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The effect of water content on the glass transition temperatures of cassava starch was determined by dif-
ferential scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA). Samples were
transformed to the amorphous state by compression molding at high temperature (as demonstrated
by wide angle X-ray diffraction, WAXS), and then the samples were moisture conditioned. Both DSC
and DMTA showed that water anti-plasticized cassava starch at lower moisture contents, and plasticized
it at higher water contents. Samples with higher moisture contents stored at room temperature, 45 �C
and 80 �C underwent retrogradation as indicated by WAXS. Sorption isotherms of cassava starch showed
that for aw values lower than around 0.85, the sorption capacity decreased with increasing temperature;
while the opposite behavior was observed at aw > 0.85. This inversion point (aw = 0.85) was attributed to
the fact that more active sites were exposed to the adsorption processes, due to the enhanced molecular
mobility promoted in the amorphous regions by starch crystallization.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Cassava (Manihot esculenta Crantz) is an important root crop,
which is consumed as food in Venezuela and many other tropical
countries in different forms. It is considered a foodstuff of high
nutritional value and one of the most economical sources of en-
ergy; since the carbohydrate yield is 40% greater than in rice and
20% greater than in corn (Tonukari, 2004). For this reason, process-
ing of cassava root in order to obtain cassava starch has increased
in the last decades. Cassava starch, as all other starches, mainly
contains two polymers that contribute to its molecular structure:
amylose in a percentage varying from 13 to 24% (Hoover, 2001;
Rickard, Asaoka, & Blanshard, 1991), essentially a linear molecule,
and a non-linear and highly branched molecule, amylopectin, both
consisting of glucose repeating units. Both molecules form semi-
crystalline superstructures (with crystalline and amorphous layers
arranged in an onion like structure), where most of the crystalline
regions are formed by amylopectin although parts of the amylose
molecules are also present in them. Within such a system, the crys-
talline structure includes a fixed number of water molecules, while
the amorphous zones accommodates an increasing amount of mois-
ture depending on the water activity of the atmosphere where the
samples are being equilibrated. Consequently, water influences the
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structure by acting as a plasticizer of the amorphous regions, an ef-
fect that causes a depression of the glass transition temperature, Tg.

The glass transition temperature is a very im‘portant physical
parameter, which serves to explain the physical and chemical
behavior of food systems (Bell & Touma, 1996), and it is defined as
the temperature at which the material changes from the glassy to
the rubbery state for a given heating rate. The plasticizing effect of
water on food biopolymers is very small at low water activity (aw)
values, therefore the Tg associated with the amorphous regions in
the sample will be typically high and at room temperature the mate-
rial will be glassy. Water access will be higher in the rubbery state
(at T > Tg) than in the glassy state, since the free volume increases
above Tg. Increasing water activity, and hence food biopolymer plas-
ticization, causes an increase in the availability of the polar sites to
the water molecules due to the enhanced molecular mobility (Al-
Muhtaseb, McMinn, & Magee, 2004a). The plasticizing effect of
water at constant temperature is identical to the effect of increasing
temperature at constant moisture content (Slade & Levine, 1988).

Polymers such as starch are normally found in foods with high
hydrophilic capacity. As with other foodstuffs, food stability of
starch and starchy products greatly depends on their composition,
the surrounding relative humidity and temperature (Bertuzzi, Ar-
mada, & Gottifredi, 2003; Haque & Roos, 2004). The way these vari-
ables are related to the water present within the food matrix and
its glass transition temperature will determine its physical proper-
ties, as well as its chemical and microbial stability. Products stored
at temperatures lower than their Tg are known to have greater
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stability over large periods of storage, as compared to those kept at
temperatures greater than their Tg (Haque & Roos, 2004; Nowa-
kowski & Hartel, 2002; Roos & Karel, 1992). In this way, food water
sorption characteristics obtained at different temperatures and
their relation to the glass transition temperature should be studied,
so that a better knowledge of food storage conditions which war-
ranty a longer food shelf life can be gained.

One way for presenting food sorption characteristics is through
sorption isotherms. They represent the relationship between the
water adsorbed or desorbed within the food, and its water activity,
at a constant temperature and under equilibrium conditions (Al-
Muhtaseb, McMinn, & Magee, 2002). Many other applications of
sorption isotherms in food science make their determination useful
for food technologists. They include: drying process modeling, de-
sign and optimization of driers, food shelf life prediction, modeling
of moisture changes taking place within the food during storage,
and food packaging selection (Sahin & Sumnu, 2006).

Although sorption data on starchy products are widely available
(e.g., Al-Muhtaseb et al., 2004a; McMinn & Magee, 1999), water
sorption data for cassava starch presented in the literature are lim-
ited to one temperature, normally around room temperature, such
as the values presented by Chang, Cheah, and Seow (2000), Chata-
kanonda, Dickinson, and Chinacohoti (2003), Mali, Sakanaka,
Yamashita, and Grossmann (2005), and Mishra and Rai (2006). In
other cases, temperature ranges experimented are higher than
those normally found in food storage in tropical countries, as in
the data presented by Aviara and Ajibola (2002), where the tem-
perature range reported was from 30 to 60 �C. Additionally, the ex-
treme sensitivity to water or temperature plasticization on food
biopolymers and their effect on Tg, underlines the importance of
determining the moisture sorption characteristics of food materials
at different temperatures. In this way, moisture sorption isotherms
can be used together with glass transition values as a function of
moisture content to define storage conditions that enhance the sta-
bility or increase the shelf life of food products.

