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a b s t r a c t

Water sorption isotherms and glass transition temperatures of raspberries were determined to under-
stand interactions between water and biopolymers. Water adsorption and desorption isotherms of
raspberries were determined with an isopiestic method. Thermal transitions of raspberries equilibrated at
selected water concentrations using adsorption and desorption were determined by differential scanning
calorimetry (DSC). The sorption isotherm data were modeled by BET and GAB equations, while the plas-
ticizing influence of water on glass transition was modeled by the Gordon–Taylor equation. Equilibrium
water concentrations varied at equivalent water activities during adsorption and desorption indicating
occurrence of hysteresis and irreversibility of thermodynamic processes. The monolayer water concen-
trations of 0.099 and 0.108 kg water/kg dry raspberry solids obtained by BET and GAB models during
desorption were larger than those during adsorption (0.059 and 0.074 kg water/kg dry raspberry solids).
lass transition
ordon–Taylor equation
ater activity

The glass transition temperature of raspberries decreased with increasing water concentrations. The
Gordon–Taylor parameters Tgs and k obtained for raspberries during adsorption were 42.6 ◦C and 4.73
and during desorption were 44.9 ◦C and 5.03, respectively. The characteristic glass transition temperature
of the maximally freeze concentrated solution T ′

g was −63.1 ± 5 ◦C and the onset of ice crystal melting
temperature T ′

m was −32.3 ± 0.4 ◦C. Although the water activity differed significantly at equivalent water
concentrations obtained using absorption or desorption, the glass transition temperatures of raspberries

oncen
were dependent on the c

. Introduction

Water plays a central role as a solvent for biochemical reac-
ions in foods under a wide range of conditions attributed to
emarkable characteristics of water such as excellent solvency,
lasticity and large specific heat, enthalpy of phase change, dielec-
ric constant, and surface tension. A better understanding of the
nteractions among water and food macromolecules is of funda-

ental importance to the stability of high solids food systems.
ater–solids equilibria, particularly sorption behavior of water in

oods, observed using a thermodynamic approach is commonly
elated to physical, chemical and microbiological stability of dehy-
rated foods [1,2]. According to the equilibrium concept, bound
ater, defined as solute associated water that differs thermody-

amically from pure/bulk water, exhibits reduced solubility for
ther compounds causing a reduction of the diffusion of water
oluble solutes in sorbents [3]. Therefore, foods may be bio-
hemically more stable when they contain only bound water
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tration of water present not the method of equilibration.
© 2010 Elsevier B.V. All rights reserved.

with no free water. Bound water is characterized by low vapor
pressure, large binding energy as determined during dehydra-
tion, reduced mobility as observed by nuclear magnetic resonance
(NMR), unfreezability at low temperatures, and unavailability as a
solvent [4].

The water sorption behavior of foods is not fully reversible as
indicated by sorption hysteresis. Hysteresis in sorption indicates
that at a given water activity and temperature an adsorbent holds
a smaller amount of water during an adsorption process than dur-
ing a desorption process. The extent of hysteresis is related to the
nature and state of components in a food. Hysteresis may reflect
the structural and conformational rearrangement of components,
which alters the accessibility of energetically favorable polar sites,
and thus may hinder the movement of water [1]. Hysteresis may
implicate the physicochemical stability of foods. Lipid oxidation of
foods at constant water activity occurred 3–6 times faster in foods
prepared by desorption than in foods prepared by adsorption [5].

It is argued that low-water content foods exist in a state of
pseudo-equilibrium as evidenced by the existence of hysteresis,

and kinetic factors may be observed to evaluate long-term storage
stability of dehydrated foods expressed as glass transition temper-
atures (Tg) [6–9]. At glass transition temperatures, it is considered
that foods transform from a relatively stable glassy state to a rub-
bery state or vice versa. In the glassy state, below Tg, the mobility of

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:ssablani@wsu.edu
dx.doi.org/10.1016/j.tca.2010.03.013
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Table 1
Glass transition temperatures of raspberry samples at selected water activities and water contents after adsorption and desorption experiments.

