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a b s t r a c t

Glass transition temperatures of cassava starch–corn oil blends were determined by means of differential
scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA), in a moisture content
range of 4–35% (dry basis, d.b.). The samples were equilibrated at ambient temperature (25 ◦C) during 4
weeks. A sub-Tg endothermic peak, occurring between 45 and 60 ◦C, appeared in samples with relatively
low moisture contents (less than: 14.4% (d.b.), 10.1% and 8.5% for added corn oil levels of 1.1, 4.5 and
6.6%, respectively). In correspondence with DSC measurements, secondary relaxation temperatures (T�)
at around 55 ◦C, measured by DMTA were also present at low moisture contents (less than: 18% (d.b.), 16%
and 15% for added corn oil levels of 1.1, 4.5 and 6.6%, respectively). At intermediate moisture contents
enthalpic relaxation events associated to ageing processes were evidenced by DSC first heating scans,
while at higher moisture contents only the glass transition was exhibited by the samples. In all cases,

increasing levels of added corn oil decreased the moisture content at which the samples exhibited the
above described thermal events. The effect of water on glass transition temperatures (as determined
during a DSC second heating scan and DMTA results) was well described by the Gordon–Taylor equation.
It was found that cassava starch was better plasticized by water when the levels of added corn oil were
decreased. The added corn oil was also found to be a plasticizer for cassava starch probably due to

type
hydrophobic–hydrophilic

. Introduction

Cassava (Manihot esculenta) root is one of the most important
rops in tropical countries, being the fourth one after rice, wheat
nd corn. It can be considered as one of the cheapest forms of
nergy; since its carbohydrate yield is 40% greater than in rice and
0% greater than in corn (Tonukari, 2004). In Venezuela, cassava
oot is extensively farmed and consumed, with an annual average
roduction of 522 000 ton in the last 10 years (Anon., 2009).
ost-harvest losses are elevated, representing in some cases 30%
f the national production, which is related to the short shelf life
f this crop; between 24 and 48 h after being harvested (González
Pérez, 2003; Soares, Grossmann, Silva, Caliari, & Spinosa, 1999).

n this way cassava starch has become a raw material with greater
otential to be processed, so that finished products with higher
ggregated value and shelf life can be obtained. As with most
tarches, cassava starch is mainly composed of two polymers, both
onsisting of glucose repeating units. The first one is amylose,

ssentially a linear molecule, and it is present in a percentage vary-
ng from 13 to 24% (Hoover, 2001; Rickard, Asaoka, & Blanshard,
991). The second one is amylopectin, a non-linear and highly

∗ Corresponding author. Tel.: +58 212 9063976; fax: +58 212 9063971.
E-mail address: asandova@usb.ve (A.J. Sandoval).

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
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interactions with starch.
© 2011 Elsevier Ltd. All rights reserved.

branched molecule. The arrangement of these biopolymers in the
grain forms semi-crystalline superstructures, with crystalline and
amorphous layers arranged in an onion like structure. Although,
it depends on the botanic origin of the starch, crystalline regions
are associated with amylopectin small side-chain parallel clusters,
although parts of the amylose molecules are also present in them.
Within such a system, the crystalline structure includes a fixed
number of water molecules, while the amorphous zones adsorbs
an increasing amount of moisture depending on the relative
humidity of the atmosphere where the samples are being equi-
librated. Consequently, water influences the structure by acting
as a plasticizer of the amorphous regions, an effect that causes
a depression of the glass transition temperature, Tg. It has also
been reported in the scientific literature that other low molecular
weight food components such as sugar, sorbitol and salt can act as
plasticizers decreasing the glass transition temperature (Carvalho
& Mitchell, 2001; Farahnaky, Farhat, Mitchell, & Hill, 2009; Mathew
& Dufresne, 2002).

Food-oils have been recognized to act as lubricants during
processes such as extrusion cooking, with high levels (17–25%)
decreasing the efficiency of the process (Camire, 2000; Huber,

2000). Apart from the lubricant effect, plasticization may also be
present due to the hydrophobic–hydrophilic groups present in
natural oils, which can interact with similar moieties in starch
biopolymers. It is known (Banks & Greenwood, 1971; Godet, Tran,

dx.doi.org/10.1016/j.carbpol.2011.04.013
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:asandova@usb.ve
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elage, & Buleon, 1993) that the amylose helical cavity is hydropho-
ic; i.e., it can be filled with compounds such as iodine, alcohols or
atty acid. On the other hand, on the outside surface of the helix,
ctive hydroxyl groups are exposed together with the carboxyl
roups of the fatty acid molecules, which are located outside the
elical cavity due to steric hindrance (Buleón, Colonna, Planchot,
Ball, 1998; Snape, Morrison, Maroto-Valer, Karkalas, & Pethrick,

998).
Although cereals and starch-based products are the main source

f ingredients in ready to eat breakfast formulations obtained by
xtrusion, other starchy sources coming from roots and tubers can
lso be employed. Major structural changes occurring as a result
f heating during extrusion play an important role in the texture
f the final product. This is established during the expansion phe-
omena, which finishes when the cooling material goes through the
lass transition temperature region (Della Valle, Vergnes, Colonna,
Patria, 1997; Fan, Mitchell, & Blanshard, 1994, 1996; Moraru &

okini, 2003). Although texture creation by extrusion is still not
ully understood, the role of the glass transition is of importance
nd more knowledge about its values would help to control the pro-
ess and the final product properties in the same way as suggested
or breadmaking (Cuq, Abecassis, & Guilbert, 2003).