Taking into account the above, the aim of this study was to
determine the glass transition temperatures of amorphous cassava
starch and their variation with moisture content, using dynamic
mechanical thermal analysis (DMTA), and differential scanning cal-
orimetry (DSC) techniques. Wide angle X-ray scattering, WAXS,
was used in order to follow the variations of the crystallinity of
the samples with different moisture contents and thermal treat-
ments. Another objective was to determine moisture sorption iso-
therms at different temperatures (5, 30 and 45 �C), as well as
sorption parameters such as monolayer water content values and
isosteric heats of sorption.
2. Materials and methods

2.1. Raw material

The cassava starch used (AIM TF 113) was purchased from Agro-
industrial Mandioca C.A. and it was produced in the state of Mon-
agas in Venezuela. Its initial moisture content was 16.8 (d.b., or
expressed as g/100 g of dry solids, see method below).

2.2. Sample preparation

Solid, amorphous cassava starch bars or films, depending on the
analysis, were prepared as follows: powder native starch was
moistened up to 25% (wet base, w.b.), by slowly adding water
while continuously stirring and left overnight for equilibration.
Subsequently, the powder was placed in a plate mould
(52 � 11 � 1.5 mm3), for DMTA bar samples, or between kapton
polymide sheets making a 1 mm powder layer for WAXS and
DSC sample films. Compression molded employing a hydraulic
press (ADQ 11, model PP25 T) (3500psig) at 135 �C for 20 min,
was carried out. The whole assembly was cooled (up to 40 �C) be-
fore releasing the pressure, in order to avoid water bubble forming
inside the plate. Following decompressing, thin rectangular films
for WAXS analysis (12 � 10 � 1 mm3), and sample discs for DSC
measurements (5 mm in diameter and 1 mm thick), were cut.

Complete transformation of the samples by using this proce-
dure was further confirmed by the absence of residual gelatiniza-
tion enthalpy, determined by DSC experiments in excess of water
in a Perkin Elmer DSC 7 and by WAXS (as indicated below).

2.3. Sample conditioning

Different moisture contents in the molded samples, for DMTA
and DSC experiments, were achieved by conditioning samples at
room temperature (25 �C) for four weeks at different environments
with a varying relative humidity values; i.e., different levels of
water activity in the samples (0.11 6 aw 6 0.98) (Greenspan,
1977). Bone dry material was obtained from conditioning film
sample discs in P2O5 under the same time-temperature conditions.
A resulting moisture content of 2.0 ± 0.2% was obtained for these
latter samples (see method below).

Amorphous samples to be used in the evaluation of develop-
ment of crystallinity during storage by means of WAXS analysis,
were placed in environment of LiCl, K2CO3, KCl, KNO3 and K2SO4

and stored at room temperature, 45 �C and 80 �C for three weeks.
Relative humidity values at the three temperatures considered
were taken from Greenspan (1977). Crystallinity was also investi-
gated in the native cassava starch.

2.4. WAXS analysis

The WAXS experiments were carried out in a Panalytical X’Pert-
Pro system automatic diffractometer equipped with an X’celerator
photon counter. The experimental conditions were 45 kV and
40 mA for the X-ray source (Cu Ka, Ni-filtered) and the runs were
recorded from 5 to 70� in 2h with 0.02� steps and 20 s counting
time. The crystallinity was measured either by a deconvolution
of the experimental trace or a determination of the amorphous
fraction and further subtraction from the total diffracted intensity.

2.5. Glass transition temperatures

Glass transition temperatures in samples with different mois-
ture content were measured using two different methods: ther-
mo-mechanical and calorimetric analysis.

2.5.1. DMTA analysis
Thermo-mechanical determination of the glass transition tem-

peratures was carried out in a rheometric solid analyser (Rheomet-
ric Scientific, RSA II). Starch bars were placed in a three point
bending geometry, and oscillated at a frequency of 1 Hz at a heat-
ing rate of 3 �C/min. The temperature range of the measurements
depended on the moisture content of the samples. The strain
amplitude was maintained at 0.1% in order to remain within the
linear viscoelastic range. Starch samples with dimensions of
52 � 11 � 1.5 mm3 were used and the specimens were coated with
vacuum grease and completely wrapped in aluminum foil, to limit
weight loss during testing (Pereira & Oliveira, 2000). It was previ-
ously confirmed that this procedure did not have any effect on the
mechanical properties of the starch bars. Temperature at which a
maximum was obtained in the viscous modulus (E00), were deter-
mined by using the software Orchestrator (V6.3.2). A minimum
of three samples for each moisture content was measured and
the values of Ta were averaged.
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2.5.2. Moisture loss evaluation during DMTA testing
Weight changes during DMTA analysis were followed in sam-

ples previously conditioned at three different moisture contents
(low, intermediate and high moisture content levels), at room tem-
perature. Bars preparation and DMTA analysis were carried out as
before, with a heating range from 30 to 110 �C. In all experiments,
heating started at 30 �C and the experiment stopped at tempera-
ture increments of 5 �C, i.e., first experiment stopped at 35 �C, sec-
ond experiment at 40 �C and, so on. For each moisture content
sixteen samples were used (one sample for each run), and weight
loss was quantified by weighing the sample before and after
experimentation.

