian and Chinachoti, 1996), and waxy
maize starch at its glassy state (Tanner et al., 1991).

Spin probe electron spin resonance (ESR) spectroscopy is being
applied (Hemminga et al., 1993). Le Meste and Duckworth (1988)
studied mobility with ESR spectroscopy in concentrated caseinate
solutions at room temperature. They observed an increase of rota-
tional mobility when the water content was above 0.25 g/g dry
protein, which was ascribed to a glass–rubber transition. In the
case of different sugar–water mixtures it was clear that the critical
transition (as determined from changes in the rotational correla-
tion time of ESR spin probe) agreed very well with those obtained
from glass transition from DSC (Hemminga et al., 1993). In addi-
tion, ESR spectroscopy was shown to be a powerful technique to
obtain information about hydrogen bonds and the presence of cav-
ities in glassy and liquid systems. Buitink and Leprince (2004) ex-
plained the stability of plant seeds as the molecular mobility,
packing density of glass, and density of hydrogen bonding within
the glassy seeds as measured by ESR and FTIR analysis.

Natural cellulose is a structurally heterogeneous polymer, con-
sisting of paracrystalline and amorphous domains. The glass tran-
sition temperature of dry cellulose has been reported to be
extremely high (220–250 �C). For cellulose, Vittadini et al. (2001)
did not observe any glass–rubber transition by DSC. They men-
tioned that the reported values in the literature were well above
its decomposition temperature. DSC method was not sensitive en-
ough to trace the transitions when there were small changes in
heat capacity (Cauley et al., 1991; Quinn et al., 1988). However,
the 1H signal showed high immobility in region 1 (moisture: 0–
3 g/100 g dry solids) and even the mobility of the liquid like com-
ponent was retarded. Water was strongly associated with the cel-
lulose fibers, i.e. by H-bonding to the OH groups. In region 2
(moisture content: 3–9 g/100 g dry solids), 1H NMR showed signif-
icant rigidity, but the mobility of the mobile component increased
based on LW measurements and 2H NMR T2 signal. In this region, a
liquid deuterium signal showed that the deuterated water mole-
cules gave a split resonance at a moisture level of 8.9 g/100 g dry
solids corresponding to the point where the wide proton compo-
nent disappeared, the water sorption isotherm showed an upward
concavity, line narrowing was significant, and the 2H T2 and 2H
area increased.

In region 3 (moisture content > 9 g/100 g dry solids), the system
was in fast exchange conditions, water molecules were highly mo-
bile, but their T2 was 300 times shorter than the T2 of bulk water.
Water in this region was potentially available for chemical reac-
tions and microbial activity, depending on the system. Even in re-
gion 3, water molecules were still un-freezable (up to a moisture
content 19 g/100 g dry solids), suggesting that they were not phase
separate and did not form large ice crystals detectable by DSC. This
water, in a molecular level, was highly mobile and therefore not
vitrified in a viscous-glassy state. In regions 2 and 3, a significant
structural (glass) transition in the amorphous domains of cellulose
would be expected, but was not observed experimentally by DSC.
On the other hand, significant molecular mobility changes were
observed by NMR (short range). The experimental evidence re-
ported in this example strongly supports the need to differentiate
between structural and molecular mobility.