There is a considerable amount of glass transition data for cereal
tarch-based materials (e.g., Brent, Mulvaney, Cohen, & Bartsch,
997; Chanvrier, Colonna, Della Valle, & Lourdin, 2005; Chanvrier,
ella Valle, & Lourdin, 2006; Chen & Yeh, 2000, 2001; Cocero &
okini, 1991; Cuq & Icard-Vernière, 2001; Kalichevsky & Blanshard,
993; Kalichevsky, Jaroszkiewicz, & Blanshard, 1992a; Kalichevsky,
lanshard, & Tokarczuk, 1993; Sandoval, Nuñez, Müller, Della Valle,
Lourdin, 2009). However, data for cassava starch is not that exten-

ive. Chang, Cheah, and Seow (2000) reported decreasing glass
ransition temperature (from 175 to 34 ◦C) for cassava starch with
ncreasing moisture content from 4.5 to 26%, respectively. These
uthors also reported an antiplasticizing effect of water on the
echanical properties of cassava starch films. Perdomo et al. (2009)

lso found a plasticizing effect of water in moisture contents rang-
ng from 11 to 27%, with calorimetric glass transition temperature
ecreasing from 84 to 19 ◦C. However, an antiplasticizing effect of
ater was also reported by these authors at low moisture contents

from 2 to 11%).
Potential use of cassava starch as raw material in the extrusion

ooking process requires addition of other food ingredients such as
roteins, lipids, and other minor components like salt, sugar, vita-
ins, etc. Knowledge of interactions with such added ingredients

s then particularly important. Farahnaky et al. (2009) found that
he addition of sodium chloride caused a considerable reduction
n the calorimetric glass transition temperature of cassava starch.
or a low moisture content cassava starch (equilibrated in an
nvironment of 11% of relative humidity), the glass transition tem-
erature of samples with 0 and 6% of added sodium chloride was
66 and 136 ◦C, respectively. The effect of the interactions between
assava starch and vegetable oil under extrusion condition; i.e., a
tarchy blend with low moisture content, on the glass transition
emperatures has not been addressed. This aspect is needed to
nderstand their behavior during this process and to study the
nished starchy food texture establishment. Hence, the aim of this
tudy was to determine glass transition and mechanical relaxation
emperatures of amorphous cassava starch (CS)–corn oil (CS–CO)
lends with low moisture content, by using DSC and DMTA.

. Materials and methods
.1. Raw material

The cassava starch or CS (AIM TF 113) used in this work
as purchased from Agroindustrial Mandioca C.A., Venezuela.
olymers 85 (2011) 875–884

The initial moisture content of CS was 16.8% (dry basis, d.b.,
see method below). All moisture contents given in this work
are expressed on dry basis, unless otherwise stated. Com-
mercial corn oil (CO) Mazeite® was purchased from a local
supplier.

2.2. Sample preparation

CS–CO blends with 30% moisture content (wet basis, w.b.), were
prepared by simultaneously adding CO, in a proportion of 1, 5 and
10 g/100 g of CS and distilled water to the CS. Continuous stirring in
a laboratory blender at medium speed, was applied during mixing.
After mixing, blends were sieved (US Standard Sieve No. 30 ASTM
E-1. 0.6 mm), in order to eliminate lumps. The samples were packed
in plastic containers, sealed and left overnight to reach equilibrium.

Transformed or amorphous CS–CO blends were obtained by
compression molding at 160 ◦C for 30 min in a hydraulic press (ADQ
11, model PP25T) (3200 psig). Moistened CS–CO blends were placed
between kapton polymide sheets making layers of different thick-
nesses, depending on the analysis; i.e., DSC and DMTA. In order to
avoid water bubble forming inside the material, the whole assem-
bly was cooled under pressure to 40 ◦C. Samples for DMTA testing
had dimensions of 46.0 mm × 12.7 mm × 2.0 mm. Small pieces of
transformed samples weighing 10 mg were used for DSC measure-
ments. Complete transformation to the amorphous state of the
samples by using this procedure was further confirmed by the
absence of residual gelatinization enthalpy, determined by DSC
experiments in excess of water (1:3) in a Perkin Elmer DSC 7 (see
method below).

Transformed CS–CO amorphous blends were stored in thirteen
different controlled relative humidity atmospheres for 4 weeks at
room temperature (25 ◦C) in order to reach equilibrium at different
moisture contents. From a preliminary weight loss/gain study, it
was experimentally observed that this time was enough for equi-
libration. The controlled atmosphere environments were obtained
with the following saturated salt solutions: KOH, LiCl, CH3COOK,
MgCl2, K2CO3, Mg(NO3)2, CoCl2, KI, NaCl, (NH4)2SO4, KCl, KNO3,
and K2SO4.

