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The effects of pasting conditions, testing temperature, and shear rate on the anti-thixotropy of waxy
maize starch (WMS) dispersions were investigated in this study. Activation energy and viscoelastic prop-
erties of the WMS dispersions were also determined to understand the anti-thixotropy of these disper-
sions. The WMS dispersions (5.0 wt.%) displayed both thixotropic and anti-thixotropic properties in
loop and shear recovery tests, depending on pasting conditions and testing temperature. The standard
anti-thixotropy test indicated anti-thixotropy of WMS dispersions only appeared at a certain shear rate
range. When WMS dispersion was pasted more completely, the shear rate range for anti-thixotropy
became wider, also the sample showed improved heat stability. The anti-thixotropy of the WMS disper-
sions was ascribed to re-range of the amylopectin molecules under appropriate shear rates. The normal
maize starch (NMS) dispersion (5.0 wt.%) could not display anti-thixotropy here, due to a different paste
structure formed by amylose in the continuous phase.

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

Waxy maize starch (WMS), which contains about 99% amylo-
pectin, is an essentially amylose-free starch (Achayuthakan &
Suphantharika, 2008). Because of its unique composition, WMS
has many specific attributes such as swelling easily, giving sticky
texture, hardly retrograding, and better digestibility than normal
starches (Enes, Panserat, Kaushik, & Oliva-Teles, 2006; Hibi,
2001), making it a promising raw material in food, medicine, and
cosmetic industries (Lehmann, Volkert, Fischer, Schrader, & Ner-
enz, 2008; Sands, Leidy, Hamaker, Maguire, & Campbell, 2009;
Wang et al., 2009a).

The rheological properties of starches are very important, which
could determine their value and understand their behavior during
the process. For example, in food technology, specific adjustment
of the flow behavior of starch gels is significant in order to regulate
production processes and to optimize applicability, stability, and
sensory properties of the end products (Kulicke, Eidam, Kath, Kix,
& Kull, 1996). In paper making and textile industries, the rheolog-
ical properties of starch solutions could determine the loss of
momentum during pipe transportation and the quality of final pro-
duction. As a result, for a successful product formulation and engi-
ll rights reserved.
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neering scale up, the knowledge about rheological properties of
starch solutions is necessary (Bhandari, Singhal, & Kale, 2002).

In our last paper, the anti-thixotropic behavior of WMS disper-
sions was reported in the steady flow and in-shear structural
recovery measurements (Wang et al., 2009a). Anti-thixotropy,
which is also known as rheopexy (Dewar & Joyce, 2006), is just
opposite to thixotropy of solutions or suspensions. It was reported
that an anti-thixotropic behavior is observed when viscosity in-
creases with time at a fixed shear rate, while a thixotropic effect
is described as a viscosity decrease with time at a constant shear
rate (Gouveia, Muller, Marchal, & Choplin, 2008). Besides, the
anti-thixotropic properties could also be determined through a
steady shear tests involving a rate ramp up to a peak shear rate,
then a ramp down back to zero; and the fluids with such properties
could display an anti-hysteresis in the form of a counterclockwise
loop (Achayuthakan & Suphantharika, 2008; Acquarone & Rao,
2003; Tattiyakul & Rao, 2000; Wang et al., 2009a). Anti-thixotropy
of liquids or suspensions has important significance in industries,
such as cement with rheopectic property which can be used in
building a bridge pier underwater, or molding plaster with anti-
thixotropic behavior, which could accelerate solidification and
molding under shaking.

Till now, only limited messages were given about the anti-thix-
otropy of starch dispersions. In our last study, it was found that the
anti-thixotropy of WMS dispersions had some relationships with
pasting conditions. It seems WMS dispersions only displayed such
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Nomenclature

Ea activation energy (J/mol)
G0 storage modulus (Pa)
G00 loss modulus (Pa)
K0 index (Pa sn)
K00 index (Pa sn)
n0 frequency exponent (dimensionless)
n00 frequency exponent (dimensionless)

R gas constant (J/mol K)
R2 correlation coefficient (dimensionless)
T absolute temperature (K)
_c shear rate (s�1)
ga apparent viscosity (Pa s)
g1 frequency factor (dimensionless)
x angular frequency (rad/s)
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properties after being sufficiently pasted (Wang et al., 2009a).
Since there are still many questions about this problem, the anti-
thixotropy of WMS dispersions was further investigated in this
study, which will help to provide useful messages for the industrial
production of the WMS based foods.