2.5.3. DSC analysis
Calorimetric determination of the glass transition temperatures

at different moisture contents was carried out in sample discs ther-
mo-moulded and moisture conditioned as stated before. Measure-
ments were done using a DSC 7 (Perkin Elmer), previously
calibrated with indium and naphthalene. An amount of
10 ± 0.5 mg of each sample with the adjusted moisture content
considered in this work was weighed in hermetically sealed alumi-
num pans. Each sample was heated from�10 to 110 �C at 5 �C/min,
using an empty pan as a reference. The glass transition tempera-
ture of the specimens was determined from the midpoint of the
heat capacity change observed on the second run, to eliminate
the effect of sample history. Three samples of each material were
measured and the Tg values obtained from the scans were
averaged.
2.6. Moisture sorption isotherms

A static gravimetric method was used to determine the sorption
characteristics of the molded cassava starch. Bars of starch were
placed in triplicate inside eleven desiccators, each one containing
oversaturated salt solutions of known equilibrium relative humid-
ity at the temperatures studied. These environments provided an
aw range of 0.08–0.98, with the following salts used for this pur-
pose: KOH, LiCl, CH3COOK, MgCl2, K2CO3, Mg(NO3)2, KI, NaCl,
(NH4)2SO4, KCl, KNO3 and K2SO4. At water activity higher than
0.8, crystalline thymol was placed inside the desiccators to prevent
the microbial spoilage of the samples. The desiccators were kept in
temperature controlled incubators (±0.5 �C) at 5, 30 and 45 �C for
at least four weeks. It was previously demonstrated that during
this time, equilibrium was attained (by periodically weighing of
the samples). Relative humidity values at the three temperatures
considered were taken from Greenspan (1977).

After equilibrium was reached, the moisture content of the
equilibrated samples was determined in triplicate. Standard proce-
dure of the AOAC (1990) was used for this determination, which
consisted on heating the sample in an atmospheric oven at
130 ± 3 �C for 3 h.

The data obtained were adjusted to different sorption models
commonly applied to starchy products (Table 1): BET, Smith, Hen-
derson, Halsey, Oswin, GAB (see Rahman, 1995) and modified GAB
(Viollaz & Rovedo, 1999). Linear and non-linear regression statisti-
cal analysis were performed, using StatisticaTM version 6.0. The
quality of the fitting was evaluated through the R2 and through
the mean relative percent error (% E) defined as:

Eð%Þ ¼
Xn

n¼1

me;i �mp;i

me;i

����
����

� �
� 100

n

� �
ð8Þ

where n is the number of data points, (me) and (mp) are experimen-
tally observed and predicted by the model values of the equilibrium
moisture content, respectively. The mean relative percentage error
(%E) has been widely adopted throughout the literature to evaluate
the goodness of fit of sorption models, with an E value below 10%
indicative of a good fit for practical applications (Al-Muhtaseb
et al., 2004a; Lomauro, Bakshi, & Labuza, 1985).

The water content of the monolayer was determined from the
BET (aw up to 0.35) and GAB (aw up to 0.90) equations, and the ef-
fect of temperature on the sorption isotherms was evaluated
through the Clausius–Clapeyron equation:

qst ¼ �R
dðln awÞ
dð1=TÞ

� �
m

ð9Þ

where qst is the net isosteric heat of sorption (J/mol), T is the abso-
lute temperature (K), and R is the universal gas constant (8.314 J/
mol K). By plotting ln(aw) vs 1/T for a given constant starch average
moisture content, the net isosteric heat of sorption qst could be ob-
tained from the slope of the curve. The total heat of sorption (Qst),
was determined from Eq. (10).

Qst ¼ qst þ kvap ð10Þ

were kvap is the heat of vaporization of pure water (assumed con-
stant with temperature for the temperature range considered here
and equal to 44.09 kJ/mol, Cassini, Marczak, & Noreña, 2006).

3. Results and discussion

3.1. WAXS analysis

The native cassava starch crystallizes in the A structure which is
more frequent in starch obtained from cereals. The 3D structure
found in the crystalline part of A structured starches is monoclinic,
space-group B2 and with cell parameters a = 21.24 Å, b = 11.72 Å,
c = 10.69 Å and c = 123.5� (Imberty, Chanzy, Pérez, Buléon, & Tran,
1988). These authors demonstrated that 4 water molecules can be
accommodated per unit cell, and that they are localized between
the chains. These ordered chains form a parallel aggregate of short
amylopectin segments which are radially placed in the granule
structure as proposed by Lineback (1986).