2.3. Moisture and lipid content determination

Moisture content of all samples was determined by the AOAC
(1990) standard procedure (No. 925.10) in triplicate. In so doing,
2 g of sample were heated to constant weight in an atmospheric
oven at 130 ± 3 ◦C for 3 h.

Lipid content was determined in both, native and transformed
CS–CO blends, by the method N0. 922.06 of the AOAC (1990).
It consisted in a Soxhlet extraction with hexane preceded by an
acid hydrolysis (Weibull method), to separate the amylose-lipid
complexes. Transformed samples were cryo-grinded and sieved in
an Ultra-centrifugal Mill ZM 200 (Retsh®) into a fine powder of
0.20 mm particle size. Dehydration of this powder for 5 h at 100 ◦C
in an atmospheric oven was followed by storage of the sample in a
P2O5 environment for 24 h. Acid hydrolysis was then carried out by
weighing 2.5 g of dried sample in a flask, and then adding 2 mL of
alcohol (technical grade) to prevent sample agglomeration and to
optimize the contact surface with reactants. Subsequently, 30 mL
of HCl (37%) and 20 mL of distilled water were added. The flask was
connected to a reflux condenser and the solution was heated for
30 min at boiling point. The solution was filtered and washed with
water up to neutral pH. The filtered solution was dried at 110 ◦C

for 3 h. For the lipid extraction, the dried material was placed in a
Soxlhet system for 8 h with boiling n-hexane. When the extraction
was finished, the flask containing the lipids was dried at 99 ◦C for
1 h. The flask was cooled for 30 min down to ambient temperature.



L. Madrigal et al. / Carbohydrate Polymers 85 (2011) 875–884 877

F (a an
v s. As a
(

T
e

2

C
s
t
a
c
(
h
d
p
d
i
f

m

ig. 1. Adsorption isotherms of CS and CS–CO blends at 25 ◦C in their native form
alues are expressed in dry solid weight basis and in (b) and (d) in nonfat dry solid
i.e., CS–CO-4.8% for a and b and CS–CO-4.5% for c and d).

hen the flask was weighted. Five determinations were done for
ach analyzed sample and the result was averaged.

.4. Sorption properties measurements

Moisture sorption isotherms of native and transformed CS and
S–CO blends were carried out at 25 ◦C in an IGASorp moisture
orption analyzer (Hiden Isochema Ltd., UK). It consists on a con-
rolled atmosphere microbalance, in which the relative humidity
nd the change in sample weight are continuously monitored in a
omputer. Environments with different levels of relative humidities
RH) were obtained by relative mixing of water vapor and dry ultra
igh purity nitrogen gas stream to the desired set point. Weight
ata is acquired and analyzed in real-time to determine kinetic
arameters so that the exact point of equilibrium uptake can be pre-
icted. The water uptake process was studied by fitting the changes

n weight with a single exponential function, as indicated by the

ollowing equation:

(t) = M∞ + (M0 − M∞)exp
(−t

K1

)
(1)
d b) and transformed amorphous (c and d) forms. In (a) and (c) moisture content
n example the GAB model fitting of one data set per figure is drawn as a solid line

where m(t) is the weight of the sample at time t, M0 is the
initial sample weight, M∞ is the sample weight at equilib-
rium and K1 is an intrinsic constant related to the settling
time (s).

After reaching equilibrium at a particular RH value, the next
desired humidity level was set. The entire process is automat-
ically repeated until the full isotherm has been measured. An
amount of 10 ± 1 mg of powder sample (native or transformed)
was placed inside the balance and dried in a zero relative humidity
ambient for 3 h at 30 ◦C. Immediately after the RH was increased
from 0 to 94.5%. The maximum time for the total data correc-
tion in a RH-level or timeout for the RH level to change was
720 min or when the isotherm was stable. The equilibrium cri-
terion for the isotherm stability was taken as the time after
which the weight had relaxed to within 1% of the equilibrium
uptake. Transformed CS and CS–CO blends were cryo-grinded and
sieved (0.20 mm) in an Ultra-centrifugal Mill ZM 200 (Retsh®),
before adsorption isotherm determination. Data points were col-

lected and plotted as an isotherm by means of the software
IGASorp System Software V6.50.42 (Hiden Analytical Ltda.). Both
kinetic and isotherm data were exported to Microsoft Excel
software.
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The experimental data obtained corresponding to water activi-
ies (aw) and moisture contents (M) were adjusted to the GAB model
Eq. (2)):

= Mm · C · K · aw

(1 − k · aw) · (1 − K · aw + C · K · aw)
(2)

here Mm represents the monolayer moisture content of GAB
odel, C and K are energy constants related to the temperature

ffect. Nonlinear regression statistical analyses were performed
ith Matlab v. 2007R-B (The MathWorks, Inc.). The adequacy of

he regression was evaluated using the coefficient of determination
R2) and the root mean squared error (RMSE).