During the study, the effects of several factors (such as pasting
conditions, testing temperature, shear rate, etc.) on the anti-thixot-
ropy were investigated. In previous reports, the anti-thixotropy of
starch dispersions was mainly reported of waxy starches or modi-
fied waxy starches (Tattiyakul & Rao, 2000). Therefore, in order to
determine whether such a behavior was unique to waxy starch,
normal maize starch (NMS) was also used as a reference. Besides,
the effect of temperature on apparent viscosity, viscoelastic prop-
erties, and micro-structure of the samples were also studied to
understand the anti-thixotropy of starch dispersions.
2. Materials and methods

2.1. Materials

Commercial WMS (10.04 wt.% moisture (wet basis) and trace
amount of amylose) was purchased from Jinan Jinwang Food Co.,
Ltd. (Shandong Province, China). Commercial NMS (12.43 wt.%
moisture (wet basis) and 22% amylose) was purchased from
Weizhiyuan Food Co., Ltd. (Beijing, China).
2.2. Preparation of WMS and NWS dispersions with different pasting
conditions

WMS suspension (5.0 wt.%) was prepared by adding 7.5 g WMS
into 142.5 g deionized water at room temperature (about 25 �C).
Three different pasting methods were adopted to study the effect
of pasting conditions on the rheological properties of WMS disper-
sions (A): Well mixed WMS suspension (150 g) in conical flask was
heated in a water bath at 95 �C for 6 min with a constant mixing
rate of 200 rpm controlled by a digital mixer (EUROSTAR, IKA
Instruments, Germany). (B): Well mixed WMS suspension (150 g)
was heated in a water bath at 95 �C for 40 min with a constant
mixing rate of 200 rpm. (C): Well mixed WMS suspension (150 g)
was heated in a water bath at 95 �C for 40 min with a constant
mixing rate of 400 rpm. (D): As a reference, well mixed NMS sus-
pension (150 g, 5.0 wt.%) was pasted with the same procedure as
(C). Then the dispersions from (A)–(C) were rapidly cooled in an-
other water bath, and stored in an incubator (GP-01, Hubei Prov-
ince, China) at 25 �C for 2 h before testing. After pasting, the
dispersion of NMS was rapidly cooled in another water bath, and
then stored in the incubator at 40 �C for 2 h before measurements.
The storage temperature of 40 �C was chosen in order to prevent
gel formation of NMS dispersion (Pongsawatmanit, Temsiripong,
& Suwonsichon, 2007). The dispersions pasted from procedures
(A)–(D) were signed as the dispersions A–D, respectively.
2.3. Rheological tests

Rheological properties of all samples were measured using
AR2000ex rheometer (TA Instruments Ltd., Crawley, UK) with alu-
minum parallel plate geometry (40 mm diameter, 1 mm gap). The
temperature was controlled by a water bath connected to the Pel-
tier system in the bottom plate. A thin layer of silicone oil was ap-
plied on the surface of the samples in order to prevent evaporation.
For each sample, steady flow tests, in-shear structural recovery,
standard anti-thixotropy, effect of temperature on apparent viscos-
ity, and viscoelastic properties were determined.

2.3.1. Steady flow measurements
Steady flow measurements were performed at 25 �C, 50 �C and

75 �C to obtain shear rate versus shear stress data. The sample was
placed in the rheometer and pre-sheared at 100 s�1 for 30 s, and
then it was equilibrated at the testing temperatures for 5 min be-
fore measurement. The shear rate was programmed to increase
from 0 to 300 s�1 in 3 min, then followed immediately by a reduc-
tion from 300 to 0 s�1 in the next 3 min.

2.3.2. In-shear structural recovery measurements
In-shear structural recovery of the samples was determined

according to the procedure of Mezger (2002) with some modifica-
tions. The sample was loaded into the rheometer and pre-sheared
at 100 s�1 for 30 s, and subsequently it was equilibrated at the test-
ing temperature (i.e. 25, 50 and 75 �C) for 5 min before measure-
ment. A three stepped shear flow test was performed as follows:
(1) a constant shear rate of 1 s�1 was applied for 120 s and subse-
quently (2) a constant shear rate of 300 s�1 was applied for 60 s,
and then (3) a constant shear rate of 1 s�1 was applied for 180 s.
The in-shear recovery value was calculated as the ratio of average
apparent viscosity (ga) obtained during the first 120 s of the third
step to the average ga value determined in the first step.

2.3.3. Standard anti-thixotropy test
The definition of anti-thixotropy is an increase in apparent vis-

cosity with time under constant shear rate (Ferguson & Kembow-
ski, 1995; Gouveia et al., 2008). In this test, the samples were
sheared at a fixed shear rate (1, 10, 50, 100 s�1, etc.) for a specific
amount of time (10 min 30 s), and the viscosity was recorded in or-
der to determine the anti-thixotropic behavior of the samples.