Hodzic et al. (1995) also identified three types of water (crystal-
line, hydrated, and free water) in freeze-dried bacterial cells from
an NMR signal. The free water showed no constraint of mobility ex-
cept the relatively high viscosity of the bacterial cytoplasm. In the
case of potato starch, Yakubu et al. (1991) detected tightly bound,
weakly sorbed, anisotropically bound, and free or bulk water using
NMR. The anisotropically bound water showed highly restricted
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motions within the starch granule structure and re-oriented much
slower than free water, but was far from being ice-like. Thus potato
starch exhibited unique hydration properties compared to cereal
starches. NMR T2 distribution revealed two distinct water popula-
tions in the un-gelatinized starch–water mixture corresponding to
intra (less mobile) and extra (more mobile) granular water, which
rapidly exchanged during gelatinization (Tananuwong and Reid,
2004). Capillary and bound water was observed in the case of
soy proteins (Tanteeratarm et al., 1990). Chen et al. (1997) identi-
fied three types of water using NMR spin–lattice relaxation, spin–
spin relaxation time and proton intensity and these NMR parame-
ters correlated with the firming process in the bread crumb and
could be related to macroscopic and microscopic migration of
water during staling. Noel et al. (2000) studied the molecular
structure of low molecular weight carbohydrate using the dielec-
tric relaxation technique. They observed a primary a-relaxation
(activation energy 250–405 kJ/mol) at temperatures above the
DSC-glass transition temperature, and in most cases a secondary
b-relaxation (activation energy 42–55 kJ/mol) at temperatures
lower than glass transition. The b-relaxation varied from weak to
strong depending on the hydroxymethyl group. Addition of water
shifted the a-relaxation to lower temperatures and increased the
strength of the b-relaxation. In glucitol this resulted in a merging
of the a- and b-relaxations. In other cases b-relaxation increased
in strength and decreased in temperature.

Vittadini et al. (2002) studied the NMR water mobility, struc-
tural transition by DSC and DMA analysis, and microbial death in
xanthan and locust bean gum mixtures. A closer correlation be-
tween cell growth and higher water mobility could be observed.
However, cell survival decreased as the moisture content increased
from 6 to 25 g/100 g dry solids corresponding with increasing mo-
bile proton and deuterium signals (i.e. increased mobility),
whereas no death was observed when the moisture was below
6 g/100 g solids. In addition, the presence of mannitol protected
the cells from death at increasing moisture contents and a relation-
ship with a lower mobile 1H signal observed. These processes could
be explained by water mobility, while no evidence of a glassy–rub-
ber transition was observed from DSC and DMA analyses suggest-
ing structural relaxation did not play a significant role in NMR
molecular mobility and explaining microbial survival. Similarly in
the case of dried chicken muscle (Acevedo et al., 2006), and date-
pits (Rahman et al., 2007), it was difficult to trace a shift in the
DSC thermogram line due to low differences in specific heat at
glass transition.

Lin et al. (2006) plotted NMR T2 signal (spin–spin relaxation
time constant) as a function of temperature for different food pow-
ders and observed four types or patterns of curvature. Type 1
showed a change in slope after the critical temperature, type 2
showed a shift in the line with a change in slope, type 3 showed
a linear increase, and type 4 showed no change in slope. They
found that some of the curve features were correlated highly to
the physiochemical states and changes of food polymers, for exam-
ple, caking, stickiness, and firming. Chung et al. (2003) and Lin et al.
(2006) developed a model by multiple regression for the prediction
of time until caking of the mixed powder systems at different tem-
peratures based on DT (difference between storage and critical
temperature for onset of caking), and two other parameters (slopes
before and after critical temperature) defined from the NMR signal.

Bertram et al. (2006) investigated the relationship between
thermal denaturation of meat proteins and heat-induced changes
in water characteristics by DSC (denaturation temperatures) and
NMR (water mobility). The major changes in water characteristics
during heating occurred between 40 and 50 �C. This was probably
initiated by denaturation of myosin heads, which could not be de-
tected in the DSC thermograms. Modeling revealed a correlation
between denaturation of myosin rods and light chains at �53–
58 �C and heat-induced changes in myofibrillar water as well as
between actin denaturation at �80–82 �C and expulsion of water
from meat.