Adsorption Desorption

Water activity,
aw (fraction)

Water content
(kg water/kg
raspberry)

Tgi (◦C) Tgm (◦C) Water activity,
aw (fraction)

Water content
(kg water/kg
raspberry)

Tgi (◦C) Tgm (◦C)

0.113 0.034 ± 0.000a 17.5 ± 1 19.2 ± 1 0.113 0.054 ± 0.003c 11.5 ± 2 15.4 ± 1
0.225 0.046 ± 0.001b 7.3 ± 1 9.5 ± 1 0.225 0.066 ± 0.001d 3.4 ± 2 6.6 ± 2
0.328 0.069 ± 0.001e −5.03 ± 1 −4.2 ± 2 0.328 0.080 ± 0.001f −11.4 ± 2 −8.4 ± 3
0.432 0.086 ± 0.001g −12.0 ± 5 −11.2 ± 6 0.432 0.089 ± 0.001h −16.6 ± 4 −13.7 ± 6
0.529 0.112 ± 0.001i −19.4 ± 6 −16.3 ± 6 0.529 0.126 ± 0.004j −34.0 ± 4 −33.3 ± 6
0.658 0.134 ± 0.003k −29.7 ± 6 −28.7 ± 7 0.658 0.138 ± 0.001l −52.1 ± 2 −48.1 ± 1
0.750 0.175 ± 0.001m −57.0 ± 0 −53.9 ± 2 0.750 0.367 ± 0.011o – –
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0.860 0.242 ± 0.007n −65.5 ± 4 −62.1 ± 4

ifferent superscripts represent statistical significant differences between water co
p < 0.05).

ater and the rate of deteriorative reactions are reduced drastically
nd foods are stable for extended time periods. The role of Tg as a
hysicochemical parameter for control of microbiological, physi-
al and biochemical changes is subjected to several investigations
10–16].

Raspberries represent a large group of high sugar small fruits
or which storage stability at low-water content is important. The
bjective of this research was to analyze water sorption and glass
ransition temperatures during adsorption and desorption of red
aspberries.

. Materials and methods

.1. Preparation of raspberries

Washington grown red raspberry fruits were obtained from the
ocal market and frozen at −37 ◦C for 2 days. The frozen raspber-
ies were dried using a laboratory freeze dryer (Virtis freeze mobile
4 with Unitop 600L, VirTis SP Industries Co., New York, NY) to a
ater content of 0.042 kg H2O/kg raspberry solids. The condenser

emperature was adjusted to −60 ◦C and the shelf temperature was
et at −20 ◦C with a pressure of 20 Pa. After 2 days, raspberries were
emoved from the freeze drier and ground to a fine powder using
mortar and pestle. The raspberry powder was placed in open
eighing bottles and equilibrated for 3–4 weeks with saturated salt

olutions of constant water activities in airtight containers at room
emperature (23 ◦C) for adsorption studies. The salts used were:
iCl, CH3COOK, MgCl2, K2CO3, MgNO3, NaNO2, NaCl and KCl (Fisher
cientific, Houston, TX). The equilibrium relative humidity in the
ontainers varied from 11.3 to 86% for adsorption and desorption
xperiments [17]. The corresponding water activity values are pre-
ented in Table 1. A small amount of thymol in a small bottle was
ept inside the airtight containers to prohibit microbial growth in
aspberry powders.

For desorption studies, fresh raspberries (0.85 kg water/kg
aspberry) with known weight were dried to a water content
pproximately of 0.40 kg water/kg raspberry in laboratory vac-
um oven at 70 ◦C (Yamato ADP-31, Yamato Scientific America Inc.,
A, USA). Weights of the raspberry samples were determined at
elected time intervals of drying to ensure the final water content
0.40 kg water/kg raspberry). After drying, raspberries were imme-
iately placed inside airtight containers with saturated solutions
or equilibration. The raspberry samples were exposed to super sat-
rated solutions to achieve constant water activity values at room

emperature (23 ◦C). Saturated solutions used were the same as for
he adsorption experiments. Initially mold growth was observed for
aspberry samples stored at 0.75 and 0.86 water activities. These
ontaminated samples were discarded and raspberry samples were
repared again for the experiments. For this, the raspberries were
0.860 0.484 ± 0.007p – –

s of raspberries obtained at selected water activities by adsorption and desorption

washed in 300 ppm of chlorine water and the experiments were
conducted inside a biological safety cabinet under sterilized envi-
ronment.

