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In this study, an electrorheological (ER) effect of the suspensions containing both native starch (S) and
modified starch (MS) particles in corn oil (CO) under various externally applied electric field strengths
(E) are reported. To prepare an ER active material, biodegradable starch was partially hydrolyzed and con-
verted to its Li-salt. Both biopolymers (S and MS) were characterized by FT-IR, 1H and 13C NMR, SEM,
energy dispersive spectroscopy (EDS), TGA and conductivity measurements. Suspensions of S and MS par-
ticles were prepared in CO at concentrations ranging from 5% to 40% by mass. Effects of various param-
eters such as sedimentation stability, particle size, dispersed particle concentration, electric field
strength, shear rate, frequency and temperature onto ER activity of suspensions were investigated. Fur-
ther, creep behaviors of S/CO and MS/CO suspensions were also investigated.

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

Starch is the only qualitatively important digestible polysaccha-
ride and has been regarded as nutritionally superior to low molec-
ular weight carbohydrate or sugars. The modern food processing
industries are increasingly dependent on the use of both native
and modified starches (and gums as well) for manufacture of var-
ious fabricated food products. Clarity varies considerably with the
sources of starch and can be altered by chemical modification. A
number of modifications/derivatizations via chemical treatments
are reported in the literature for various purposes (Ogungbenle,
2007).

Rheological properties of ER fluids can be dramatically changed
by an externally imposed electric field (E). Commonly, they are
composed of a suspension of polarizable solid particles dispersed
in an insulating liquid. When an E is imposed, the rheological prop-
erties of the fluid vary, showing a characteristic fibrillation; the
strings of the particles are oriented along the direction of E. This
structure is known to be induced by a mismatch of the dielectric
constants of the suspended particles and the insulating oil (Partha-
sarathy & Klingenberg, 1996). Furthermore, this may not be the
only mechanism, and the ER phenomenon can also be explained
by the conductivity model (Gonon, Foulc, & Atten, 2001). The ER
fluids can solidify in the order of milliseconds, and can also fluidize
ll rights reserved.
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under applied deformation which destroys the chain structure
formed by the electric field induced particles. Because of the con-
trollable rheological properties, ER fluids can potentially be used
as a smart material for active devices including actuators, torque
transducers and dampers (Shimada, Nishida, & Fujita, 2001), which
transform electrical energy to mechanical energy (Kim, Cho, Choi,
Lee, & Choi, 2002).

ER fluids are divided into two categories: one is called dry-base
ER system (or anhydrous, which shows ER activity without adding
any polar promoter) (An, Liu, & Shaw, 2002); the other one is called
wet-base ER systems (or hydrous, which needs a polar promoter to
be added to show ER activity) (Okamura et al., 2002). Anhydrous
ER systems have attracted more attention due to their physico-
chemical characteristics as compared to the hydrous systems.
Many semiconducting polymers, (Hao, Xu, & Xu, 1997) biopoly-
mers and polymer/clay nanocomposites (Kim, Choi, & Jhon, 2000;
Kim, Noh, Choi, Lee, & Jhon, 2000) are known as dry-base smart
ER materials when dispersed in insulating oil. Due to the impor-
tance of biopolymers in ER applications, modified cellulose and
chitosan have also been examined as anhydrous ER materials
(Hong, Sung, & Choi, 2009; Park, Sung, Kim, Choi, & Jhon, 2004).

In fact, the high performance ER materials are closely related to
their molecular structures. With the development of ER materials,
it is clear that those materials possess either branched polar groups
such as amine (–NH2), hydroxyl (–OH), and carboxyl (–COOH) or
semiconducting repeated units. The polar groups may affect the
ER behavior by playing the role of an electronic donor under the
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imposed E. (Kim, Kim, Jang, Choi, & Jhon, 2001). Therefore, the
chemical structure of the materials is a primary factor in ER perfor-
mance. (Gao & Zhao, 2004).