.5. Differential scanning calorimetry analysis

Calorimetric determination of the glass transition temperatures
f the CS–CO blends with different moisture content, obtained from
quilibrating them in relative humidity constant atmospheres, was
arried out in small pieces of amorphous samples. A DSC 7 (Perkin
lmerTM), previously calibrated with indium and naphthalene, was
sed for this purpose. An amount of 10 ± 1 mg of each sample was
eighed in hermetically sealed aluminum pans and heated from
20 to 160 ◦C at 5 ◦C/min, using an empty pan as a reference and a
ow of ultra high purity nitrogen. By using the Pyris Software Ther-
al Analysis (V 8.0.0.0172), the glass transition temperature of the

pecimens was determined from the midpoint of the heat capacity
hange observed on the second run, to delete any thermal event
ue to aging phenomena taking place during storage. A minimum
f three samples of each material was measured and the Tg values
btained from the scans were averaged.

.6. Dynamic mechanical thermal analysis

Thermomechanical measurements were carried out in a rheo-
etric solid analyser (Rheometric Scientific, RSA II). Sample bars
ere coated with vacuum grease and completely wrapped in alu-
inum foil, to prevent weight loss during experimentation (Pereira
Oliveira, 2000). It was previously confirmed that this procedure

id not have any effect on the mechanical properties of the starch
ars (Perdomo et al., 2009). Wrapped samples were placed in a
hree point bending geometry, and oscillated at a frequency of 1 Hz,
ith a strain amplitude kept at 0.1% in order to remain within the

inear viscoelastic regime. Heating was applied at a rate of 3 ◦C/min
n a temperature range that depended on the moisture content of
he samples. The temperature of the main mechanical relaxation
as measured from the slope change in E′, and by the peaks in the

iscous modulus (E′′) and in the tan ı, using the extrapolated onset
nalysis tool of the software Orchestrator (V6.3.2). A minimum of
our samples for each CS–CO blend was measured and the values
f T˛ were averaged.

. Results and discussion

.1. Sample characterization

The average lipid content values for the native blends as deter-
ined by the Weibull method were 1.02 ± 0.07, 4.8 ± 0.1 and

.3 ± 0.3 (%, d.b.), which were very close to the nominal values fixed
n the experiments. However, results obtained for the transformed
r amorphous blends were 1.1 ± 0.07, 4.5 ± 0.30 and 6.6 ± 0.30 (%,
.b.), for the 1, 5 and 10% of nominal lipid content blends, respec-

ively. Differences in lipid content between native and amorphous
lends were related to the compression molding procedure which
queezed out oil from the sample; particularly for the blend with
he highest nominal lipid content. Discussion of results from trans-
olymers 85 (2011) 875–884

formed CS–CO blends will be done in terms of the experimentally
determined lipid content values; i.e., 1.1, 4.5 and 6.6% of CO.

3.2. Moisture adsorption characteristics

Adsorption isotherms for CS and CS–CO blends in their native
and amorphous states determined at 25 ◦C are shown in Fig. 1a
through d. Fig. 1a shows the adsorption isotherms for native CS
and CS–CO blends in a dry solid weight basis (g/100 g of dry solids).
In this figure, it can be seen that the native material exhibited a
decreasing moisture content as the added CO increased from zero
(CS) to 9.3 (CS–CO-9.3%), at constant water activity. This result indi-
cates that the samples became less hygroscopic as the CO level
increased in the blends.

It is expected that water should not be adsorbed by the CO
added. Hence, data shown in Fig. 1a was normalized to a nonfat
weight solid basis and shown in Fig. 1b. The figure shows that
all adsorption data became an unique isotherm, regardless of the
added CO (i.e., 0, 4.8 and 9.3%). This result indicates that in the native
material, there are no interactions between CS and added CO. It
should be remembered that CO addition to CS was made by spray-
ing. Fig. 1c and d shows the adsorption isotherms of amorphous CS
and CS–CO in total solids and nonfat solid weight basis, respectively.
Isotherms shown in Fig. 1c exhibited more marked differences
between CS and CS–CO blends than those shown in Fig. 1a for native
materials. Additionally, albeit small, increasing hydrophobicity of
the blends with increasing CO level can be observed in Fig. 1c at high
water content. Normalized isotherms to nonfat solid weight basis
(Fig. 1d), on the other hand, exhibited no differences among CS–CO
blend isotherms. However, they were located underneath the CS
adsorption isotherms. This result shows that added CO had an effect
on the adsorption behavior of CS, probably due to some interactions
between CS and CO of the hydrophobic–hydrophilic type as will
be discussed below. Transformation of the samples at high tem-
perature and pressure favored these interactions. Although water
cannot be adsorbed by CO, this later component could block the
water sorption sites of CS leading to a decreased moisture content
of the CS–CO blends as compared to CS, particularly for aw values
greater than 0.7 (Fig. 1c and d).