After 3–4 weeks of equilibration at selected relative humidity
values, water content of the raspberry samples obtained by adsorp-
tion and desorption experiments were determined by vacuum oven
method. For this, triplicate raspberry samples in aluminum weigh-
ing dishes were heated inside a vacuum oven at 80 ◦C for 10 h with
10 kPa chamber pressure.

2.2. Thermal analysis

A differential scanning calorimeter (DSC, Q2000, TA Instru-
ments, New Castle, DE) was used to analyze the thermal transitions
in raspberry samples obtained after adsorption and desorption
experiments. The calorimeter was calibrated by checking standard
temperatures and enthalpies of fusion for indium and sapphire. An
empty sealed aluminum pan was used as a reference in each test.
Nitrogen gas at a flow rate of 50 ml/min was used as the purge gas to
avoid water condensation around the raspberry sample. Ten to fif-
teen milligrams of raspberry sample was sealed in aluminum pans
(capacity 30 �L) and cooled from room temperature to −90 ◦C at
5 ◦C/min for formation of glassy state in raspberry sample and equi-
librated for 10 min. 5 ◦C/min is the commonly followed cooling and
heating rate of the thermal analysis of food systems. The raspberry
samples were scanned from −90 ◦C to 70 ◦C at a rate of 5 ◦C/min
and cooled back to 25 ◦C at a rate of 5 ◦C/min. DSC thermograms,
presenting the heat flow (W/g) and temperature relationship were
used to analyze the thermal transitions in raspberries during heat-
ing and cooling. The glass transition temperature (Tg) is identified
as a (vertical) shift in the heat flow-temperature relationship. TA
Instruments Universal analysis software was used to analyze the
onset, mid and end points of the glass transition. Triplicate sam-
ples of raspberry after adsorption and desorption experiments were
used to determine the glass transition temperatures at each water
content/water activity.

For high water content raspberry samples (≥ 0.75 aw) obtained
in desorption experiments, the onset of melting of ice crystals
(T ′

m) was determined by DSC scanning of raspberry samples. The
raspberry samples were cooled without annealing to identify the
apparent T ′

m as presented in Fig. 1 [18]. A linear base line to the
melting endotherm is drawn to identify apparent T ′

m. The base-
line intersects with the endotherm and the intersection at the left
side was taken as the apparent T ′

m of the raspberries as presented

in Fig. 1 [18,32]. For high water content samples, characteristic
glass transition temperature (T ′

g) is associated with the maximal
freeze concentrate (Fig. 1). Annealing was performed for high
water raspberry samples after desorption experiments at a tem-
perature (apparent T ′

m − 1) for 30 min during DSC scan to obtain
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ig. 1. Melting endotherm, T ′
m and T ′

g associated with raspberry sample equili-
rated by desorption at water activity of 0.75 (with and without annealing).

aximum ice formation (Fig. 1). Raspberry samples were scanned
rom (apparent T ′

m − 1) to −90 ◦C at the rate of 5 ◦C/min. Raspberry
amples after desorption were scanned from −90 ◦C to 70 ◦C at
rate of 5 ◦C/min [18,19]. The T ′

m and T ′
g were determined from

he same experiment where the sample was annealed for 30 min
Fig. 1).