2.3.4. Effect of temperature on apparent viscosity
The sample was loaded into the rheometer and equilibrated at

the testing temperature (5, 15, 25, 35 and 45 �C, respectively) for
5 min before measurement, and then the apparent viscosity
(ga,10) was determined as the average value of the first two min-
utes at a constant shear rate of 10 s�1. Arrhenius equation was
used to determine the activation energy (Ea) and to investigate
the temperature dependency of the apparent viscosity of all sam-
ples (Pongsawatmanit, Temsiripong, Ikeda, & Nishinari, 2006;
Wang, Wang, Li, Xue, & Mao, 2009b). The effect of temperature



1132 B. Wang et al. / Carbohydrate Polymers 79 (2010) 1130–1139
on ga of the dispersions was studied using the Arrhenius equation
(Eq. (1)).

ga;10 ¼ g1 expðEa=RTÞ ð1Þ

where ga,10 is the apparent viscosity (Pa s) at 10 s�1, g1 is the fre-
quency factor, Ea is the activation energy (J/mol), R is the gas con-
stant (8.3145 J/mol K), and T is the absolute temperature (K).

2.3.5. Viscoelastic properties
Small amplitude oscillatory tests were performed at 25 �C over

the frequency range of 0.1–10 Hz (0.628–62.8 rad/s). Before mea-
surement, the sample was loaded into the rheometer and rested
for 3 min. The strain amplitude for the frequency sweep measure-
ments was selected as 1%, which was in the linear viscoelastic re-
gion for all samples. The mechanical spectra were obtained
recording storage modulus (G0), loss modulus (G00) and loss tangent
(tan d = G00/G0) as a function of angular frequency (x).

2.4. Microscopy study

In order to investigate the relationship between rheological
properties and microscopic structures of the dispersions, all sam-
ples were observed using an optical microscope (CX31 Biological
Microscope, Olympus Corporation, Japan) equipped with a CCD
camera module.

2.5. Statistical analysis

All experiments described above were made in triplicate for
each sample. The data presented were the means and standard
deviations of each experiment. A one-way analysis of variance
(ANOVA) and Tukey’s test were used to establish the significance
of differences among the mean values at the 0.95 level of confi-
dence. The statistical analysis was performed using SPSS (2003)
version 13.0 for Windows program (SPSS Inc., Chicage, IL, USA).

3. Results and discussion

3.1. Steady flow measurements

As indicated by previous report, temperature during distribu-
tion and storage before consumption is an important environ-
mental factor which could determine the final stability of the
required texture attributes of starch dispersions, so the study of
temperature on rheological properties of starch dispersions will
help to predict and control the change of physical properties of
starch-based foods (Pongsawatmanit et al., 2006). As indicated
in Fig. 1, the flow curves of all samples were affected by temper-
ature obviously. Generally, lower apparent viscosity (ga) could be
observed at higher temperatures for the same sample. It is ac-
cepted that ga of a liquid is a function of the intermolecular forces
that restrict molecular motion (Nurul, Azemi, & Manan, 1999).
When the temperature was higher, there was an increase in ki-
netic energy of the dispersions, thus the polysaccharide molecules
became more flexible which could help to the disentanglement of
long chain molecules, as a result the viscosity of dispersions was
reduced.

As can be seen from Fig. 1(A), the dispersion A displayed clock-
wise hysteresis loops at all testing temperatures, suggesting that
this sample showed thixotropic behavior (Acquarone & Rao,
2003). It was observed that the area of the hysteresis loop became
much smaller at 50 �C and 75 �C compared to 25 �C, which indi-
cated a relatively smaller damage of the paste structure at higher
temperature during the increasing-order of shear rate (up curve).
The dispersion B (see Fig. 1(B)) at 25 �C was characterized by a
combined hysteresis loop, i.e., a big clockwise loop at high shear
rates (50–300 s�1) and a relatively small counterclockwise loop
at low shear rates (0–50 s�1). When tested at 50 �C, the anticlock-
wise loop (0–100 s�1) became bigger in relation to the clockwise
loop (100–200 s�1). At 75 �C, the clockwise loop of the dispersion
B almost disappeared, indicating no hysteresis appeared at high
shear rates; meanwhile, the counterclockwise loop at low shear
rates grew bigger than the one at 50 �C, which suggested an anti-
thixotropic behavior (Acquarone & Rao, 2003; Wang et al.,
2009a). Similar flow curves as shown in Fig. 1(B) were reported
by Tattiyakul and Rao (2000). The flow curve of the dispersion C
at 25 �C (Fig. 1(C)) showed a weak clockwise loop at high shear
rates (150–300 s�1) compared with the counterclockwise loop at
low shear rates (0–150 s�1). At 50 �C and 75 �C, the clockwise loop
disappeared completely, and the dispersion C displayed distinct
counterclockwise loop over the whole shear rate range, indicating
an obvious anti-thixotropic behavior. Such results suggested that
new structures of the dispersion C, which were more stable and
resistant to shearing, could be formed during the up curve at
50 �C and 75 �C, suggesting that the formation of the new struc-
tures accelerated at higher temperatures (50 �C and 75 �C).