Bell et al. (2002) studied the chemical stability for four chemical
reactions in systems with different levels of water mobility as
determined by NMR. They emphasized that water mobility was
not affected by glass–rubber transition since NMR signals varied
differently in different glassy matrices. Their study did not support
a link between water mobility and reaction kinetic data alone. The
effect of water on food chemical stability in solids is multidimen-
sional, being dependent upon the type of reaction and the charac-
teristics of the system. No single explanation for how water affects
chemical reactions in reduced moisture solids currently exists (Bell
et al. 2002). Using 1H NMR, Partanen et al. (2004) studied the plas-
ticization of amylose films by glycerol and water. Spin–spin relax-
ation (T2) showed a change in slope close to the glass transition,
while spin–lattice relaxation (T1) showed minimum values which
may not necessarily be close to glass transition. The spin–lattice
relaxation also showed that in the glassy state, glycerol may de-
crease amylose mobility and act as an anti-plasticizer.

Kalichevsky et al. (1992) measured the transition of an amylo-
pectin–water system by DSC (thermal), DMTA (mechanical) and
NMR (molecular mobility) and observed variations in the transi-
tion temperature related to DSC glass–rubber phenomena. It was
related to the frequency and nature of the measurement technique.
However, Ruan et al. (1998) found similar transitions measured by
DSC and NMR in the case of food polymers (maltodextrin, bread,
cake and crackers). In many instances thermal and mechanical
relaxation coincided with the molecular mobility measured by
NMR and other techniques.

Le Meste et al. (1999) demonstrated that the critical tempera-
ture may or may not be at the glass transition but depends on
the type of reactions and the matrix. They pointed that the critical
temperature may be the onset of some motions not directly related
to the main relaxation process associated from collective motions
at the glass transition. They have illustrated two examples: enzy-
matic reaction in frozen sucrose solution and crispness in cereal-
based foods. The rate of enzymatic reaction in frozen sucrose solu-
tion was related to the diffusion of reactants to the substrate, and
to the viscosity of the matrix. Different critical temperatures ex-
isted for different solid concentrations of the frozen sugar matrix,
which was not the T 0g .

The loss of crispiness in cereal foods was related to the molec-
ular mobility determined by NMR. The hydration induced loss of
crispness in cereal based foods was observed at a critical moisture
content between 9% and 10%. The onset of the glass transition was
at 25 �C when the moisture content was around 15% indicating that
the loss of crispness occurred when the products were still in the
glassy state. In addition, NMR signals indicated some water pro-
tons in glassy bread below 10% moisture showed much higher
mobility compared to the protons of the matrix. Dielectric and
mechanical spectroscopy demonstrated that sub glass relaxation
processes occurred in cereal glasses.

The above discussion presented the issues of molecular mobility
in relation to structural glass transition. It is another challenge to
relate molecular mobility with structural glass transition. In the
first instance available data in the literature could be compiled to
explore when and how molecular mobility is related with struc-
tural glass. The author’s group is working in this direction but it
is beyond the scope of this paper.

9. Conclusion

A graphical plot of glass transition and water content as a func-
tion of water activity could be used to see the relationship between
water activity and glass transition. State diagrams could also be
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used to combine water activity and glass transition concepts by
including BET-monolayer and glass lines. In the state diagram, 13
macro–micro regions could also be drawn to identify the variabil-
ity in stability at different regions. A knowledge base needs to be
developed in each macro- and micro-region for developing further
generic rules and limitations in each region. In addition a new ap-
proach is proposed by defining a critical temperature for stability
and then relating it with water content or water activity, and other
factors. Mobility of reactants decides whether a given reaction can
proceed or not. Water mobility measured by Nuclear Magnetic
Resonance (NMR), luminescence spectroscopy, and spin probe
electron spin resonance (ESR) spectroscopy indicated interestingly
that the water activity or glass transition concept may only be the
simplified nature of the real complexity. A number of different
parameters measured by other spectroscopic methods indicated
a wide variety or types of water molecular mobility above or below
matrix glass transition temperature. In many instances, this mobil-
ity approach could be used to explain clearly the complexity of
food stability, especially when the water activity or glass transition
concept can not help to explain the process. However, until now it
is a challenge to link mobility concept with water activity or glass
transition beyond the empirical approach.
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