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Abstract

Small deformation oscillatory studies were performed on wheat flour paste with a starch content of 75.4%. Work
focused on temperatures above 100 °C in an effort to seek molecular understanding of such high-temperature
processes as bakery operations which are characterised by evaporation of water. The moisture content of the sample
decreased from about 32% at 100 °C to 6.5% at 130 °C. Viscoelastic spectra produced a sigmoidal profile with a
disproportionate viscous element also seen in the glass transition of semiamorphous synthetic polymers and high
sugar/polysaccharide mixtures during cooling. It is argued that the loss of water upon heating reduces the available
free volume between neighbouring chain segments, thus generating a high-density thermoplastic melt suspending
granule fragments. The configurational rearrangements of the disordered chains contribute mainly to an energy-dis-
sipating process, as observed in the vitrification of cooled high-solids systems. The equation of Williams, Landel, and
Ferry was modified with a ‘moisture term’ in order to describe the temperature function of viscoelasticity. © 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Starch granules are insoluble in cold water
at ambient temperatures because of the strong
hydrogen bonding [1,2]. When wetted or ex-
posed to high humidities, the granules absorb
water and swell slightly. The abundance of
hydroxyl groups in the starch granule is a
primary factor in their tendency to absorb
water. The swelling is reversible and the gran-
ules shrink on drying [3,4].

When a slurry of starch in water is heated
beyond a critical temperature (which ranges

from 56 °C upwards depending on the starch),
the hydrogen bonds holding the granules to-
gether begin to weaken, permitting the granule
to swell uniformly to many times its original
size. This process is known as gelatinisation
[5–7]. As this swelling occurs, the granules
first lose their birefringence and then, as they
begin to take up water, the clarity of the
slurry and viscosity increases. At the so-called
gelatinisation temperature, amylose starts to
leach out into the solution. Finally, if enough
heat is supplied, the granule reaches its maxi-
mum hydration and then begin to rupture and
collapse, yielding a dispersion of granule frag-
ments, starch aggregates, and disordered
molecules [8,9]. The viscosity then decreases
before reaching a stable value.
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The aforementioned changes in the struc-
tural properties of starch have been the sub-
ject of numerous rheological investigations
[10–13]. Levine and Slade argued that melting
and/or disintegration of the starch spherulite
during gelatinisation results in systems akin to
a semi-crystalline synthetic polymer [14].
These then should exhibit a viscoelastic trans-
formation from the melt and the rubbery
plateau to the leathery region in the way
recorded for the synthetic counterparts as a
function of temperature or time-scale of mea-
surement [15,16]. Nelson and Labuza moni-
tored the structural properties and the change
in phase behaviour of starch systems as a
function of temperature with the Arrhenius
equation [17]. The approach yields a constant
energy of activation, which is related to the
energetic requirement for crystallite melting
during the gelatinisation of starch [18,19].

In cases where breaks are observed in
Arrhenius plots, the equation of Williams,
Landel, and Ferry (WLF) has been suggested
as an alternative for modelling the tempera-
ture dependence of food systems [20,21]. How-
ever, applications of the WLF approach have
been confined to the rubbery state of biomate-
rials or the crystallisation of small molecules
(such as lactose), which are at variance with
the original demonstration of the principle in
amorphous synthetic polymers and diluted
systems [17,22]. There, the WLF expression
was used to fit a steep transition in viscoelastic
properties, known as the glass-transition re-
gion, which was ascribed to large-scale vibra-
tional motions of the polymeric backbone. An
array of materials was examined using mainly
the technique of small deformation dynamic
oscillation, which pinpointed the glass-transi-
tion temperature and delineated the plateau
and terminal zones of the relaxation and retar-
dation spectra [23–25].

Oscillatory studies have also been employed
to probe the thermal effect on the phase be-
haviour of starch, but measurements have
been confined to temperatures below 100 °C
[26–30]. However, most food-related applica-
tions of starch (such as ultra high tempera-
ture, bakery fillings, extrusion, and others) are
performed at higher temperatures and may
lead to additional physicochemical transfor-

mations. The present work focuses on changes
in viscoelastic properties of starch above
100 °C with a view to discussing them in terms
of underlying fundamentals.