.3. Modeling

Brunauer–Emmett–Teller (BET) and Guggenheim-Anderson-de
oer (GAB) models are widely accepted to fit water sorption data
f food materials. BET and GAB models are based on the monolayer
ater concept and derive the monolayer water content from water

ctivity-water content by non-linear optimization. To model the
ater adsorption and desorption data of dried raspberry samples,
ET and GAB models were used [20]. The BET equation is

w = MbB aw

(1 − aw)[1 + (B − 1)aw]
(1)

here Mw is the water content (kg water/kg dry solids), Mb is the
ET monolayer water content (kg water/kg dry solids) and B is
constant related to the net heat of sorption of water. The BET

sotherm is accurate for foods with water activities between 0.05
nd 0.45, though a small but adequate range for the calculation of
arameters Mb and B. The GAB isotherm equation is an extension
f the BET model and can be used for foods with water activities
rom 0 to 0.9 by taking into consideration of multilayer adsorption.
he GAB equation is considered one of the best fitting equations to
odel the sorption isotherms of many foods

w = MgCKw

[(1 − Kaw)(1 − Kaw + CKaw)]
(2)
here Mg is the GAB monolayer water content (dry basis). For type
II isotherms, generally the value of the constant C lies between 0
nd 2 while for type II isotherms, the C > 2. K is a factor related to
he multilayer heat of sorption generally between 0 and 1. Non-
inear optimization by Windows Excel® was used to obtain the
Fig. 2. Water adsorption and desorption isotherms of raspberries at 23 ◦C.

three parameters in GAB using two variables (i.e. water content
and water activity).

In low-water food systems such as dry raspberries, Tg of the food
system decreases sharply with water content. Water plasticization
effects in foods may be approximated generally by the Gordon and
Taylor equation [21]. For binary food mixtures, considering food
total solids and water, The Gordon–Taylor equation is expressed as

Tgm = XsTgs + kXwTgw

Xs + kXw
(3)

For aqueous binary mixtures, Tgm, Tgs and Tgw are the glass transi-
tion temperatures of the mixture, solids and water, respectively; Xw

and Xs are the wet basis water and total solids contents, and k the
Gordon–Taylor parameter. Large values for k in a binary mixture
indicate large plasticizing effect of the solids by water. The model
parameters (k and Tgs) of Eq. (3) are estimated using non-linear
optimization while considering Tgw = −135 ◦C.

Statistical analysis was conducted using SAS®9.1 (SAS Institute,
Inc., Cary, NC) computer programme. Analysis of variance (ANOVA)
was employed for the samples with a value of p < 0.05 being con-
sidered statistically significant. The Fisher’s LSD (least significant
difference) method was used together for this purpose [22]. In
addition, statistical F-Test was conducted to confirm the statistical
significance.

3. Results and discussion

3.1. Water adsorption and desorption isotherms

Water adsorption and desorption isotherms of raspberry exhib-
ited sigmoid shape behavior (Fig. 2). A considerable difference in
water contents of raspberry was observed during adsorption and
desorption processes indicating hysteresis (p < 0.05). The difference
in the water contents during adsorption and desorption was more

prominent at low (aw = 0.11–0.33) and high (aw = 0.75–0.86)
water activities. At the intermediate level of water activities, the
difference in water contents between adsorption and desorption
processes was smaller. A number of hysteresis loop shapes are
observed in food systems depending on the composition and mea-
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Table 2
GAB and BET equations parameters for adsorption and desorption data of selected fruits.

Product Treatment GAB model Treatment BET model

Mo kg water/kg raspberry solids C K Mo kg water/kg raspberry solids B

Raspberrya Adsorption at 23 ◦C 0.074 5.53 0.904 Adsorption at 23 ◦C 0.059 9.08
Desorption at 23 ◦C 0.108 1.78 0.990 Desorption at 23 ◦C 0.099 2.23

Strawberryb Adsorption at 30 ◦C 0.051 3.5 1.16 Adsorption at 30 ◦C – –
Desorption at 30 ◦C 0.098 4.9 0.99 Desorption at 30 ◦C 0.095 5.2

Kiwi fruitc Adsorption at 30 ◦C 0.047 8.7 1.20 Adsorption at 30 ◦C 0.058 7.0
Desorption at 30 ◦C 0.042 13.3 1.23 Desorption at 30 ◦C 0.053 8.9

Blanched appled Adsorption at 25 ◦C 0.076 1.18 1.03 Adsorption at 25 ◦C – –
Desorption at 25 ◦C 0.138 1.54 0.97 Desorption at 25 ◦C – –