From the dispersions A–C, it could be concluded that both heat-
ing time and mixing rate during pasting could affect the rheologi-
cal properties of WMS dispersions. For example, with the same
mixing rate (200 rpm), dispersion B with longer heating time
(40 min) displayed thixotropic behavior at 25 �C and weak anti-
thixotropic behavior at 50 and 75 �C, while dispersion A with
shorter heating time (6 min) could only display thixotropic prop-
erty at all the testing temperatures, as can be seen in Fig. 1(A)
and (B). Similarly, with the same heating time (40 min), higher
mixing rate made dispersion C (400 rpm) display a more distinct
anti-thixotropic behavior than dispersion B (200 rpm), as shown
in Fig. 1(B) and (C). Obviously, longer heating time and higher mix-
ing rate during pasting could break the starch granules more thor-
oughly, and make the dispersion pasted more completely. In
general, the WMS dispersion which pasted more completely with
more granules dissolved into the continuous phase could display
a more obvious anti-thixotropic behavior under the same testing
conditions. Such results suggested the anti-thixotropy of WMS dis-
persion should be ascribed to amylopectin dissolved in the contin-
uous phase, in agreement with previous studies (Wang et al.,
2009a). When the WMS dispersion was pasted severely, the starch
granules were destroyed and more amylopectin dissolved into the
continuous phase, as a result, the anti-thixotropy behavior of the
dispersions were enhanced under shearing.

The effect of temperature on the flow curves of the dispersions
A–C also illuminated the decisive effect of amylopectin molecules
on the anti-thixotropic behavior. Generally speaking, when the test
temperature increased from 25 �C to 50 �C and 75 �C, the amylo-
pectin in the continuous phase became more active, thus a more
obvious anti-thixotropic behavior for the dispersions was ob-
served. As for the dispersion B, the shapes of its flow curves chan-
ged from a clockwise loop to a combined loop and then to a
counterclockwise loop with the increase of temperature, suggest-
ing that the thixotropy of the dispersion B at 25 �C developed into
anti-thixotropy with the increase of temperature. On the other
hand, the effect of temperature on anti-thixotropic behavior also
suggested such a behavior was not due to the formation of granule
clusters during shearing as suggested by Chamberlain, Rao, and Co-
hen (1999), for the motion of the starch granules was not obviously
affected by the temperature increase here.

It might be assumed that the anti-thixotropy of WMS disper-
sions under shearing was due to the formation of more bonds be-
tween the amylopectin molecules, which facilitated the formation
of a more complex structure of the dispersions. Similar explanation
could be found by previous investigation (Dewar & Joyce, 2006). In
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Fig. 1. Flow curves of the samples: (A) WMS (5.0 wt.%) pasted for 6 min, 200 rpm; (B) WMS (5.0 wt.%) pasted for 40 min, 200 rpm; (C) WMS (5.0 wt.%) pasted for 40 min,
400 rpm; (D) NMS (5.0 wt.%) pasted for 40 min, 400 rpm; and (E) apparent viscosity against shear rate for the sample C.
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the report of Dewar and Joyce (2006), the maize starch based thick-
ener (99.2% maize starch, 0.4% sucrose, 0.3% glucose, 0.1% lactose)
at the concentrations of 4 and 5% displayed a anti-thixotropic
behavior. They suggested that the densely packed samples were re-
stricted in movement, and only some bonds could be formed by
Brownian motion. So when the dispersions were sheared, the mol-
ecules were allowed to make more collisions and more permuta-
tions of molecular orientations during collisions, which formed
more bonds and created a more complex three-dimensional struc-
ture, meaning that shearing these dispersions resulted in the
increasing of apparent viscosity. However, it was not clear whether
the maize starch in their study was WMS or not.

Even though the dispersion D (Fig. 1(D)) was sufficiently pasted
(with the same pasting procedure of the dispersion C), no obvious
hysteresis loop was found from its flow curves, suggesting that no
structural re-organization took place during shearing. This obser-
vation indicated that only the WMS dispersions pasted sufficiently
could display the anti-thixotropic behavior. During the pasting of
the NMS dispersion, the amylose might have been leached out
from the granules (Iturriage, Mishima, & Anon, 2006); as a result
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the paste structure of the NMS dispersions was changed, resulting
in different rheological properties.

Besides, it was found in this study that the dispersion C could
display shear-thickening behavior at certain shear rate range.
Shear thickening, which can be defined as the increasing of the
apparent viscosity with the increasing of shear rate or applied
stress, was different from the definition of anti-thixotropy.
Fig. 1(E) shows the apparent viscosity of the dispersion C as a func-
tion of shear rate at 75 �C. From Fig. 1(E), it could be observed that
the dispersion C displayed a distinct shear-thickening behavior
during the increasing-order of shear rate ranging from about 150
to 275 s�1, however, the shear-thickening behavior for this disper-
sion was not observed during the decreasing-order of shear rate.
Similar results were reported for a WMS solution (2% in NaOH
solution medium (1 mol/L)), and the shear-thickening behavior
was attributed to increase of the effective starch concentration,
caused by the breaking up of the gel-like starch clusters which
was macroscopically heterogeneous (Kim, Willett, Carriere, & Fel-
ker, 2002). However, more investigations need to be carried be-
cause the preparation methods in this study were quite different
from Kim et al. (2002).