2. Materials and methods

Work was carried out mainly on plain
wheat flour provided by the Oman Flour Mills
Company. It contained 75% starch, 9.5%
protein, 1.2% fat and about 0.6% ash. Wheat
flour was mixed with distilled water to the
desired moisture content (35% at 30 °C) and
stored in moisture-tight plastic containers at
room temperature for approximately 3 h al-
lowing hydration of the starch molecules. Ex-
periments were repeated with wheat starch
purchased from Sigma (product number: S
5127). The amylose content of wheat starch in
the literature is 21% [31]. Results were repro-
duced in terms of temperature range and over-
all signal, thus arguing that the viscoelastic
transformations observed in wheat flour are
also due to starch. However, the granular
nature of starch pastes at high levels of solids
exhibits a degree of slippage and syneresis
which can deteriorate the adhesion between
the sample and the flat surface of the measur-
ing geometry, thus increasing the noise-to-sig-
nal ratio of the recorded spectrum.

Aggregation processes between agarose, k-
carrageenan or deacylated gellan chains result
in brittle networks with similar problems of
slippage. To circumvent the difficulty,
Richardson and Goycoolea constructed a
three-piece device of a smooth outer cup, a
perforated middle cylinder, and a perforated
inner cylindrical bob, with gelation locking
the polysaccharide chains and the measuring
geometry together, thus preventing break-
down of adhesion [32,33]. This, of course,
would not help in the case of starch at temper-
atures below the gelatinisation point, since the
weak interfacial forces between the starch
spherulites would allow dislocation and slip-
page to occur in the system. However, the
elastic nature of gluten maintains adhesion
between the wheat flour paste and the smooth
surface of the measuring geometry thus allow-
ing accurate recording of the thermal transfor-
mations of the starch network.
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Small-deformation measurements of storage
and loss modulus (G % and G¦, respectively)
were made using a parallel-plate geometry of
7.9 mm diameter, with the measuring gap
being 3 mm. A controlled strain rheometer
was used which employs an actuator to apply
a deforming strain to the sample and a sepa-
rate transducer to measure the resultant stress
developed within the sample (Advanced Rheo-
metric Expansion System of Rheometric Sci-
entific, Piscataway, NJ, USA). The high
resolution actuator has a low end dynamic
strain of 5 microradians. The transducer is
essentially non-compliant and covers a torque
range from 0.02 to 2000 g cm. During experi-
mentation the torque varied accordingly to
maintain a constant strain which allowed
recording of modulus values in excess of 108

Pa.
Control of sample temperature was

achieved by an air convection oven with coun-
ter-rotating air flow capable of reaching tem-
peratures of 135 °C. Samples were loaded
onto the rheometer at 30 °C and were then
heated to 135 °C at 2 °C min−1. In a separate
experiment, mechanical spectra were recorded
at temperature intervals of 3 °C between 100
and 130 °C. Profiles of shear moduli were
superimposed as a function of time-scale of
measurement for subsequent quantitative
analysis. Results are the average of three repli-
cates, with the rubber-to-glass transition being

readily reproducible within a 3% error margin
as a function of temperature or time-scale of
measurement.

3. Results and discussion

Dependence of 6iscoelastic beha6iour on tem-
perature.—As a preliminary to this investiga-
tion, the effect of temperature on the
viscoelastic functions of the starch network
was followed during gelatinisation. Fig. 1
shows the changes in G % and G¦ observed
during heating from 30 to 100 °C at a rate of
2 °C min−1. There is a progressive reduction
in the values of G % within the temperature
range 30–50 °C which was found to be ther-
mally reversible. Thus, it should be at-
tributable to the increasing thermal motion of
the system without changing the characteris-
tics of the granule. Further increase in temper-
ature sees a dramatic development in the
elastic component of the sample, which
achieves a maximum of 450 kPa at about
67 °C. This observation is the result of water
absorption and swelling of the granule to
many times its original size which character-
ises the phenomenon of gelatinisation [5–7].
The subsequent decrease in storage modulus is
associated with the loss of granule integrity,
with the system transforming into a mixture of
leached amylose molecules, melted amy-
lopectin sites, and granule fragments [8,9]. At
the upper range of temperature, the values of
G % approach an equilibrium at a similar level
to that observed at 30 °C prior to gelatinisa-
tion (230 kPa).