Blanched papayad Adsorption at 25 ◦C 0.131 1.82 0.98 Adsorption at 25 ◦C – –
Desorption at 25 ◦C 0.134 1.57 0.98 Desorption at 25 ◦C – –

Bananae Adsorption at 30 ◦C – – – Adsorption at 30 ◦C – –
Desorption at 30 ◦C 0.074 18 0.92 Desorption at 30 ◦C – –

a Current Study; BET models, R2 = 0.96 for adsorption and desorption data; GAB models, R2 = 0.99 for adsorption data and R2 = 0.96 for desorption data.
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water activity of 0.75 by desorption is presented in Figs. 1 and 3.
The mean value of the onset of ice melting evaluated from des-
orption samples with aw 0.75 and 0.86 was considered as T ′

m of
raspberry was −32.3 ± 0.4 ◦C. For raspberry samples of aw ≥ 0.75
b Moraga et al. [32].
c Moraga et al. [27].
d Lopez-Malo et al. [50].
e Katekawa and Silva [51].

urement temperature of water sorption. A wide difference in the
agnitude and extent of hysteresis of dehydrated foods is reported

23]. In high sugar foods, the hysteresis phenomenon is more pro-
ounced in the low-water activity range (aw < 0.6) [24].

The water adsorption and desorption behavior of selected fruits
ere modeled using BET and GAB equations (Table 2). Sorption
ata of raspberry during adsorption and desorption were fitted to
ET (R2 = 0.96 for adsorption and desorption data) and GAB mod-
ls (R2 = 0.99 for adsorption data and R2 = 0.96 for desorption data).
nly experimental data with aw ≤ 0.45 were fitted well to the BET
quation [25]. The BET monolayer water content during adsorp-
ion and desorption were 0.059 and 0.099 kg water/kg raspberry
olids, respectively, while GAB monolayer values for adsorption
nd desorption were 0.074 and 0.108 kg water/kg raspberry solids,
espectively (Table 2). The constants of BET and GAB equations
btained for raspberry samples during adsorption and desorption
ere similar to the other selected dry fruits (Table 2). The mono-

ayer water content obtained by GAB is generally larger than the
ET monolayer water content [26]. However, an opposite trend
as observed with kiwi fruit where the monolayer water content

btained using the GAB equation was smaller than the monolayer
ater content of kiwi fruits determined with the BET equation [27].

ven though the GAB model is an extension of the BET model, the
onolayer water content obtained from BET equation is gener-

lly considered as the optimal water content for stability of foods
ontaining large concentrations of solids [28,29]. The monolayer
ater contents obtained by the BET as well as the GAB model
uring desorption were larger than the monolayer water contents
btained during adsorption. The difference in water content could
e attributed to the presence of greater water content present in the
ood matrices during desorption compared to adsorption with an
quivalent water activity, however according to the water activity
oncept, the availability of water participating in selected reactions
s expected to be equivalent.

.2. Glass transition temperatures

Thermogram data obtained from the DSC were used to iden-

ify glass transition temperatures of raspberry samples equilibrated
t selected water activities/water contents (Table 1). Experimen-
al thermograms exhibited glass transitions associated with the
morphous soluble compounds (glucose and fructose) in raspberry
amples. DSC thermograms (Fig. 3) for freeze-dried raspberry sam-
ples were similar to the DSC curves reported in the literature for
other fruits in equivalent ranges of water activities [27,30–33].
For high water content raspberry samples (≥ 0.75aw) in desorp-
tion experiments, thermograms provide melting endotherms along
with glass transition temperatures, indicating the presence of
freezable water in the sample. For high water content raspberries,
annealing was performed at a temperature (apparent T ′

m − 1) for
30 min during the DSC scan for maximum ice formation [34]. The
onset of ice crystal melting of raspberry sample with equivalent
Fig. 3. DSC thermogram presenting heat flow versus temperature of raspberry sam-
ples equilibrated by desorption at different water activities.
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Table 3
Parameters of Gordon and Taylor equation fitted to glass transition temperatures and water content data of selected fruits during adsorption
and desorption.