In view of the above results and due to the fact that glass tran-
sition temperatures were determined on amorphous samples, all
results and data related to amorphous CS and CS–CO blends will be
presented on dry solid weight basis.

In all cases, characteristic type-II sigmoidal shape isotherms
were obtained (Fig. 1a through d), in agreement with previously
reported isotherms for starchy products (Al-Muhtaseb, McMinn, &
Magee, 2004; Brett, Figueroa, Sandoval, Barreiro, & Müller, 2009;
Durakova & Menkov, 2004; McMinn & Magee, 1999) and partic-
ularly for cassava starch (Perdomo et al., 2009). In all cases, the
isotherms were well described by the GAB model (Eq. (2)), accord-
ing to the high R2 and low RSME values obtained. For the sake of
clarity only one fitted isotherm is shown in each figure (see Fig. 1
a through d). The isotherms shown in Fig. 1b and c were selected
as the isotherms for native and amorphous materials in this paper.
For the native material (Fig. 1b), GAB parameters obtained from
the unique isotherm describing the adsorption behavior of CS
and CS–CO blends (averaged moisture content values (g/100 g
nonfat solids) of CS and CS–CO blends against aw values) were:
Mm = 9.03 g/100 g nonfat solids, C = 11.8 and K = 0.682 (R2 = 0.999

and RMSE = 0.104). The corresponding fitting parameters for the
GAB model for amorphous CS and CS–CO blends are shown in
Table 1. In this case moisture content was expressed as g/100 g dry
solids.
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Table 1
Fitting parameters for the GAB model applied to adsorption data of amorphous CS and CS–CO blends at 25 ◦C.

Sample Constants Blend

CS CS–CO-1.1% CS–CO-4.5% CS–CO-6.6%

Amorphous Mm 7.51 8.03 7.69 7.72
C 8.07 4.95 6.50 5.70
K 0.838 0.747 0.749 0.743

M

3
c

s
m
i
h
t
e
m

t
m
p
t
t
m
c
t
l
t
e
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F
o
s

R2 (RMSE) 0.998 (0.417)

m in g water/g dry solids. C and K are dimensionless.

.3. Thermal transitions of CS–CO blends at different moisture
ontents

Glass transition temperatures for the CS–CO blends were mea-
ured at different moisture contents varying from 4 to 35% by
eans of DSC and DMTA. Measurements were made after keep-

ng the blends at room temperature (25 ◦C) in controlled relative
umidity environments during 4 weeks to equilibrate their mois-
ure content. Depending on the moisture content, different thermal
vents were observed from both, first DSC scans and DMTA
easurements.
DSC first heating scans for CS–CO-1.1% blends at different mois-

ure contents are shown in Fig. 2. The figure shows that at low
oisture content (i.e., <14.4) endothermic events at high tem-

eratures (>80 ◦C) evidenced the glass transition temperatures of
hose samples. Apart from these endothermic events near the glass
ransition temperature, DSC curves showed a sub-Tg endother-

ic peak located between 45 and 60 ◦C. These endothermic peaks
an be clearly seen in samples having 12.5 and 14.4% of mois-
ure content (i.e., vertical arrows at around 50 ◦C in Fig. 2). At

ower moisture contents (i.e., 8 and 10%) the figure scale prevents
hese sub-Tg endotherms from being seen. In general, this sub-Tg

ndothermic peak also appeared in the first heating scan of CS–CO-
.5% (in samples with moisture content lower than 10.1%) and in

ig. 2. DSC first scans as a function of temperatures for amorphous CS with 1.1%
f CO content at different moisture contents. Figures on the graphs represent the
ample moisture contents.
0.999 (0.089) 0.999 (0.131) 0.999 (0.103)

CS–CO-6.6% (in samples with moisture content lower than 8.5%)
samples. Although no tendency was observed with the variation in
moisture content in each blend (in terms of peak temperature or
enthalpy values of these peaks, results not shown here), it seems
that the greater the added CO level the lower the moisture con-
tent needed for this sub-Tg endothermic peak to appear. Sub-Tg

endotherms of glassy starches were firstly reported by Kalichevsky,
Jaroszkiewicz, and Ablett (1992), occurring at around 50 ◦C for
amorphous amylopectine samples with moisture content between
12 and 15%. No explanation was given for this result and it was
simply described as a low-temperature transition, also evidenced
from DMTA measurements. It has been reported that low moisture
starchy foods exhibit a sub-Tg endotherm, appearing between 50
and 60 ◦C, on storing them at constant temperature. The origin of
such an endothermic event is still a point of discussion, however;
it has been attributed to the water-hydroxyl group interactions
and/or enthalpic associations between water and carbohydrates
(Gidley, Cooke, & Ward-Smith, 1993; González et al., 2010; Livings,
Breach, Donald, & Smith, 1997; Shogren, 1992; Yuan & Thompson,
1994).