In the main series of experiments we heated
the sample at temperatures in excess of
100 °C, looking for molecular processes of
potential interest. Fig. 2 illustrates the changes
in both moduli throughout the experimental
temperature range, which extends to 135 °C.
The ratio of the viscous to the elastic re-
sponse, tan d=G¦/G %, of the network is also
reproduced. Clearly, there is a disproportion-
ate drop in the values of loss modulus follow-
ing gelatinisation maxima, with the trace of
tan d steepening as the temperature is raised
from 67 to 100 °C (G¦/G % ratios of 0.33 and
0.11, respectively). Within this temperature

Fig. 1. Changes in G % and G¦ as a function of heating of the
wheat flour paste (frequency: 1 rad s−1; scan rate: 2 °C
min−1).
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Fig. 2. Changes in G %, G¦ and their viscoelastic ratio, tan d, as
a function of heating of the wheat flour paste (experimental as
in Fig. 1).

tan d ratio, as observed at the top of the
temperature range in Fig. 2, which is known
as the glassy state. This behaviour can be
understood qualitatively on the basis of free
volume, which is present as voids between
molecules due to their thermal motion or
packing irregularities [34,35]. Cooling slows
down the string-like rearrangements of the
polymeric backbone and the configurational
vibrations of repeat units and small molecules
thus reducing the free volume in the sample.
The process mainly dissipates energy and is
weighted towards the viscous component of
the network. These ideas are pursued further
in the following section in an effort to ratio-
nalise the data in Fig. 2 recorded at tempera-
tures above 100 °C.

Dependence of 6iscoelastic beha6iour on
time.—Application of the free volume ap-
proach to a high solids system implies that the
variation in temperature generates a set of
viscoelastic corresponding states. Thus, the re-
inforcement of modulus reflects a change in
state which sometimes is called the ‘second
order thermodynamic transition’ [36]. By con-
trast, a first order thermodynamic transition
follows the path between two unrelated
physicochemical states and is known as a
change in phase (as in crystalline melting).
The turn around in viscoelasticity recorded as
a function of temperature at a constant fre-
quency can be reproduced as a function of
time provided that all relaxation processes in
the system have the same temperature depen-
dence. In this context, the frequency of oscilla-
tion is the reverse of the time-scale of
measurement, namely freq(Hz)=1/time(s).

Experimentally, this type of data-fitting can
be carried out using the method of reduced
variables also known as the time–temperature
superposition principle [35,37]. It postulates
that the shear moduli obtained as a function
of frequency, v, at a fixed temperature are
equivalent to the viscoelastic response of the
system at a reference temperature, To, pro-
vided that v is multiplied by a shift factor, aT.
In its simplest form, the method also advo-
cates uniform treatment of long and short
retardation processes which creates a single set
of shift factors for both traces of storage and
loss modulus.

range, the presence and distribution of entan-
glements of disordered chains should be no-
ticeable following leaching of such soluble
components as amylose and increased melting
of the crystalline frame of the granule. It
appears, therefore, that those entanglements
are seen increasingly as contributors to the
cohesion of the network which, within the
experimental time-scale of measurement, ex-
hibits a depleted viscous component.

Modulus traces show a sharp up-turn on
further heating with the values of G % ap-
proaching 107.5 Pa at 135 °C. Furthermore,
the viscous transition becomes sharper than
the increase in G % leading to convergent traces
with a tan d value of 0.53 at 125 °C. Finally,
the temperature course of viscoelasticity be-
comes broad with a dominant elastic compo-
nent which reduces the tan d ratio to 0.29 at
135 °C.

Pictorially, this type of response has been
seen in the transition zone between rubberlike
and glasslike consistency of synthetic poly-
mers and diluted systems. For example, the
rubbery region of poly(n-octyl methacrylate)
shows a flat temperature dependence of vis-
coelastic functions at around 105.5 Pa [23,25].
Cooling of the polymer results in a sharp
increase in modulus and tan d values which
signify the glass-transition zone. Eventually,
the modulus traces level off showing a domi-
nant elastic component and a drop in the
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Fig. 3. Mechanical spectra showing the frequency-dependence of G % (
) and G¦ (
) for the wheat flour paste within the
temperature range 100–130 °C.

To examine how this method can produce
parameters that relate the time dependence of
viscoelasticity to molecular constitution of the
wheat flour paste, we recorded a series of
frequency sweeps from 1 to 100 rad s−1 at
constant temperature intervals of 3 °C, thus
covering the temperature range 100–130 °C.
Fig. 3 depicts selected traces of G % and G¦
plotted logarithmically against the frequency
of oscillation. Below 110 °C and above 125 °C
values of modulus do not change much with
frequency. At intermediate temperatures, a
sigmoidal transition appears which reinforces
the viscoelastic response by two orders of
magnitude. Next, we chose arbitrarily 100 °C
as the reference temperature and shifted the
mechanical spectra of the remaining tempera-
tures horizontally along the frequency axis
until a single curve without gross fluctuations
or irregularities was obtained (Fig. 4). In do-
ing so, the horizontal distance between each
pair of adjacent curves of frequency sweeps
was measured with a pair of dividers and
recorded as the difference in the shift factor
(D log aT). Where the values of D log aT from
G % and G¦ were the same with reasonable
error, the average was taken. The selected
values of D log aT were then added progres-
sively from To to obtain log aT at each temper-
ature. The reduced plot is known as the
composite curve or master curve [37] that
allows prediction of the viscoelastic properties

of a system over a much wider frequency
range than experimentally available at a single
temperature (12 orders of magnitude in our
case).