3.2. In-shear structural recovery measurements

Even though the loop test described in Section 3.1 is quick and
qualitative, it has certain limitations. One limitation of the test is
that both shear rate and time are changed simultaneously, which
cannot be resolved into the separate effects of these two parame-
ters (Barnes, 1997; Mewis & Wagner, 2009). Furthermore, hystere-
sis is not unique to thixotropic materials, which also occurs in the
case of irreversible work softening and in viscoelastic materials
(Bird & Marsh, 1968). Thus, a simpler and more quantitative test
can be performed using step-wise changes in shear rate, where
the shear rate is changed from one constant value to another with
a carefully controlled prehistory, such as the shear recovery test
(Barnes, 1997; Dewar & Joyce, 2006).

The in-shear structural recovery test can be used to investigate
the capability of the dispersions to recover their original structure
under low shear conditions after decomposition under high-shear
conditions (Mezger, 2002). The viscosity profiles as a function of
time for the starch dispersions are given in Fig. 2.

As can be seen from Fig. 2, the apparent viscosity of the disper-
sion A at the same temperature was the highest followed by these
of the dispersions B and C, suggesting that when the extent of past-
ing was increased, the apparent viscosity of the dispersions was
decreased. The influence of temperature on the apparent viscosity
of the starch dispersions can also be seen in Fig. 2. For the first step
of shearing, the apparent viscosity of all starch samples was de-
creased with the increasing of temperature from 25 �C to 75 �C.
For the third step, the apparent viscosity of the samples A–C chan-
ged proportionally as a function of temperature, however, a similar
behavior was not observed for the sample D. It was reported that in
the step-wise change of shear rate, when the shear rate was sud-
denly stepped up or down, the subsequent viscosity transients
could reflect the changes in micro-structure under well-defined
flow conditions (Mewis & Wagner, 2009). Therefore, such results
may suggest the differences of micro-structures between the
pastes of WMS and NMS.

The quantitative results of the in-shear structural recovery test
for the starch dispersions were given in Table 1. From Table 1, both
the pasting conditions and testing temperature could affect the
recovery values of the WMS dispersions. In this study, generally
a more complete pasting with longer heating time and higher mix-
ing rate of the WMS dispersion could bring a higher recovery value,
suggesting the recovery value was determined by the continuous
phase of the WMS dispersions. Such a change trend of recovery val-
ues also indicated that longer heating time and higher mixing rate
during pasting could break the starch granules more thoroughly,
make the dispersion pasted more completely, and consequently
change the rheological properties of the WMS dispersions, as indi-
cated in Section 3.1. For the dispersion A at 25 �C, the recovery va-
lue was 0.93 ± 0.01, suggesting that the original structure of the
dispersion A was destroyed, while the new structure formed later
was slightly less resistant to shearing. Perhaps the highly solvated
granules in the structure of sample A (see Fig. 6(A)) were sheared
into smaller fragments under high-rate shearing conditions (Wang
et al., 2008), which then decreased the resistance to shearing after
the high-shear step. For the testing of 50 �C and 75 �C, the recovery
value for the dispersion A was larger than 1 (1.18 ± 0.01 and
1.24 ± 0.03, respectively), indicating a greater effect of amylopectin
in the continuous phase, which was more flexible at higher tem-
peratures and could conduce to the formation of more stable struc-
ture during high-rate shearing. The recovery value of the
dispersion B increased from 1.41 ± 0.01 (25 �C) to 1.83 ± 0.05
(50 �C) and 1.90 ± 0.09 (75 �C) with increasing of temperature, sug-
gesting a stronger anti-thixotropic behavior could bring a higher
recover value, in accordance with the change from thixotropy to
anti-thixotropy with temperature increase as shown in Fig. 1(B).
Since the dispersion C was most completely pasted, its recovery va-
lue was larger than other samples at the same temperature. How-
ever, when temperature increased from 50 �C to 75 �C, the recovery
value decreased from 3.14 ± 0.04 to 2.59 ± 0.03, indicating shear
recovery was not a simple function of temperature. Since the amy-
lopectin molecules of the dispersion C in the continuous phase
were most flexible and vulnerable to temperature than other sam-
ples, thus when temperature was higher than a critical value, the
decrease of ga may dominate the third step, resulting a smaller
recovery value.