Results from DMTA measurements obtained in CS–CO blends
with low moisture contents indicated that apart from the main
relaxation determined at T˛, a secondary relaxation temperature
(Tˇ) of around 55 ◦C was exhibited by the tan ı curve, as shown
by Fig. 3a for CS–CO-6.6% blend with 10.1% of moisture content.
At higher moisture contents very distinctive DMTA curves were
obtained, as the one shown in Fig. 3b for CS–CO-4.5% with 19%
of moisture content. � transitions were also observed in DMTA
curve of samples with oil contents of: 1.1% (for moisture content
lower than 18%), 4.5% (for moisture content lower than 16%), and
6.6% (for moisture content lower than 15%). It is worth noticing
the higher moisture content of samples exhibiting secondary relax-
ations when compared to those exhibiting the sub-Tg endotherm
by DSC, which could be related to the higher sensitivity of the DMTA
technique.

Relaxations occurring at lower temperatures than those of
the main ones have been related to non-cooperative molecular
local movements, involving conformational changes in segments
of the main polymeric chain (Le Meste, Champion, Roudaut,
Blond, & Simatos, 2002). In concordance with the results pre-
sented by Kalichevsky, Jaroszkiewicz, and Ablett (1992), it is
worth noticing the location of the � relaxations; around 55 ◦C in
most cases, which are in line with the sub-Tg observed at low
moisture content from DSC experiments above. As in the previ-
ous cases (DSC measurements), addition of CO seems to reduce
the moisture content needed for the appearance of this thermal
event.

The sub-Tg endotherms reported in this work were experimen-
tal observations from samples kept at room temperature (25 ◦C)
for 4 weeks for equilibration purposes. A systematic study on the
appearance of such endotherms is beyond the scope of this work

as it would involve storage of these blends at different times and
temperatures.

Fig. 2 also shows endothermic events associated to enthalpic
relaxation related to physical ageing processes, at intermedi-
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Fig. 3. Typical DMTA curves for samples with mo

te moisture content (i.e., 18–21%). These are highly distinctive
ndothermic peaks that can be seen just when the heat capac-
ty change related to Tg ends. At moisture contents higher than
hese values, only the Tg manifestation was observed, as samples
ere in the rubbery state at the storage temperature for condi-

ioning (25 ◦C). Ageing events were also clearly seen (i.e., a very
istinctive peak) in samples with 4.5% of CO (in samples with
oisture contents between 18 and 20), and 6.6% of CO (in sam-

les with moisture content range of 13–17%). From these results,
t appears that the greater the CO content the lower the mois-
ure content at which the enthalpic relaxation appeared, indicating
hat CO favored molecular mobility during storage. Enthalpic relax-
tion, a recognized significant phenomenon taking place during
torage of food material and a physical ageing signature, is a
ommon phenomenon in starchy products (Borde, Bizot, Vigier, &

uleon, 2002; Kalichevsky, Jaroszkiewicz, & Ablett, 1992; Le Bail,
izot, & Buléon 1993; Seow & Teo, 1993), which in this work
eems to be enhanced by a synergistic action between water and
il.
/CO contents (%) of 10.1/6.6 (a) and of 19/4.5 (b).

3.4. Glass transition temperatures of CS–CO blend. Effect of
moisture content

Glass transition temperatures, obtained from the midpoint of
the typical heat capacity change observed in the second DSC heat-
ing scans, were determined in a wide range of moisture content for
the three CO levels considered in this work. In most cases repro-
ducibility of the tests was good with variation coefficients lower
than 10%. The main mechanical relaxation temperatures (T˛), on
the other hand, were obtained for the different combinations of
CS–CO blends analyzed, by DMTA. This temperature, which is nor-
mally associated with the mechanical manifestation of the glass
transition temperature of the material Tg, was determined from
the drop in the storage modulus E′, from the peaks in loss modulus
E′′ and in tan ı (see Fig. 3b). From all these measurements, those

′
obtained from the drop in E were, however, more reproducible in
most cases. These were taken for further discussion in this work.
The effect of moisture content on the glass transition of CS with
6.6% CO obtained from both DSC and DMTA analysis is depicted in
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Fig. 5. Fitting of experimental DSC data to the Gordon–Taylor equation for each
ig. 4. Effect of moisture content on the glass transition of cassava starch with 6.6%
f CO obtained from both DSC (a) and DMTA analysis (b). Figures on the graphs
epresent the sample moisture contents.

ig. 4a and b, respectively. Similar results were obtained for the two
ther CS–CO blends.

Fig. 4a shows wide heat capacity changes during the glass tran-
ition region, a common behavior in food systems, which are more
omplex at a molecular level than synthetic polymers (Roos, 2003).
evertheless, it can be noticed that the mid point in the heat capac-

ty jumps moves towards low temperatures as the moisture content
ncreases, which is related to the well known plasticizing effect
f water. For tapioca starch films, Chang et al. (2000) found that
he glass transition temperatures of cassava starch decreased from
75 ◦C to 25 ◦C, as the moisture content increased from 6 to 26%
d.b.). Perdomo et al. (2009) reported Tg values from 84 ◦C to 19 ◦C
or amorphous CS with moisture contents of varying from 11 to 27%
d.b.), respectively.