In Fig. 1 the WAXS spectra for native cassava starch and trans-
formed starch samples stored at 25 �C are shown. The A structure
for the native starch is observed together with the amorphous state
of the transformed starch. The crystallinity determination resulted
from subtracting the amorphous halo profile adequately weighted
from the diffraction spectrum given by the semi-crystalline sam-
ple. Xc is calculated by:

Xc ¼
R h¼60�

h¼8� ðIhklðhÞ � IBGðhÞÞdhR h¼60�

h¼8� ðItotalðhÞ � IBGðhÞÞdh
ð11Þ

where Ihkl(h) is the contribution of Bragg peaks originated from the
crystalline component, the total scattered intensity is Itotal(h) and a
linear background is subtracted from both.

The crystallinity degree for the native starch was found to be
Xc = (38 ± 1)%.

When the transformed samples were equilibrated at 25 �C at
different water activities, the starch remained amorphous until
aw = 0.973 when the retrogradation of part of the amorphous
starch to the crystalline A structure was observed as seen in
Fig. 2 curve (a). Upon equilibrating the amorphous samples at
45 �C at different water activities, the spectra obtained showed a
100% amorphous state when stored at aw values 6 0.817. WAXS
spectra for samples stored at higher aw atmospheres (i.e., 0.870
and 0.961) showed the typical Bragg reflections of the A structure
described above. Another series of experiments was performed by
equilibrating the amorphous starch at 80 �C at different water
activities In Fig. 2, curve (b), the WAXS spectrum of the retrogra-
dated starch at 80 �C is shown to reach a very close crystallinity de-
gree as compared to the starch equilibrated at 25 �C. The difference



Table 1
Isotherm equations for experimental data fitting and their range of applicability.

Model Mathematical expression aw range of applicability Equation

BET m
mo
¼ C�aw
ð1�awÞð1�awþC�awÞ

<0.50 (1)

Smith m ¼ Aþ B � lnð1� awÞ 0.50–0.95 (2)

Henderson m ¼ � lnð1�awÞ
A

� �1=B
0.50–0.95 (3)

Halsey m ¼ � A
ln aw

� �1=B
0.10–0.80 (4)

Oswin m ¼ A � aW
1�aW

� �B
NAa (5)

GAB m ¼ mo �C�k�aw
½ð1�k�awÞð1�k�awþC�k�awÞ�

<0.95 (6)

Modified GAB m ¼ A�B�C�aw
½ð1�C�awÞð1�C�awþB�C�awÞ� þ

A�B�C�D�a2
w

ð1�C�awÞð1�awÞ
<1 (7)

a Not available. In this work it was used in the whole range of aw experimented. In Eqs. (3) and (6), mo represents the monolayer moisture content.
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among the three annealing temperatures was the water activity
threshold necessary to observe the rise of crystallinity in the sam-
ples. At 25 �C, 45 �C and 80 �C the minimum water activities to ob-
serve 3 dimensional order were 0.973, 0.870 and 0.789,
respectively, whereas the final crystallinity at the highest water
activity was similar. This indicates a saturation of the starch sites
available for the sorption process. Also the width of the Bragg
peaks was larger for the recrystallized starch than for the native
starch which results from the formation of more imperfect crystals
as the retrogradation proceeds.

3.2. Glass transition temperatures

In order to evaluate moisture loss during DMTA experiments, a
weight loss study was carried out. Fig. 3 shows the weight loss for
cassava starch bars at low, intermediate and high moisture levels.
As shown in this figure, in all cases weight loss began to increase
from around 55 �C, and it was kept below 1% at temperatures lower
than 100 �C, irrespective of the moisture content considered. Sam-
ples with moisture contents of 17.9 and 27.3% (d.b.) exhibited
weight loss between 1% and 1.8% at temperatures greater than
100 �C. These results indicate that as expected the higher the mois-
ture content the higher the resulting weight loss. However, this
fact should not represent a big constrain in this type of experiment,
as samples with high moisture content are expected to have tran-
sition temperatures below those at which weight loss becomes
meaningful.

The temperature of the main relaxation, Ta, was determined by
means of DMTA analysis at different moisture contents. Fig. 4
shows typical DMTA curves as a function of temperature for amor-
phous cassava starch with a moisture content of 18.4% (d.b.). In
most cases, the temperature of the maxima of the relaxation
modes (Ta) obtained by DMTA for all samples were quite reproduc-
ible with a variation coefficient of less than 10%, in particular for
those temperatures obtained from E00 data. Fig. 4 shows the typical
behavior of a viscoelastic material going through the glass transi-
tion, characterized by a significant drop in the elastic modulus
(E0(T)), and a maximum in the storage modulus, while a maximum
is also observed in tan d(T). As in some cases, it was not possible to
easily detect the drop in the elastic modulus, the transition tem-
peratures reported in this work were taken from the maxima in
the loss modulus (E00(T)). It is also worth noting in Fig. 4, the broad
peak obtained from tan d(T), suggesting a wide relaxation-time
spectrum as it should be expected for a food system. Chung and
Lim (2004) reported wide and bimodal tan d peaks, for normal rice
starch which indicate an heterogeneous amorphous phase that
might be induced by the presence of crystals. They also observed
two very broad transitions by DSC that were attributed to these
two Tg processes.