For the NMS dispersions (Fig. 2(D)), the recovery values were
0.84 ± 0.01 (25 �C), 0.97 ± 0.01 (50 �C) and 1.01 ± 0.02 (75 �C),
respectively. Even the dispersion D was sufficiently pasted, the
recovery value for the dispersion D at 75 �C was not significantly
larger than 1, indicating new structure which was more shear-
resistant could not formed during high-rate shearing. With almost
all the granules dissolved into the continuous phase (Section 3.5),
the dispersion D was assumed to display a stronger liquid-like
behavior at higher temperature, which caused the increase of the
recovery value.

3.3. Standard anti-thixotropy test

As indicated above, the definition of anti-thixotropy is an in-
crease in apparent viscosity with time under constant shear rate,
while a thixotropic effect is described as a viscosity decrease with
time at a constant shear rate (Ferguson & Kembowski, 1995; Gou-
veia et al., 2008). Therefore, the (anti-)thixotropy of the samples
could be determined in a direct way through the viscosity test un-
der fixed shear rate.

From Fig. 3(A), the viscosity of the dispersion A increased grad-
ually and then reached a equilibrium at the shear rate ( _c) of 1 s�1,
which indicated the anti-thixotropy of the dispersion A at this
shear rate. When _c was set at 10 s�1, the viscosity curve increased
during the first 60 s, then decreased gradually. When the shear rate
became higher (50, 100 and 150 s�1), the viscosity curve displayed
thixotropic behavior, which decreased along with time. For the dis-
persion B (Fig. 3(B)), the viscosity curve of 1 s�1 was quite steady.
When _c was set at 10 s�1, the flow curve of the dispersion B dis-
played significant anti-thixotropic property, which increased con-
tinuously until the end of the test. The anti-thixotropy of the
dispersion B became weak and turned into thixotropic behavior
at higher shear rates (50, 100, 150 s�1). The dispersion C
(Fig. 3(C)) displayed distinct anti-thixotropy at the shear rates of
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Fig. 2. In-shear structural recovery of the samples determined at 25, 50 and 75 �C: (A) WMS (5.0 wt.%) pasted for 6 min, 200 rpm; (B) WMS (5.0 wt.%) pasted for 40 min,
200 rpm; (C) WMS (5.0 wt.%) pasted for 40 min, 400 rpm; and (D) NMS (5.0 wt.%) pasted for 40 min, 400 rpm.

Table 1
In-shear recovery properties of the samples determined at 25, 50 and 75 �C.a,b

Samples Temperature (�C) Step 1 (Pa s) Step 2 (Pa s) Step 3 (Pa s) Recovery step 3/step 1

A 25 6.27 ± 0.09a 0.31 ± 0.00a 5.81 ± 0.06a 0.93 ± 0.01a

50 4.16 ± 0.13b 0.24 ± 0.00b 4.90 ± 0.09b 1.18 ± 0.01b

75 3.25 ± 0.12c 0.20 ± 0.00c 4.04 ± 0.04c 1.24 ± 0.03c

B 25 3.57 ± 0.09a 0.27 ± 0.00a 5.04 ± 0.12a 1.41 ± 0.01a

50 2.19 ± 0.08b 0.21 ± 0.00b 3.99 ± 0.04b 1.83 ± 0.05b

75 1.66 ± 0.10c 0.17 ± 0.00c 3.14 ± 0.05c 1.90 ± 0.09b

C 25 1.49 ± 0.01a 0.24 ± 0.00a 4.50 ± 0.00a 3.03 ± 0.02a

50 0.98 ± 0.03b 0.17 ± 0.00b 3.09 ± 0.05b 3.14 ± 0.04b

75 0.75 ± 0.02c 0.12 ± 0.00c 1.95 ± 0.04c 2.59 ± 0.03c

D 25 4.28 ± 0.13a 0.16 ± 0.00a 3.57 ± 0.12a 0.84 ± 0.01a

50 3.09 ± 0.03b 0.12 ± 0.00b 3.01 ± 0.04b 0.97 ± 0.01b

75 2.92 ± 0.04b 0.10 ± 0.00c 2.96 ± 0.06b 1.01 ± 0.02c

a (A) WMS (5.0 wt.%) pasted for 6 min, 200 rpm; (B) WMS (5.0 wt.%) pasted for 40 min, 200 rpm; (C) WMS (5.0 wt.%) pasted for 40 min, 400 rpm; and (D) NMS (5.0 wt.%)
pasted for 40 min, 400 rpm. The program in this test was: step 1, shear rate at 1 s�1 for 120 s; step 2, shear rate at 300 s�1 for 60 s; step 3, shear rate at 1 s�1 for 180 s.