As with the results obtained from DSC, those obtained from
MTA also show the plasticizing effect of water evidenced by the
rop in the elastic modulus at lower temperatures as the moisture
ontent was increasing (Fig. 4b). This behavior has been fre-
uently reported in the literature (e.g., Kalichevsky, Jaroszkiewicz,
Blanshard, 1992c, Sandoval et al., 2009). On the other hand,
n most cases glass transition temperatures obtained from DSC
emained slightly underneath those obtained from T˛ relaxation
emperatures determined by DMTA (results not shown). This dif-
CS–CO blend (dash line CS–CO-1.1%, solid line CS–CO-4.5% and dotted line CS–CO-
6.6%). The horizontal line represents the conditioning temperature of samples and
the moisture content is expressed as g water/100 g dry solids.

ference is expected in terms of how the structural relaxation of
the material responds to thermal and mechanical stimuli. DMTA
applies mechanical stress at a frequency of 1 Hz in addition to the
superimposed heating rate, as opposed to DSC, where only thermal
energy is supplied at similar heating rates.

The Gordon–Taylor equation (Eq. (3)) was applied to the DSC
and DMTA data of the blends studied, so as to predict the effect
of water on their glass transition temperatures. Even though this
equation was originally deduced for binary polymer mixtures, its
use has been extended to more complex mixtures such as starchy
flours, by taking water as solvent and the remaining components
as solids or solutes (Chen & Yeh, 2001; Cuq & Icard-Vernière, 2001;
Sandoval et al., 2009):

Tg = W1Tg1 + KW2Tg2

W1 + KW2
(3)

where W1 and W2 are the mass fractions of the blend and of water,
Tg1 and Tg2 their Tg values, respectively, and K a constant. The fitting
to the Gordon–Taylor equation were performed employing abso-
lute temperatures (i.e., Kelvin degrees or K). However, for the sake
of consistency all temperatures throughout the text are expressed
in ◦C.

Fig. 5 shows the fit to Eq. (3) of the data collected from DSC mea-
surements for each CS–CO blend, considering their Tg’s and their
respective moisture content. A value of −139 ◦C was used for the
glass transition of amorphous water (Tg2 in Eq. (3)), as suggested
by Orford, Parker, Ring, and Smith (1989). Data for amorphous CS
taken from Perdomo et al. (2009) are also shown in this figure.
As expected, for moisture content greater than around 11% the
glass transition temperatures of amorphous CS were located above
those obtained for CO added samples. For lower moisture content
an antiplasticizing effect of water on CS was reported by Perdomo
et al. (2009).

It can be noticed in Fig. 5 that the Gordon–Taylor equation
describes well the plasticizing effect of water in all the blends ana-
lyzed in this work. The regression parameters (i.e., K and glass
transition temperature values for the dry amorphous blends (Tg1
in Eq. (3))) are shown in Table 2. The same procedure was applied
to the DMTA data, obtaining a similar behavior shown in Fig. 5. The

fitting results from these data are also shown in Table 2.

Table 2 shows that all K values, obtained from the fit to DSC and
DMTA data, decreased as the oil content of the blend increased.
It has been suggested in the literature that the K value is related
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o the capability of the diluent to plasticize the amorphous solid,
.e., a higher K value indicates easier plasticization or a greater
ecrease in glass transition temperature of the amorphous mate-
ial with moisture content (Kaletunç & Breslauer, 2003). Hence
esults shown in Table 2, indicate that CS is better plasticized by
ater when the amount of added CO is lower. This behavior could

e attributed to the hydrophobic nature of the oil, preventing the
tarch from adsorbing more water to act as plasticizer. It was pre-
iously shown, by means of the adsorption isotherms (Fig. 1c), that
amples became more hydrophobic as the CO level increased. Addi-
ionally, a water competition by the hydrophilic part of the starch
hydroxyl groups) and lipids (the hydrophilic head of triglycerides)

ight be also contributing to the decreasing water plasticizing
ffect as the CO levels are increased. In a complex food matrix
ater competition among different food components will always

e present. Values of K presented in the literature for complex sys-
ems, have been reported to vary between 3.4 and 5.5 for wheat
urum semolina (Cuq & Icard-Vernière, 2001), 4.2 for rice flour
Chen & Yeh, 2001), and K values ranging of 2.2–3.8 were found
or cereal starchy materials such oat flour, rice flour, oat-rice flour
lend and a ready to eat cereal breakfast formulation as reported
y Sandoval et al. (2009). These reported K values are in the same
rder of magnitude than those obtained here (Table 2).