Product Treatment Gordon and Taylor equation parameters

Tgs (◦C) k

Raspberrya Adsorption 42.6 4.73
Desorption 44.9 5.03

Strawberryb Adsorption 28.1 4.14
Desorption 63.0 4.82

Kiwi fruitc Adsorption 40.6 4.84
Desorption 39.1 4.90

Plum (skin + pulp)d Adsorption 102.7 3.76
Desorption – –

Gooseberrye Adsorption 23.2 5.72
Desorption – –

Applef Adsorption 41.3 3.59
Desorption – –

Pineappleg Adsorption 57.8 0.21
Desorption – –

a Current study.
b Moraga et al. [32].
c Moraga et al. [27].
d Telis et al. [52].

b
c
c
i
b
t
c
T
a
h
w
o
a
a
c
e
o
o
w
i
a
t
t
0
c
a
i
m
s
a
o
g
G
s
k
T
w
a

effect of other amorphous soluble biopolymers with higher Tgs, the
interactions among the compounds and the complex structure of
raspberry solids.
e Wang et al. [53].
f Bai et al. [19].
g Telis and Sobral [54].

y desorption, the glass transition temperature is identified as
haracteristic glass transition temperature T ′

g of maximally freeze
oncentrated raspberry (Fig. 1). The mean value of the T ′

g evaluated
n samples with aw 0.75 and 0.86 considered as the T ′

g of rasp-
erry was −63.1 ± 5 ◦C. Both T ′

g and T ′
m values were obtained from

he same experiments. T ′
g and T ′

m are not dependent on the water
ontent of the sample. However, some difference was observed in
′
g and T ′

m values obtained for samples equilibrated at aw of 0.75
nd 0.86 attributed to experimental variability. Some researchers
ave also noted a little difference in T ′

g and T ′
m values at different

ater contents [18,19,35]. For instance, Bai et al. [19] observed T ′
g

f apple samples as −61.6 and −58.4 ◦C for water contents of 0.856
nd 0.732 kg water/kg sample, respectively. Also Syamaladevi et
l. [33] observed T ′

g of raspberry as −57.4 and −55.8 ◦C for water
ontents of 0.7 and 0.6 kg water/kg raspberry, respectively. No
ndotherms associated with sugar crystallization or melting were
bserved. Crystallization of amorphous sugars results in the loss
f adsorbed water if anhydrous crystals are formed [36,37]. The
ater sorption isotherms did not exhibit discontinuities result-

ng from crystallization, thus indicating the kinetic stability of the
morphous sugars in raspberry [32]. The onset of glass transition
emperature (Tgi) decreased from 17.5 ◦C to −65.5 ◦C as water con-
ent of the freeze-dried raspberry solids increased from 0.034 to
.242 kg water/kg raspberry during adsorption. Fresh raspberries
ontain 84.5% water, 13.4% carbohydrate, 1.30% protein, 0.3% fat
nd 0.5% ash [38]. Glucose and fructose are the major sugars present
n raspberries. So the glass transition temperatures in raspberries

ay be related to the Tg of glucose and fructose. The glass tran-
ition temperatures and thermograms of freeze-dried raspberries
re similar to the glass transition temperatures and thermograms
f glucose and fructose [37,39,40]. The effect of water content on
lass transition is fitted by the Gordon–Taylor equation [21]. The
ordon–Taylor constants Tgs and k (Eq. (3)) obtained for raspberry

amples during adsorption were 42.6 ◦C and 4.73, while the Tgs and
during desorption were 44.9 ◦C and 5.03, respectively (Table 3).

he depression in glass transition temperatures with increasing
ater content is due to the plasticization effect of water on the

morphous constituents of the raspberry matrices (Fig. 4; R2 = 0.93
for adsorption data and R2 = 0.89 for desorption data). T ′
g values

were not included while fitting the Gordon–Taylor equation for
glass transition temperature and solids content data obtained the
sample equilibrated with desorption process. The glass transition
temperature of anhydrous raspberry solids (Tgs) is greater than
the Tgs of glucose and fructose which can be attributed to the
Fig. 4. Effect of solids content on glass transition temperatures of raspberries equi-
librated by adsorption and desorption.
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.3. Water activity, glass transition temperature and water
ontent relationships