b Assays were performed in triplicate at 25 �C. Mean ± standard deviation values in the same column for each solution followed by different superscripts are significantly
different (p 6 0.05).
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10 and 50 s�1, which increased continuously during the test. When
_c was set at 100 and 150 s�1, equilibrium could be reached after
the initial increase of viscosity. When the shear rate was increased
further (200, 300, and 400 s�1), the dispersion C mainly displayed
thixotropic property. As can be seen from Fig. 3(A–C), the anti-thix-
otropy of WMS dispersions only appeared at a certain shear rate
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Fig. 3. Apparent viscosity of the samples under constant shear rate: (A) WMS (5.0 wt.%) pasted for 6 min, 200 rpm; (B) WMS (5.0 wt.%) pasted for 40 min, 200 rpm; (C) WMS
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range; when the dispersions were more completely pasted, such a
property could be displayed at higher shear rates and wider shear
rate range.
The similar types of anti-thixotropic behavior were reported for
hydrophobically modified polyacrylamides aqueous solutions with
sodium dodecyl sulfate during the step shear rate experiments, and
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the viscosity increase over time was attributed to bridging of two
or more polymer chains (Gouveia et al., 2008). In this study, the
Table 2
Variation of G0 , G00 , and tan d with angular frequency for the samples determined at 25 �C.

Sample G0

K0 n0 R2

A 0.86 ± 0.04a 0.54 ± 0.02a 0.96
B 0.62 ± 0.02b 0.55 ± 0.03a 0.99
C 0.48 ± 0.01b 0.63 ± 0.02b 0.99
D 14.76 ± 0.16c 0.17 ± 0.01c 0.98

a (A) WMS (5.0 wt.%) pasted for 6 min, 200 rpm; (B) WMS (5.0 wt.%) pasted for 40 min
pasted for 40 min, 400 rpm.

b Assays were performed in triplicate at 1% strain. Mean ± standard deviation valu
significantly different (p 6 0.05).
anti-thixotropy of the WMS dispersion could be ascribed to the
interaction between the amylopectin molecules and formation of
the new structure, as indicated above.

For the dispersion D, the flow curves kept almost constant at all
the shear rates, proving that there was no change of the micro-
structure of the pastes during shearing, which was in accordance
with the Sections 3.1 and 3.2. Such results also suggested anti-
thixotropic behavior was unique to WMS dispersions in this study.
3.4. Effect of temperature on apparent viscosity

The activation energy (Ea), which was determined by an Arrhe-
nius model (Eq. (1)), is a parameter reflecting the sensitivity of the
apparent viscosity (ga) change due to the temperature change
(Blanshard, 1995; Rao, 1995). Starch-based products are generally
processed and stored in a wide temperature range, so the study of
the effects of temperature on the viscosity of starch dispersions is
very important (Kim & Yoo, 2009). Also, this study could help to
give a comprehensive understanding of the anti-thixotropy, which
was obviously affected by temperature.

The Ea values and the Arrhenius plots of the starch dispersions
are displayed in Fig. 4(a) and (b), respectively. From Fig. 4(a), when
the WMS pasted more completely, there will be a smaller temper-
ature dependence of the ga,10 indicated by lower Ea. The Ea value of
the dispersion B was smaller than that of the dispersion A, but the
difference was weak and not significant (p > 0.05, data not shown).
The Ea value of the dispersion C was significantly smaller than
those of the dispersions A and B, suggesting that the heat stability
of the WMS dispersions was improved after being subject to a
more complete pasting. As indicated in Table 1, the difference be-
tween the recovery values of the dispersion C at 25 �C and 50 �C
was relatively smaller than the corresponding values of the disper-
sions A and B, which might be ascribed to a better heat stability of
the dispersion C as indicated here.

It was also reported that a lower activation energy for flowing
indicated fewer inter- and intra-interactions between polysaccha-
ride chains at the concentration studied (Mohammadifar, Musavi,
Kiumarsi, & Williams, 2006), suggesting that the dispersion C,
which displayed anti-thixotropic behavior, had less interactions
between its molecules compared to the dispersions A and B. It
should be pointed out that the anti-thixotropic behavior of the
WMS dispersions was not directly relevant to the interaction level
between the amylopectin molecules, and only under appropriate
interaction level between the polysaccharide chains (i.e. at appro-
priate shear rates) could the WMS dispersion display the anti-
thixotropic property, as indicated in Section 3.3.