It is also worth noticing in Fig. 5 that added CO is also plasti-
izing cassava starch as glass transition temperatures decreased as
O levels increased for a constant moisture content. In this way,
hree zones can be detected in Fig. 5. For moisture contents lower
han 10%, a greater plasticizing effect of the CO can be noted; e.g.,
or a moisture content of say 8% an increasing oil content, from
.1 to 6.6%, causes a depression in the glass transition temperature
f about 35 ◦C (by considering the Gordon–Taylor fit). The second
one, between 10 and 20% of moisture content exhibited a depres-
ion of about 20 and 10 ◦C in each case, respectively. Finally, for
oisture contents greater than 20% no trends with the lipid content

an be noticed, and the glass transition temperatures depression
eems to be caused by the high moisture content. Hence, the effect
f lipid on the glass transition temperature depression seems to
e influenced by the amount of water within the system. The
ecreasing Tg values of CS with increasing CO at constant moisture
ontent may be related to hydrophobic-type interactions between
O, composed of triglycerides (98.9% according to Moreau, 2005),
nd CS (hydrophobic core located within the single amylose helix).
dditionally, as mentioned before, hydrophilic-type interactions
etween CS and CO may also be expected and consequently might
e also contributing to the Tg-depressing effect of added CO.

As far as the authors are aware, no work has been reported
n glass transition in starch–oil blends. However, Kalichevsky,
aroszkiewicz, and Blanshard (1992d) found that monoglycerides,

riglycerides and fatty acids, depressed the gluten glass transi-
ion temperature in a range between 1 ◦C (triolein) and 18 ◦C
2-hydroxycaproic acid) when the system moisture content was
0% and the gluten:lipid ratio was 10:1; except for the triolein

able 2
ordon–Taylor constants (K, Tg1) obtained from fitting data obtained from DSC and
MTA measurements to evaluate the plasticizing effect of water on the glass tran-

ition of cassava starch.

Measurement Oil content (%) Gordon–Taylor constants R2

K Tg1 (◦C)

DSC 1.1 4.11 201 0.928
4.5 3.80 176 0.830
6.6 3.28 149 0.964

DMTA 1.1 3.36 180 0.906
4.5 3.04 158 0.948
6.6 2.88 141 0.966
CS–CO blend (dash line CS–CO-1.1%, solid line CS–CO-4.5% and dotted line CS–CO-
6.6%). The horizontal line represents the conditioning temperature of samples and
the moisture content is expressed as g water/100 g nonfat solids.

and CO where the ratio was 24:1. These authors postulated that
this Tg depression depended on compatibility of lipids with gluten
(defined in terms of percentage of hydrophilic groups), and the
molecular weight of the plasticizing molecules. Greater compati-
bility resulted more prominent than low molecular weight of the
plasticizing molecule.

In case of gluten, results obtained by Kalichevsky et al. (1992d),
showed that CO has little plasticizing effect (in around 2 ◦C); which
does not seem to be the case for CS where, depending on the mois-
ture content, Tg depressions of up to 35 ◦C were observed (see Fig. 5,
for a moisture content of around 8%). As CO is mainly composed of
triglycerides (98.9%; Moreau, 2005) with molecular weights larger
than that of the water, of around 400–800 g/mol; the major plasti-
cizing effect observed in this work seems then to be associated to a
greater compatibility between starch and CO. Furthermore, phase
separation was not evident neither from the DMTA graphs nor from
the DSC scans.

As with the adsorption isotherms, glass transition tempera-
ture data were drawn against moisture content expressed as g
water/100 g nonfat solids for comparison purposes with Fig. 5, and
the results are shown in Fig. 6. Gordon–Taylor fits were calculated
on this basis and are also shown in this figure. Fig. 6 shows that
the CS–CO Tg’s curves were shifted slightly towards the CS control
curve, but differences for the samples with different contents of
CO can still be appreciated at low and intermediate moisture con-
tent. Hence, as discussed in the previous sections, apart from water,
added CO also plasticized cassava starch, which was evidenced in
this work regardless of the solid basis used.

4. Conclusions

Glass transition temperatures of CS–CO blends, determined
from the second heating DSC scans and from the drop in the elastic
modulus obtained by DMTA, were determined at different moisture
contents. First DSC scans and DMTA measurements evidenced a
sub-Tg thermal event, located in the 45–60 ◦C temperature range, in
CS–CO blends with low moisture content, for which more research
work is needed to explain its origin. At intermediate moisture con-
tent, sample ageing took place during storage at room temperature.

At high moisture content, on heating the samples by means of DSC
and DMTA measurements, only the glass transition could be seen,
as the samples remained in the rubbery state during equilibration.
All these thermal events seemed to be favored by the addition of
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O to CS; i.e., the greater the CO content the lower the moisture
ontent needed for the appearance of these thermal events.

The effect of water content on the glass transition tempera-
ures determined by both, DSC and DMTA, of CS–CO blends was
ell described by the Gordon–Taylor equation. In both cases, K

alues decreased as the oil content of the blend increased indi-
ating that CS is more water-plasticized when the added CO was
ower. This may be related to the lower water adsorption of CS

hen blended with increasing levels of CO, as proven by the adsorp-
ion isotherms determined at 25 ◦C. It was found that, regardless
f the basis used to express the moisture content of the sample,
O also plasticized CS probably due to hydrophilic-hydrophobic
ype interaction between CS and CO or to water competence by the
ydrophilic parts of the CS and CS–CO.
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