In this study, we have investigated the ER properties of biode-
gradable native starch and modified starch. Before the ER measure-
ments to be carried out, particle sizes, conductivities and
sedimentation stabilities of the suspensions were determined.
Both materials were characterized by a set of techniques namely:
FT-IR, 1H NMR, 13C NMR, TGA, SEM and EDS. The effects of dis-
persed particle concentration, electric field strength, shear rate,
frequency and temperature onto ER performance of the materials
were searched. Creep behaviors of the suspensions were
investigated.
2. Experimental

2.1. Materials

All the chemicals used were Aldrich products with analytical
grade and used as received. The host oil employed was food-grade
corn oil produced by Luna and had the following physical proper-
ties at 25 �C: density (q) = 0.936 g/cm3, viscosity (g) = 45 mPa s,
dielectric constant (e = 3.34 and conductivity (r = 4 � 10�11 S/m.
The starch (S) was (used as dispersed phase) produced by Acros
Organics products.
2.2. Modification of the starch

Suspensions of the air-dried corn starch (50 g) in distilled water
(500 mL) were supplemented with ammonium vanadate
(NH4VO3). A marine blue color was appeared. The pH of each sus-
pension was adjusted to 9.0 by adding 10% NaOH(aq). Each suspen-
sion was continuously stirred for 48 h at a constant temperature of
35–40 �C, under atmospheric conditions. After the reaction was
completed, its color turned to yellowish. The reaction mixture
was filtered through a sintered glass and the filtrate washed with
cold water to remove any impurities present. The products were
dried in desiccators over molecular sieves. The dried products were
dispersed in 0.1 M LiOH(aq) and the Li-salt of partially modified
starch (MS) was obtained. The final product was also dried under
NH4VO3/H2O
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Scheme 1. The modification reaction mechanism of native s
the same conditions. The modification reaction mechanism of the
native starch is given in Scheme 1.

2.3. Characterization

Both native (S) and modified starches (MS) were subjected to
the following characterizations before ER measurements to be car-
ried out:

The particles of S and MS were mixed with dried KBr and then
turned into pellets for FT-IR analysis (Mattson Model 1000 instru-
ment, UK).

Thermal analysis data of particles were obtained using a Seta-
ram 8ET8 V8 Evolution 1760 model thermogravimetric analyzer
(TGA) in the presence of nitrogen atmosphere up to 600 �C, at a
heating rate of 10 �C/min.

The 1H and 13C NMR spectra were obtained in DMSO-d6 and
CDCl3 at ambient temperature using a 400 MHz Bruker DPX Avo-
nce NMR Spectrometer at the Ankara Test and Analysis Laboratory
(ATAL) of Scientific and Technical Research Council of Turkey
(TUBITAK).

The energy positions of O and C in S and MS were determined
by X-ray energy dispersion analysis (EDS). These samples were
scanned by scanning electron microscope (SEM) with an extra of
EDS analyzer (Jeol JSM-6360 LV, Japan).

Particle sizes of the samples were determined using a Malvern
Mastersizer E, version 1.2b particle size analyzer (UK). The particle
sizes for S and MS were determined via Fraunhofer diffraction the-
ory by the Malvern Software computer as 16.26 and 19.29 lm,
respectively.

Conductivity measurements were carried out using a Four-
Probe technique.

2.4. Preparation of suspensions

Suspensions of S and MS particles were prepared in corn oil at a
series of concentration (c = 5–40%, m/m), by dispersing definite
amount of dispersed phase in calculated amount of continuous
phase according to formula:

ðm=m; %Þ ¼ mdispersed phase

mdispersed phase þmoil
� 100 ð1Þ
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tarch. [k = (m + n); m = % 92.5 n = % 7.5 from NMR data].



320 M. Yavuz et al. / Carbohydrate Polymers 79 (2010) 318–324
2.5. The Electrorheological measurements

The ER fluids were prepared by dispersing S and MS particles in
CO. Concentration of these fluids were changed from 5% to 40% (m/
m). Rheological properties of the suspension were investigated in a
DC field using a Termo-Haake RS600 parallel plate electro-rheom-
eter (Germany). The gap between the parallel plates was 1.0 mm
and the diameters of the upper and lower plates were 35 mm. All
the experiments were carried out at a controlled rate (CR) mode
[except for the shear modulus (G0) versus frequency (f) graph,
which is carried out at controlled stress (CS) mode] and at various
temperatures (25–80 �C, with 5 �C increments.). The voltage used
in these experiments was also supplied by a 0–12.5 kV (with
0.5 kV increments) dc electric field generator (Fug Electronics,
HCl 14, Germany), which enabled resistivity to be created during
the experiments.
3. Results and discussions

3.1. Characterizations

Modified starch was successfully prepared from native starch.
In FT-IR spectra of S, the following absorptions were observed:
O–H stretching at 3330 cm�1, aliphatic C–H stretching at
2980 cm�1, aliphatic C–H bending at 1460 cm�1, C–H bending at
1170 cm�1 and C–O–C symmetric bending at 1025 cm�1. MS was
also giver an FT-IR spectrum similar to that of S, with an additional
absorption at 1710 cm�1 corresponding to C@O stretching, indicat-
ing successful conversion of some of the –OH units of native starch
to –COOH units (Fig. 1).