Fig. 5 shows the determination of the glass transition temper-
atures by DSC studies, obtained from transformed cassava starch
at different moisture contents. This figure shows an evident anti-
plasticizing effect of water (i.e., the Tg values increase as the
moisture content increases in the samples) at moisture contents
lower than 11.4% (d.b.). At higher moisture content, water plasti-
cizes the cassava starch resulting in the expected decrease of Tg

with increasing moisture content. A similar trend for Ta in amor-
phous cassava starch with moisture content was obtained from
DMTA measurements, as shown in Fig. 6. This figure depicts the
variation of transition temperatures with moisture contents as
obtained by both DMTA and DSC studies for the whole range of
moisture contents considered in this work. Although information
obtained from DSC and DMTA techniques are not strictly equiva-
lent as they probe molecular mobilities under different experi-
mental conditions, a good agreement between mechanical and
calorimetric measurements can be observed in Fig. 6. The transi-
tion temperature measured at the maximum of E00(T) (at 1 Hz and
3 �C/min heating) is in most cases very close to the Tg’s measured
by DSC at 5 �C/min heating. Similar correspondence between the
maximum of the loss modulus with calorimetric measurements
have been reported in the literature. Cocero and Kokini (1991)
found that the glass transition temperatures measured on glute-
nin with moisture content between 4 and 14%, by DSC (at 5 �C/
min) were in agreement with those corresponding to the peak
in the loss shear modulus (G00) determined at a frequency of
1 Hz and a heating rate of 5 �C/min. Likewise, work carried out
on different single food biopolymers evidenced approximately
the same temperature for that obtained from the peak in E00 (at
1 Hz and 2 �C/min heating), and the Tg determined at 10 �C/min
on a DSC (Kalichevsky, Blanshard, & Tokarczuk, 1993; Kalichev-
sky, Jaroszkiewicz, & Blanshard, 1992b; Kalichevsky & Blanshard,
1993).

Fig. 6 was divided into three zones according to the transition
temperature variation with moisture content: zone I for moisture
content below a value around 11% where an anti-plasticizing effect
of water is evident; zone II corresponding to intermediate moisture
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content (11–23%) where water acts as plasticizer and the experi-
mental data exhibits an exponential decay curve, whose tendency
seems to stabilize towards a Tg of around 50 �C; and zone III or the
zone of high moisture content (>23%) where a larger plasticizing
effect of water on cassava starch was observed. The horizontal line
in Fig. 6 indicates the sample conditioning temperature, illustrates
the physical state of the samples; i.e., points above this line are for
samples in the glassy state, while points below it correspond to
samples in the rubbery state.

Although the plasticizing effect of water on starchy products, as
found in this work for moisture contents greater than around 13%
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(d.b.) and represented by zone II and zone III in Fig. 6, is fairly well
established in the literature (e.g., Bizot et al., 1997; Brent, Mulva-
ney, Cohen, & Bartsch, 1997; Cuq & Icard-Vernière, 2001; Sandoval,
Nuñez, Müller, Della Valle, & Lourdin, 2008), the water anti-plasti-
cizing effect (zone I in Fig. 6), has been only reported to occur on
their mechanical properties. It has been established that at low
moisture contents, small amounts of sorbed water by a water com-
patible glassy polymers can increase the structural order, compact-
ness, rigidity and brittleness of polymeric systems, acting therefore
as anti-plasticizer (Pittia & Sacchetti, 2008). This mechanical anti-
plasticization has been reported on starchy products subjected to
extrusion conditions such as extruded corn meal (Halek, Paik, &
Chang, 1989), extruded flat bread (Fontanet, Davidou, Dacremont,
& Le Meste, 1997; Marzec & Lewicki, 2006), breakfast cereals (Gon-
dek & Lewicki, 2006) and on cassava starch (Chang et al., 2000). No
anti-plasticizing effect of water on food systems, reflected on glass
transition temperatures determined either by DSC or DMTA, has
been reported in the literature, as far as the authors are aware.
On the contrary, it has been suggested that the first and earlier
sorbed water molecules might cause mechanical anti-plasticiza-
tion in glassy food polymers independently of their kinetic effects
in lowering the Tg of the neat polymer (Slade & Levine, 1995). How-
ever, in our case, as presented in Fig. 6, the shift in Tg values to
higher temperatures at low moisture contents (or anti-plasticiza-
tion effect) has been clearly and reproducibly observed by both
DSC and DMTA experiments.