Water activity is measured when the food system is in ther-
odynamic equilibrium with the surroundings. One of the main

actors influencing the stability of foods during processing and
torage is the amount of water in multicomponent food sys-
ems. Studies are conducted to probe the influence of quality
f water characterized as water activity and quantity of water
haracterized as water content [5,41–44]. The water activity
etermined using the thermodynamic approach is related to the
icrobiological and biochemical activity in foods. For example,
icroorganisms do not grow at water activity less than 0.6.
food product may be most stable at its monolayer water

ontent, which may vary with chemical composition and phys-
cal structure [45]. Experimental studies demonstrate equivalent

ater activities exhibit different equilibrium water contents dur-
ng adsorption and desorption in foods, indicating hysteresis
r irreversibility of the sorption process. In the present study,
ysteresis was observed as expected in water sorption of rasp-
erry samples (Fig. 2). During desorption, at equivalent water
ontents smaller vapor pressure is observed than the vapor pres-
ure observed during the adsorption process. Hysteresis in foods
ay be due to the changes in internal structural configuration and

onformational rearrangements at the molecular level or by the
rreversible changes in structure during the making of foods by
dsorption or desorption. Several factors including components,
emperature and pretreatments control hysteresis. Several theo-
ies address the hysteresis phenomena in foods such as incomplete
etting, ink bottle and open pore theories [46]. It is difficult to
rovide a single reason for the hysteresis phenomena in foods due
o the fact that food is a complex mixture of various components,
hich not only absorb water independently but also interact [47].

he thermodynamic approach suggests water activity is more rel-
vant than total quantity of water in defining the perishability and
tability of foods. In foods containing equivalent water contents, the
eactive water solvent for physical, microbiological or biochemical
eactions is dependent on whether the food is equilibrated using
dsorption or desorption.

Glass transition concept is related to the kinetic theory which
bserves the molecular relaxation and rearrangement during glass
o rubber transitions in a food system. Glass transition tempera-
ure is a characteristic of nonequilibrium amorphous food systems.

ater drastically reduces the glass transition temperature of a
ood system. The decrease in glass transition temperature in rasp-
erry by water addition might be due to the increased free volume
etween the molecules. The decrease in glass transition tempera-
ure of raspberry samples indicates that the Tg of raspberry samples
as primarily influenced by the concentration of water, not by

he equilibration process (Table 1 and Fig. 4). The glass transition
emperatures of raspberry samples with equivalent water activi-
ies were greater after adsorption than desorption due to smaller
ater concentrations (Fig. 5). Water is a strong plasticizer and has
low molecular weight and glass transition temperature (−135 ◦C)
ompared to the raspberry solids. The water content in raspberry
amples equilibrated during desorption was higher than the sample
quilibrated with adsorption process. Statistical analysis indicated
hat the glass transition temperature of raspberries is influenced by
ater content only and not by the equilibration method (p > 0.05).
n the other hand, adsorption and desorption isotherms of rasp-
erries present the water activity is influenced by the equilibration

rocess, presented by the hysteresis.

Moraga et al. [27] observed similar behavior for water sorption
nd plasticization of kiwi fruit. However, in an earlier study Moraga
t al. [32] noted the opposite behavior, i.e. the glass transition tem-
eratures of strawberries were influenced more by water activity
Fig. 5. Influence of water activity on onset of glass transition temperature of rasp-
berries during adsorption and desorption.

than by water content [32]. The discrepancy in plasticization behav-
ior of water in selected fruits was attributed to differences in soluble
and insoluble solid components in fruits. In the case of strawberries,
the concentration of water in strawberries during adsorption and
desorption was significantly different. However, the net plasticiza-
tion effect of water on soluble components was negligible. Some
of the water may be present in other phases (insoluble structural
polymers) and contributing little to plasticization of the amorphous
soluble solids [32].