1H NMR spectra of S and MS gave the expected distinctive
chemical shifts. The signals at 3.35, 3.57, 3.65 and 4.58 ppm were
successfully ascribed to the ring protons of H2, H4, H3 and H5,
respectively, of the both S and MS. The integral ratio of the new
peak appearing at 4.37 ppm of MS shown that the S was success-
fully partially hydrolyzed at a degree of 7.5%, which was aimed
to be 8% for ER purposes.

The native starch gave expected distinctive peaks at 13C NMR.
The MS was shown similar 13C spectrum to that of the S. This indi-
cates that the modification did not have an effect on the molecular
Fig. 1. FT-IR spectra of (a) sta
packing of the double helices in the crystalline regions of S. Beside,
the intensity of the peak belonging to C6 primary –OH group
appearing at 59 ppm was gradually decreased and a new peak ap-
peared at 176.12 ppm corresponding to carbonyl carbons in ester
groups, which is another proof of the successful modification.

EDS analysis evaluates the extent of ionic types (Mi, Sung, Su, &
Peng, 2003). The study of EDS analysis reveals that (Fig. 2) reac-
tions of modification were completed positively. EDS image of S
(Fig. 2a) was shown the energy profiles corresponding to O and C
atoms present in the molecular structure. On the other hand, EDS
image of MS (Fig. 2b) was shown extra Li peak beside O and C
atoms, indicating that partially conversion to lithium-salt was
successful.

When the TGA curves of S and MS samples were examined
(Fig. 3); removal of adsorbed H2O was detected at 60–110 �C.
Two-step degradation temperature (250 �C) was observed to be
the same for both S and MS (Vijaya, Popuri, Boddu, & Krishnaiah,
2008). The sum of TGA data for the both samples is tabulated in Ta-
ble 1. The first degradation peaks corresponds to the removal of
ions present in the structure. However, the maximum temperature
of degradation of MS (268 �C) was lower than that of S (350 �C).
The second degradation peaks corresponds to the degradation of
polymeric chains of S. Second decomposition temperature of S is
bigger than that of MS. MS leaves more residue than S (12%), which
is an indication of more thermal stability for MS. This is due to the
high bonding energy of carbonyl group. From TGA analysis, it was
concluded that, MS is thermally more stable than S.
3.2. Electrorheology

3.2.1. Sedimentation stability
Despite the recent activities surrounding ER fluids and ER effect,

little efforts have focused on the colloidal stability of these suspen-
sions. When the density of particles is not the same as that of med-
ium, the particles with micron size settle down according to Stoke’s
law (Uemura, Minagava, Takimato, & Koyama, 1995). In order to
solve the traditional problem of particle sedimentation, several
workers have developed different solutions (Rejon, Ramirez, Paz,
Goycoolea, & Valdez, 2002). S/CO and MS/CO suspensions exhibited
the same amount of colloidal stability against sedimentation, with
rch (b) modified starch.



Fig. 2. EDS analysis of energy positions (a) starch (b) modified starch.

Table 1
TGA analysis results of starch and modified starch.

Sample Ti (�C) Tmax (�C) Tf (�C) 600 �C residue (%)

Starch 250 350 450 0
450 483 515

Modified starch 250 268 285 12
400 468 535
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the sedimentation ratio of 56% at the end of 30 days. This may be
attributed to the small hydrolysis ratio of the S.
Fig. 4. The change in viscosity with concentration, T = 20 �C and E = 2 kV/mm.