In Fig. 6 it is also worth noting the behavior of the region III,
where a more pronounced plasticizing effect of water at higher
moisture content (above 23%) can be seen. As shown in this fig-
ure, the data reported by Chang et al. (2000) also exhibited a
slope change in the curve of the plasticizing effect of water on
tapioca starch for moisture contents greater than about 18%. This
change in the plasticizing effect of water at higher moisture con-
tent deserves an explanation since it should be expected that a
maximum plasticization at high moisture content is reached at
slow varying Tg. This opposedly observed behavior could be re-
lated to the fact that the samples conditioned at 25 �C corre-
sponding to zone III are in rubbery state as compared to those
in zone II which were in glassy condition. Additionally, the sam-
ple with the highest moisture content (equilibrated at 25 �C in a
97.3% humidity ambient) showed the existence of crystalline re-
gions (it had retrograded) as previously mentioned. Under such
conditions chain ordering in amorphous starch is plausible as
the system was in the rubbery state, as indicated by the horizon-
tal line on Fig. 6.

During this retrogradation phenomenon a large amount of
water would be squeezed out of the crystals (since the crystals
contain only 4 water molecules per unit cell), increasing the
amount of water into the amorphous rubbery domain. Hence, an
increase in the plasticizing effect of the amorphous region of cas-
sava starch will lead to a faster decrease in Tg with moisture con-
tent, as observed in zone III of Fig. 6. As indicated before from
the X-ray diffraction patterns, samples confined to zone II (which
were in the glassy state) did not exhibit retrogradation. Contrary
to the expected behavior, i.e., the glass transition temperatures
are generally expected to be higher as crystallinity increases due
to the reduced motion of the amorphous phase when co-existing
with a crystalline phase (Farhat, Mousia, & Mitchell, 2001; Kali-
chevsky, Jaroszkiewicz, Ablett, Blanshard, & Lillford, 1992a; Zelez-
nak & Hoseney, 1987), in this work a higher water-plasticizing
effect was obtained as the tendency to retrogradate occurred in
the samples with high moisture contents. An increase in crystallin-
ity, above 20 and 30%, has been found to decrease glass transition
temperatures of polymeric systems such as poly ethylene tere-
phthalate (PET) and poly ether ether ketone (PEEK), respectively
(Jonas & Legras, 1993; Murayama, 1987). Meanwhile, Laredo, Gri-
mau, Müller, Bello, and Suarez (1996) reported the same degree
of crystallinity/Tg relationship for bisphenol-A polycarbonate with-
in a crystallinity range of 0–20%.

Fig. 6 shows that the experimental glass transition tempera-
tures obtained from DSC experiments in cassava starch within
the plasticizing regions agree well with those presented by Chang
et al. (2000) for tapioca starch. Although no anti-plasticizing effect
evidenced by calorimetric measurements was reported by these
authors, which may be attributed to the botanical origin of these
two cassava starches.

3.3. Sorption isotherms

Sorption isotherms experimentally obtained for cassava starch
at temperatures of 5, 30 and 45 �C are presented in Fig. 7. The equi-
librium moisture content at each water activity shows the mean
value of 3 identical experiments. Each isotherm shown in Fig. 7
indicates that the equilibrium moisture content increases with
increasing water activity. The sigmoidal shape found is typically
reported as a Type II isotherm (Al-Muhtaseb et al., 2002), according
to Brunauer’s classification (Brunauer, Deming, Deming, & Troller,
1940). This is in agreement with some other researchers, who
found this behavior in cassava starch (Chang et al., 2000; Chata-
kanonda et al., 2003; Mishra & Rai, 2006; Sanni, Atere, & Ayoade,
1997), and for other starchy materials, such as: potato starch (Al-
Muhtaseb et al., 2004a; Boki & Ohno, 1991; Chatakanonda et al.,
2003; Mishra & Rai, 2006), corn starch (Boki & Ohno, 1991; Palou,
López-Malo, & Argaiz, 1997; Mishra & Rai, 2006), wheat and rice
starches (Boki & Ohno, 1991).

Fig. 7 also shows the effect of temperature on the moisture
sorption characteristics of cassava starch. It can be seen from this
figure that for water activity values lower than around 0.85, as ex-
pected in an exothermic moisture sorption process, the equilib-
rium moisture content decreases with increasing temperature (at
constant water activity), indicating that the starch become less
hygroscopic. However, for aw values higher than 0.85 an isotherm
cross-over with temperature is observed, i.e., the equilibrium
moisture content increased with temperature for a given aw value.

Isotherm cross-over behavior with temperature has been
widely observed in high-carbohydrate foods such as banana, sugar
beet root, sultana raisins, barley malt, and soy protein–sugar sys-
tem, among others (Wolf, Spiess, & Jung, 1973; Iglesias, Chirife, &
Lombardi, 1975; Saravacos, Tsiourvas, & Tsami, 1986; Barreiro,
Fernández, & Sandoval, 2003; Cassini et al., 2006). All of these
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authors reported this behavior and attributed it to the endothermic
dissolution of sugars at elevated water activity. Nevertheless, the
material considered here is neat starch, for which the isotherm
inversion with temperature at high water activity (or moisture
content), could be more related to a greater exposure of active sites
or hydrophilic groups at high aw or water contents as the temper-
ature increases, as indicated by Brett and Figueroa (2005). These
authors presented evidence that relates the isotherm cross-over
of oat flour and rice flour with temperature, to the onset of glassy
to rubbery state transition taking place for the highest temperature
sorption curve at high moisture contents or aw’s.