Vitrification of amorphous synthetic poly-
mers and diluted systems unveils a point of
cross over in the time–temperature course of
storage and loss modulus with the latter be-
coming dominant (tan d\1). This is followed
by a spectacular rise in viscoelasticity that can
be up to four orders of magnitude; see for

Fig. 4. Composite curve of G % and G¦ obtained by superim-
posing horizontally along the frequency axis the mechanical
spectra of Fig. 3 (reference temperature: 100 °C).
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Fig. 5. Moisture loss estimated by weight differences during
heating of the wheat flour paste following the experimental
routine of the rheological investigation.

embedded in a matrix of disordered
molecules.

Modelling of molecular rate processes in re-
lation to changing moisture content.—Tradi-
tionally, the rates of chemical reactions are
followed by an empirical equation developed
first by Arrhenius for the hydrolysis of sucrose
[43]:

h=A exp(B/RT) (1)

where the pre-exponential factor A is indepen-
dent of temperature, R is the ideal gas con-
stant and B is considered to be the energy of
activation, Ea, required for the reaction to
ensue. Doolittle, on the other hand, found
that over a wide range of temperatures the
following equation describes better the viscos-
ity of monomeric liquids [44]:

h=A exp(B/f ) (2)

where the fractional free volume, f, is the ratio
of free volume to the total volume per gram of
material.

Of particular interest in the present investi-
gation is the application of the foregoing
equations to a system with variable moisture
content as a function of increasing tempera-
ture. Fig. 5 reproduces the moisture loss of the
wheat flour paste subjected to the experimen-
tal routine of the rheological investigation.
Clearly, the moisture content of the sample
remains virtually constant at about 32%
within the temperature range 30–100 °C. At
higher temperatures, however, there is a sub-
stantial loss in sample weight with the mois-
ture content at 130 °C being reduced to 6.5%.
This approaches the levels of water expected
to be tightly bound on the material in the
form of an adsorbed monomolecular layer
[45].

In adapting Doolittle’s equation for systems
with changing levels of solids, we considered
an exponential dependence of viscoelasticity
on moisture content:

G=A exp(lEa/f ) (3)

where l is the ‘moisture term’. Free volume is
a rather ill-defined concept, but it is assumed
that f increases linearly with temperature as
follows [35]:

f= fo+af(T−To) (4)

example the glass transition of ‘standard’
polyisobutylene in Ref. [38]. Similarly, mix-
tures containing lightly cross-linked polysac-
charides at levels of normal industrial use
(B1%) and high levels of sugar (up to 85%)
undergo vitrification with a predominant vis-
cous component (the value of tan d can be as
high as 3 in [39,40]). In both types of systems,
increase in macromolecular order or small
molecule crystallinity results in a fall in mod-
ulus of the glass transition, which is between
one and two orders of magnitude, and a drop
in the values of tan d below the ‘critical point’
of one. This is evident in the case of copoly-
merised styrene and butyl acrylate nanocom-
posites reinforced by cellulose whiskers, and
k-carrageenan–sugar mixtures in the presence
of 20 mM KCl that support aggregation of
the polysaccharide chains [41,42]. The time–
temperature course of viscoelasticity in Figs. 2
and 4 exhibits a sigmoidal transition of two
orders of magnitude with a dominant elastic
element (that is, tan dB1). Granule fragments
and molecular aggregates are ordered entities
which contribute towards the elastic compo-
nent of the network, whereas disordered
molecules enhance the viscous element of the
system. Therefore, results argue that the wheat
flour paste behaves as a semiamorphous dis-
persion containing substantial amounts of
granule fragments and molecular aggregates
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where fo is the fractional free volume at the
reference temperature To and af is the thermal
expansion coefficient. Substitution of Eq. (4)
in Eq. (3) and for changing the temperature
from To to T we obtain:

log aT= −
C1(T−To)

C2+T−To

M−Mo

Mo

(5)

where the shift factor, aT, is the ratio of
G(T)/G(To). The parameters C1 and C2 can be
identified as being equal to Ea/2.303fo and
fo/af, respectively. Expression (5) is the WLF
equation incorporating the additional ‘mois-
ture term’, l. Alternatively, if the temperature
dependence of the relaxation processes had
followed Eq. (1) with a ‘moisture term’:

G=A exp(lEa/RT) (6)

one should have derived the corresponding
Arrhenius expression with a constant energy
of activation:

log aT=
Ea

2.303R
1
T

M−Mo

Mo

(7)

Fig. 6 illustrates the temperature depen-
dence of the shift factor aT derived from the
horizontal superposition on a logarithmic
time-scale of the mechanical spectra in Fig. 3.
Log aT is zero at 100 °C because this is arbi-
trarily chosen as the reference temperature.