3.2.2. Effect of dispersed particle concentration

Effect of dispersed particle concentration on viscosity of S/CO
and MS/CO suspensions was investigated using five different con-
centrations (5–40%) and results obtained are shown in Fig. 4. Sus-
pension concentration exerts principle effect on the ER activity.
The viscosities of both S and MS were shown increase with rising
particle concentration up to c = 30 (%, m/m) and then leveled off.
The maximum electric field induced viscosities (gE) of S and MS
were observed to be 1976 and 3170 Pa s, respectively under
E = 2 kV/mm and shown a typical strong ER effect. The increase
in ER activity may be attributed to the polarization forces acting
between suspended particles of S and MS. In dilute suspensions,
according to the Lennard-Johns potential energy diagram, due to
the large distance between dispersed particles, the magnitude of
this polarization force (F) in the direction of the applied electric
field (E) decreases according to the formula (Wu & Shen, 1996):
Fig. 3. TGA of (a) starch
F ¼ 6e2r6E2=e4 ð2Þ

where e2 is the dielectric constant of the particle, q is the distance
between particles, and r is the radius of the particle.

The effect of particle concentration of polyaniline/silicone oil
suspensions was investigated by Lengalova and co-workers (Len-
galova et al., 2003) using suspensions of varying concentrations
from 5% to 25% at 20, 40 and 60 �C. The gE of the suspensions in
all three temperatures was reported to increase up to 15% concen-
tration and then leveled off.

3.2.3. Effect of electric field strength
An ER fluid forms chain-like structure under a high E, and elec-

trostatic forces become active due to polarization of particles. At
(b) modified starch.



Fig. 6. The change of viscosity and shear stress with shear rate, T = 20 �C, c = 30% m/
m, E = 0 and 2 kV/mm.
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the same time, also other forces begin to occur in the ER fluid such
as: hydrodynamic forces of particles in mobile phase, Brownian
motions (providing thermal mobility in suspensions), instanta-
neous electrostatic repulsive forces or steric interactions, adhesive
forces of water or surfactant, van der Waals attractive and electro-
static repulsive forces. Structure of ER suspensions and degree of
ER activities both depend on the competition between all of these
forces (Winslow, 1953).

Effect of electric field strength (E) on viscosity (gE) for S and MS is
examined in Fig. 5. Both for S and MS linear increases in gE were ob-
served. The maximum gE values for S and MS were determined to
be 2.4 and 6.0 kPa s, respectively, which correspond to 2.5 times in-
crease in gE in MS after Li-salt formation. Under applied E, the magni-
tude of the polarization forces between particles increases, and in
turn, the particles rapidly aggregate into the chain formation perpen-
dicular to the electrodes, hence resulting in improvement of the gE.

Choi and co-workers stated that the viscosity of polyaniline/sil-
icon oil suspensions increases with increasing E linearly (Choi, Kim,
Cho, Kim, & Jhon, 1997). Similar trend was reported for the study of
CaCO3/silicon oil system by Yilmaz and co-workers (Yilmaz, Unal,
& Yavuz, 2005).

Shear stress is one of the critical design parameter in ER phe-
nomenon and has attracted considerable attention both theoreti-
cally and experimentally. Fig. 5 also shows the changes in the
shear stress (s) of S/CO and MS/CO suspensions under various E
values. Increase in E causes increase in s. This is due to the forma-
tion of chain-like structure caused by the polarized particles in sus-
pensions under E (Choi, Park, & Lee, 2002).

Although a linear change of s with E2 is reported in the litera-
ture by some researchers (Conrad & Chen, 1970), such a behavior
was not observed for both S/CO and MS/CO suspensions. Similar
behavior to S/CO and MS/CO suspensions was also reported for
other suspension systems including potato starch phosphate (Park
et al., 2004) and cyclodextrin–epichlorohydrin–starch polymer
suspensions (Gao & Zhao, 2004).
3.2.4. Effect of shear rate on viscosity and shear stress
Change in the viscosity of S/CO and MS/CO suspensions with

shear rate ( _c) is shown in Fig. 6. As is evident, the viscosity of S/
CO and MS/CO suspensions decreases sharply with increasing _c
and giving a typical curve of shear thinning non-Newtonian visco-
elastic behavior under E = 0 and E = 2 kV/mm conditions (Ling &
Keqin, 2006; Lengalova et al., 2003).
Fig. 5. The change of viscosity and shear stress with electric field strength, T = 20 �C,
c = 30% m/m, _c = 0.2 s�1.
Change of s with _c is also shown in Fig. 6. Shear stress of S/CO
and MS/CO suspensions observed to increase with increasing _c be-
tween _c = 0.01–20.0 s�1; and the s values of S increased from
158 Pa (E = 0 kV/mm) to 200 Pa (E = 2.0 kV/mm) and s values of
MS increased from 224 Pa (E = 0 kV/mm) to 300 Pa (E = 2.0 kV/
mm). Effect of E on s for the both materials is clearly seen. Both
S and MS were shown a Newtonian flow behavior in the absence
of E (E = 0 kV/mm). But, Bingham plastic behavior was observed
under E = 2 kV/mm condition with yield stresses (sy) of 15 and
22 Pa for S and MS, respectively. This is caused by the role of elec-
tric field induced polarization forces, which is a typical rheological
characteristic of ER fluids under the influence of external E (Ko,
Sung, & Choi, 2007).
3.2.5. Effect of temperature
The temperature dependence of the shear stress is shown in