The results presented in this work previously shown that cas-
sava starch samples stored at room temperature tended to crystal-
lize when conditioned at high relative humidity. On the other
hand, at 45 �C (the highest temperature tested in this work), it
was clearly shown that samples stored at the two higher relative
humidities (87% and 96.1%), i.e., the two last points in the 45 �C iso-
therm of Fig. 7, did show crystallinity development upon condi-
tioning at that temperature. Hence, it can be suggested that as
water is being squeezed out of the crystals due to the crystalliza-
tion process, the amount of water adsorbed into the rubbery amor-
phous starch matrix will be greater, which in turn, due to its
plasticizing effect will increase molecular mobility. Consequently,
an increase of the available hydroxyl groups for sorption enhance-
ment will be promoted. The deviation in the sorption capacity of
starches as possibly linked to the onset of the glass transition range
has also been previously suggested in the literature (Van den Berg,
1981; Al-Muhtaseb et al., 2004a; Brett & Figueroa, 2005). The hor-
izontal lines in Fig. 7 indicate the moisture contents at which the
glass transition temperatures were those corresponding to the iso-
therm determinations (read from Fig. 6): i.e., 23% (45 �C, dot line),
24% (30 �C, solid line) and 28% (5 �C, dash line). The experimental
sorption data at the temperatures experimented, above each corre-
sponding line are in the rubbery state which would explain the
unexpected increase of moisture contents in samples kept at 30,
and 45 �C and the last point of the 5 �C isotherm.

Sorption data for cassava starch available in the literature have
been in most cases presented at one temperature, normally
around ambient temperature (Chang et al., 2000; Chatakanonda
et al., 2003; Mali et al., 2005; Mishra & Rai, 2006). In other cases
temperature ranges different from those experimented here have
also been presented. Aviara and Ajibola (2002) presented desorp-
tion equilibrium moisture content data, obtained from a temper-
ature range of 30 to 60 �C over water activity range of 0.07 to
0.88, and their results did not evidence isotherm cross-over with
temperature, probably due to the unexperimented high relative
humidity atmosphere. Nevertheless, the sorption characteristics
of cassava starch determined in a temperature range of 25–
45 �C in a wide range of water activity (0.1–0.96) did not evidence
isotherm cross-over (Sanni et al., 1997). Nonetheless, results pre-
sented in this work for amorphous cassava starch are in line with
the cross-over/Tg relationship reported by Brett and Figueroa
(2005).

Moisture sorption isotherm for the cassava starch obtained at
the three temperatures considered in this work (5 �C, 30 �C,
45 �C), were fitted to seven models most frequently used to fit star-
chy sorption behavior (Table 1), and the results are shown in Table
2. Evaluation of the quality of model fittings was carried out
through the determination of the mean relative percentage error
(% E), and the (R2) measurements and the corresponding values
are also shown in Table 2. This table shows that, except from the
BET and Henderson models fitted at 45 �C, all the models described
well the experimental sorption behavior of cassava starch in the
range of temperatures considered, as indicated by R2 values greater
than 0.90 and mean relative errors lower than 10%. On the other
hand, Table 2 also shows that GAB and modified GAB models better
described the sorption behavior of cassava starch in the whole
range considered in this work. This result is in agreement with
the literature, as the GAB model has been widely recognized for
predicting the sorption behavior of foodstuffs, particularly on dif-
ferent starches such as: cassava (Chatakanonda et al., 2003; Mishra
& Rai, 2006), potato (Al-Muhtaseb et al., 2004a; Chatakanonda
et al., 2003; Mishra & Rai, 2006) and corn (Mishra & Rai, 2006).

The monolayer water content, as determined by the BET and
GAB models at temperatures of 5, 30 and 45 �C are also presented
in Table 2. Irrespective of the equation used in their calculation, the
monolayer water content decreased as the temperature increased,
as expected (Table 2). This fact has been attributed in the literature
to a reduction of the active sites in the food matrix due to chemical
and physical changes (e.g., reduction in hydrogen bonding degree),
taking place as the temperature increases, the extension of which
will depend on food nature (Al-Muhtaseb et al., 2004a; Aviara &
Ajibola, 2002). The water content associated to the monolayer of
cassava starch analyzed in the 5–45 �C range, varied from 0.071
to 0.043 g water/g dry solids, when the BET model was considered
and from 0.127 to 0.045 g water/g dry solids from the GAB model.
Similar values have been reported by Chatakanonda et al. (2003)
for native cassava starch at 25 �C (0.074 using BET model and
0.079 by the GAB model), and by Mishra and Rai (2006), who re-
ported a GAB calculated monolayer water content of 0.0954 g of
water/g dry solids at 20 �C. Likewise, Table 2 shows that moisture
contents associated to the monolayer calculated using BET equa-
tion were lower than those calculated using GAB equation for the
whole temperature range considered, which is in agreement with
results observed by several authors and summarized by Rahman
(1995) and Timmermann, Chirife, and Iglesias (2001). These differ-
ences have been attributed to the fact that BET model focuses on
surface adsorption in the first layer, while the GAB model takes
into account sorbed water properties in the multilayer region (Bell
& Labuza, 2000).The net isosteric heat of sorption and the isosteric
heat of sorption were determined from Eqs. (9) and (10). Variations
of the isosteric heat of sorption with moisture contents (MC), for a
range between 0.075 and 0.175 g/g dry solids, was determined in
this work and it can be expressed as:

Qst ¼ 67:87e�2:26MCðR2 ¼ 0:990Þ ð12Þ

The isotherm crossing-over already mentioned precluded from tak-
ing higher values of moisture content in the net isosteric heat calcu-
lation. The isosteric heat of sorption was found to decrease with
increasing moisture content, as expected. It has been established
that during the initial stages of the sorption process at low moisture
content, there are more active sites on the food surface covered by a
monolayer of water, with a higher energy of binding than those
existing at higher moisture content (multilayer water) (Al-Muh-
taseb, McMinn, & Magee, 2004b; Iglesias & Chirife, 1976). The
decreasing behavior of the isosteric heat of sorption with increasing
moisture content has been also observed in other starchy products
such as: cookies and corn snacks (Palou et al., 1997), starch powder
(Al-Muhtaseb et al., 2004a), corn (Samapundo et al., 2007), and star-
chy flours (Brett & Figueroa, 2005).
4. Conclusions

Measurements of glass transition temperatures determined by
DSC and DMTA in a wide range of moisture content (2–35%, dry ba-
sis), and determination of sorption characteristics of cassava starch
in a temperature range of 5–45 �C were carried out in this work.
Very good correspondence was obtained between calorimetric
(DSC) and mechanical (DMTA) measurement of the glass transi-
tion. Three different effects of water as plasticizing agent were ob-
served on cassava starch. For moisture contents lower than around



Table 2
Fitting parameters for the mathematical expressions applied to sorption data of
amorphous cassava starch at different temperatures.

Model Constants Gelatinized cassava starch

5 �C 30 �C 45 �C

BET mo 0.071 0.059 0.043
C 13.78 12.86 32.46
R2 0.994 0.962 0.680
E (%) 1.84 5.03 16.4

Smith A 0.076 0.034 0.017
B �0.158 �0.219 �0.212
R2 0.910 0.980 0.981
E (%) 7.47 4.73 3.87

Henderson A 27.73 32.90 37.08
B 1.783 1.711 1.658
R2 0.996 0.991 0.962
E (%) 2.66 6.14 12.2

Halsey A 0.016 0.011 0.011
B 1.737 1.745 1.646
R2 0.984 0.974 0.981
E (%) 2.66 8.7 8.79

Oswin A 0.119 0.100 0.086
B 0.321 0.446 0.468
R2 0.952 0.983 0.984
E (%) 8.78 5.10 7.82

GAB mo 0.127 0.060 0.045
C 7.570 19.93 33.07
K 0.538 0.862 0.908
R2 0.992 0.983 0.990
E (%) 4.95 5.04 8.04

Modified GAB A 0.254 0.061 0.046
B 8.250 15.823 30.452
C 0.192 0.854 0.889
D 0.004 0.000 0.000
R2 0.988 0.994 0.996
E (%) 1.48 0.26 1.09
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11% water anti-plasticized cassava starch, while a plasticizing ef-
fect was obtained for higher moisture contents in two different
fashions; i.e., from 11 to 23%, an exponential decrease of Tg with
moisture content was obtained, and an unexpected rapid decrease
of Tg with moisture content was obtained at values greater than
23%. This greater plasticizing effect of water at high moisture con-
tent was attributed to cassava starch retrogradation, which was
confirmed by X-ray diffraction, and resulted in more water coming
into the amorphous matrix, as it was expelled from the crystalline
regions within the sample. A sigmoidal shape, characteristic of
Type II isotherms, was found for cassava starch in a temperature
range of 5–45 �C. The inversion (or cross-over) points exhibited
at a water activity of around 0.85, was explained by the result of
more active sites exposed in virtue of the enhanced molecular
mobility due to the water being squeezed out of the crystals upon
crystallization. The experimental sorption data were fitted to sev-
eral models, however, GAB and modified GAB models were the
more appropriate according to their E and R2 values. The mono-
layer water content, whether determined by BET or GAB models,
were found to be inversely related to temperature and their values
ranging from 0.071 to 0.045 g/g (dry basis). The net isosteric heat
of sorption was found to decrease with increasing moisture con-
tent, as expected. An exponential relationship was found to de-
scribe this variation, within the moisture content range
considered in this work.
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