The Ea value of the dispersion D was smaller than that of the
dispersions A–C, as shown in Fig. 4, indicating that the dispersion
D had the best heat stability within all samples. Even with the
same pasting procedure, the viscosity value of the dispersion D
was obviously higher than that of the dispersion C (Fig. 4(b)),
a,b

G00

K00 n00 R2

2 0.77 ± 0.01a 0.48 ± 0.00a 0.985
0 0.67 ± 0.01b 0.52 ± 0.01b 0.999
7 0.67 ± 0.02b 0.53 ± 0.00b 1.000
5 3.03 ± 0.04c 0.41 ± 0.00c 0.995

, 200 rpm; (C) WMS (5.0 wt.%) pasted for 40 min, 400 rpm; and (D) NMS (5.0 wt.%)

es in the same column for each solution followed by different superscripts are



Fig. 6. Micrographs of the samples: (A) WMS (5.0 wt.%) pasted for 6 min, 200 rpm; (B) WMS (5.0 wt.%) pasted for 40 min, 200 rpm; (C) WMS (5.0 wt.%) pasted for 40 min,
400 rpm; and (D) NMS (5.0 wt.%) pasted for 40 min, 400 rpm.
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which should be ascribed to amylose molecules leached out from
the NMS granules during pasting. It is reported that amylose mol-
ecules in the continuous phase of normal starch dispersions have
the capacity to form a network stabilized by hydrogen bonds (Itur-
riage et al., 2006), as a result, the viscosity of the dispersion D was
higher than that of the dispersion C. At 5 �C, the amylose in the
continuous phase of the pastes formed the gel-type structures
quickly, making the viscosity of the dispersion D become relatively
higher.
3.5. Viscoelasticity and microscopy study of the starch dispersions

The rheological properties of starch dispersions were deter-
mined by its micro-structure, therefore, the viscoelasticity and
microscopy studies of the samples could provide useful informa-
tion about their rheological behaviors. The variation of G0, G00, and
tan d as a function of angular frequency (x) of the samples was gi-
ven in Fig. 5.

It can be seen from Fig. 5 that G0 curves of samples A–C de-
creased in sequence in relation to pasting extent of the WMS dis-
persions. As shown in Fig. 6, when the WMS dispersion was
pasted more completely, its granules dissolved more effectively
into the continuous phase, making the G0 value smaller at the same
angular frequency. Meanwhile, except for fluctuates at low fre-
quencies for the dispersion A, G00 curves of dispersion A–C nearly
overlapped with each other, indicating a very limited effect of past-
ing conditions on G00 for the WMS dispersions. The G0 and G00 curves
of the sample D were obviously higher than those of the WMS dis-
persions, which was ascribed to different micro-structures. As seen
in Fig. 6(D), the NMS granules dissolved almost completely into the
continuous phase. As indicated previously, amylose molecules lea-
ched out from granules during pasting have the capacity to form a
network stabilized by hydrogen bonds, which could determine the
formation of gel-type structures of the pastes upon cooling (Itur-
riage et al., 2006). During resting and testing at 25 �C, due to the
formation of the gel-type structures, the dispersion D had larger
G0 and G00. For the WMS which was amylose free, the continuous
phase is essentially amylopectin dissolved during swelling of the
granules (Rodríguez-Hernández et al., 2006). Therefore, the disper-
sions of WMS cannot form gels under normal conditions (Banks &
Greenwood, 1975). As a result of the different micro-structures of
the WMS and NMS dispersions, these starch dispersions showed
distinctly different rheological properties.

The dynamic rheological data of log (G0, G00) vs. log x were sub-
jected to linear regression, and Table 2 gives the magnitudes of
slopes (n0 and n00), intercepts (K0 and K00), and R2 in Eqs. (2) and
(3) (Özkan, Xin, & Chen, 2002):

G0 ¼ K 0xn0 ð2Þ
G00 ¼ K 00xn00 ð3Þ

From Table 2, K0 and K00 at a certain extent reflected the magni-
tudes of G0 and G00, respectively. The n0 value of the dispersion D
was much smaller than other samples, indicating a less susceptibil-
ity of G0 to the change of x. The differences of n00 between the sam-
ples were relatively limited, indicating a similar susceptibility of G00

with x for all samples. The tan d (G00/G0) values of the sample D in-
crease with the increasing of x, however, the opposite behavior
was observed for the samples A–C.

4. Conclusions

The WMS dispersions (5.0 wt.%) displayed both thixotropy and
anti-thixotropy in the loop and shear recovery tests depending on
the pasting conditions. When the WMS dispersions were pasted
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sufficiently, they showed anti-thixotropic behavior, which became
more significant at higher temperatures. The standard anti-thixot-
ropy test showed that the anti-thixotropy of WMS dispersions only
appeared at certain shear rates. When pasted more completely, the
anti-thixotropic behavior of the WMS dispersions was observed at
higher shear rates and wider shear rate range, furthermore they
displayed improved thermal stability. The viscoelasticity and
microstructural studies indicated that the micro-structures of the
WMS and NMS dispersions were different, which lead to different
rheological properties. The anti-thixotropy of the WMS dispersions
was ascribed to rearrangement of the amylopectin molecules un-
der appropriate shear rates. The NMS dispersion (5.0 wt.%) could
not display anti-thixotropy in this study, due to a different mi-
cro-structure formed by amylose in the continuous phase.
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