It is important to consider that water activity is a prop-
erty of water molecules while glass transition is associated with
amorphous food systems. To elucidate the water activity–water
content–glass transition relationships of complex multicomponent
food systems such as fruits and vegetables, the definition of an ide-
alized model of the fruits may be useful [32]. The two main phases
in the idealized model of the fruit are aqueous liquid phase con-
taining soluble solids and water insoluble phase. At equilibrium,
different phases in the system will have the same water activity
but the amount of water present in each phase can be different
depending on the level of structural changes which occur in each
phase of raspberries during freeze drying. The water content at
equilibrium is the average value of the aqueous phase and water
insoluble phase while water activity is global and same for these
two phases. The water retained by insoluble phase contributes to
the mean water content but does not contribute in plasticizing, i.e.
lowering the Tg of the amorphous soluble solids. During freeze dry-
ing, rupture of cell walls and membranes can cause differences in
water binding capacity of each phase resulting in hysteresis during
adsorption and desorption processes. The total amount of insolu-
ble solids in raspberry fruits is very small, which is only 5% of the
total solids compared to 95% of soluble solids [38]. So the Tg of rasp-
berry is associated with the mean Tg of aqueous phase consisting
the soluble solids associated with raspberry [32]. So variation in Tg
is associated with the aqueous phase of a fruit system while, the
water activity is same for different phases at equilibrium (aqueous
phase and water insoluble phase).

A small increase in water content of a food may produce a
large depression of glass transition temperature due to the water
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lasticization effect. Intermediate moisture foods prepared by
dsorption may be in glassy state, while a food with an equiva-
ent water activity prepared by desorption may be in the rubbery
tate as a result of greater water content. The decrease in the viscos-
ty of the rubbery state compared to the glassy state may improve
he molecular mobility and reaction rates of the foods prepared by
esorption rather than adsorption at equivalent water activity.

Caking of inulin powder was observed at a critical water activity
f 0.56 and greater during adsorption, while caking was observed
or desorption for all the water activities [43]. Before the desorp-
ion isotherm experiments, the inulin powders were stored at a
igh relative humidity (94%), then transferred to chambers with 0,
2, 33, 59, 75 or 94% RH for desorption experiments. During the ini-
ial conditioning at 94%, all the inulin powder was caked leading to
olid bridges and an irreversible solid during the desorption experi-
ents [48]. Van Nieuwenhuijzen et al. [44] reported that both water

ctivity and water content or the history of bread may control the
rispness of bread crust. The mobility of water in bread crust deter-
ined by NMR analysis does not change at constant water contents

nd selected water activities obtained by adsorption and desorp-
ion experiments. They reported that glass transition temperature
f bread crust is dependent on water content and independent of
ater activity. However, molecular mobility and loss of crispness

ccurs in the glassy state of foods [49]. Limited studies are available
imultaneously evaluating both water activity and glass transition
spects of food stability. More experimental and theoretical stud-
es such as nuclear magnetic resonance and electron paramagnetic
esonance spectroscopy are necessary to probe the water dynamics
n foods.

. Conclusions

Equilibrium water contents were larger during desorption com-
ared to adsorption of freeze-dried raspberry samples at equivalent
ater activity indicating hysteresis and thermodynamic irre-

ersibility. The monolayer water content during desorption were
arger than the monolayer water content during adsorption. The
lass transition temperature of raspberry samples decreased with
ncreasing water contents due to the plasticization effects of water.
he raspberry samples equilibrated at water activities of 0.75
nd 0.86 during desorption contained freezable water. The fresh
aspberries may be kept below −63 ◦C (T ′

g) to avoid ice recrystal-
ization and maintain their quality after thawing. At equivalent

ater contents obtained by absorption or desorption processes,
he glass transition temperature of raspberry sample was depen-
ent on the concentration of water in raspberry sample and not
he method of water equilibration. The present study indicated
ubstantial differences between water activity and glass transition
pproaches to characterization of molecular interactions between
ater and biopolymers in raspberry. Additional research is needed

o provide insight into the manifestation of water mobility in food
atrices.
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