The factor aT is an exponential function of the
reciprocal absolute temperature between 100
and 115 °C, which corresponds to the flat
portion of the composite curve at frequencies
below 103 rad s−1 (Fig. 4). Thus using Eq. (7)
we obtain a constant energy of activation as a
function of temperature with a numerical
value of 56 kJ mol−1. This is of the same
order of magnitude with predictions in prepa-
rations of high sugar–k-carrageenan and high
methoxy pectin [46,47], and is attributed to
the energy required to overcome a barrier to
rotation of the polymeric backbone or of a
side chain. It appears, therefore, that crys-
talline melting of the amylopectin skeleton is
the most significant molecular mechanism oc-
curring in the wheat flour paste within the
temperature range 100–115 °C.

The Arrhenius expression fails to follow the
temperature function of viscoelastic properties
above 115 °C in Fig. 6, which is better de-
scribed with Eq. (5). For the purpose of the
quantitative analysis, the shift factor of the
mechanical spectrum at 115 °C was set to 1
(reference temperature To% ), and the remaining
aT values were adjusted accordingly. Experi-
mental data in this temperature range corre-
spond to the sigmoidal transition of G % and
G¦ traces at frequencies above 103 rad s−1 in
Fig. 4. In contrast to Eq. (7), the factor aT is

Fig. 6. Dependence of two distinct rates of relaxation processes (�;�) on temperature plotted in terms of the factor aT. The solid
lines spanning the bottom and top range of temperature reflect fits of the Arrhenius and WLF equations, respectively, modified
with a ‘moisture term’.
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not an exponential function of the reciprocal
absolute temperature and the predicted energy
of activation increases rapidly with increasing
temperature. Therefore, at the upper range of
temperature, the modified WLF equation ar-
gues for an increasing energy of activation,
which reflects the difficulty for the occurrence
in the glass transition of configurational rear-
rangements of the densely packed disordered
chains.

A least-squares fit (STATISTICA, Version 5.0)
to Eq. (5) was used to minimise the difference
between the observed and predicted values of
aT thus yielding a loss function of less than
10−7. Regardless of the input values of C1 and
C2, the output for the two parameters at the
reference temperature of 115 °C was 11.6 and
2.1°, respectively. Based on the observation
that To%−C2=Tg−50 [21,35], the free-vol-
ume theory predicts a glass-transition temper-
ature of 163 °C. However, completion of the
process of vitrification is not feasible since
pyrolytic reactions at those temperatures
cause decomposition of the sample.

4. Conclusions

In thermoplastic melts the concept of free
volume has proved useful in discussing large
scale vibrational motions and transport char-
acteristics such as viscoelasticity and diffusion.
Cooling of amorphous synthetic polymers and
diluted systems or mixtures of polysaccharide,
water, and high levels of sugar is accompanied
by collapse of the free volume which controls
the aforementioned molecular processes.
Small molecules in these systems act as solvent
and plasticiser, thus determining the glass-
transition temperature of the isotropic
mixture.

Along these lines, in water, the starch gran-
ules gelatinise and at high enough tempera-
tures lose substantially their order and
crystallinity. Water uptake takes place mainly
in the amorphous regions and assists in keep-
ing the conformational mobility of the disor-
dered chains which interact in the form of a
topological entanglement. Increasingly, how-
ever, the evaporation of water reduces the size
of interstices between neighbouring chain seg-

ments, thus restricting their mobility. This
process is equivalent to the reduction of avail-
able free volume in high solids systems due to
ongoing cooling. The contraction in free vol-
ume of the wheat flour paste is seen as a
sigmoidal profile of storage and loss modulus
with increasing temperature in Figs. 2 and 4.
Thus the resonance of the closely packed
chains mainly propagates an energy-dissipat-
ing mechanism also seen in the glass transition
of cooled materials. This is, then, followed by
the WLF equation normalised in terms of the
moisture content of the mixture.
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