Fig. 7. The results were investigated at temperatures between 25
and 80 �C. It was observed that, for S/CO system, s decreased with
increasing T and a shear stress loss of Ds = 118 Pa was measured.

An interesting curve was obtained for MS/CO suspension, show-
ing a decrease in s up to T = 50 �C, then gave an increase with rising
T. This may be attributed to the loss of moisture in the MS/CO sus-
pension and the increased kinetic energy of Li+ ions inserted into
the structure of S with the modification process, which gave rise
to increased mobility and polarizability of the suspended starch–
Li particles.
Fig. 7. Effect of temperature on the shear stress for starch and modified starch
suspension, c = 30% m/m, _c = 0.2 s–1, E = 2.0 kV/mm.



Fig. 9. Creep behavior of S and MS. T = 20 �C, c = 30% m/m, E = 2 kV/mm.
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Generally, the temperature has two effects on the ER fluids: one
is on the polarization forces and the other is on the Brownian mo-
tion. The increase of temperature results both in activation energy
decrease of polarization of suspended particles, and on the polariz-
ability of particles; which results in a decrease in shear stress. On
the other hand, the Brownian motion does not contribute to chain
formation of suspended particles. Both shear stress increases (Lu &
Zhao, 2002) and shear stress decreases (Unal et al., 2006) and (Liu
& Shaw, 2001) were reported in the literature, depending on the ER
system studied.

3.2.6. Effect of frequency
The effect of frequency (f) on the shear modulus (G0) for S/CO

and MS/CO suspension is shown Fig. 8. Up to f = 50 Hz, viscoelastic
properties of both S and MS were not much changed. After
f = 50 Hz, a sharp increase was observed for each sample as a typ-
ical characteristic of a viscoelastic material, which indicates a
vibration damping property. The increase in G0 with increasing
external f was also reported in the literature (Hiamtup, Sirivat, &
Jameison, 2006; Kim et al., 2001).

3.2.7. The creep behavior
During the creep experiment, a constant stress (s = 10 Pa) was

applied instantaneously (for 10 s) to S/CO and MS/CO suspensions
at constant conditions and change in the strain (c) was measured
over a period of time (Fig. 9). It was observed that c increases con-
tinuously with time; and when the applied stress was removed,
the time-dependent deformation was recovered. The creep curve
comprises three parts: the instantaneous strain, the retardation
strain, and the viscous strain. Also, the samples show an instanta-
neous elastic recovery, followed by a recovery process when the
applied stress is removed. It is apparent that at this stress level,
the sample is in non-linear viscoelastic regime. The suspensions
were instantaneously deformed under applied stress and then, this
strain was recovered after the removal of the stress. The energy
used for chain stretching is stored. On the other hand, non-linear
viscoelastic recovery was obtained for both S/CO and MS/CO sys-
tems when the applied stress was removed. For the materials stud-
ied in this work, % recoverable strain data are 53.97% and 72.4% for
S/CO and MS/CO, respectively which was calculated from the rela-
tion (Cho et al., 2004),

%recoverable strain ¼
ci � cf

ci
� 100 ð3Þ

where ci is the total strain acquired before removing the applied
stress and cf is the average steady state strain after removing the
Fig. 8. The change of G0 with frequency, c = 30% m/m, T = 20 �C, c = 10 Pa, E = 2 kV/
mm.
applied stress. As expected, % recoverable strain of MS was bigger
than S. The increase of recoverable strain from 53.97% (S/CO) to
72.4% (MS/CO) indicates that, after modification S became more
ER active under E.
4. Conclusions

In present study we have shown that the native starch can suc-
cessfully be partially modified and converted to ER active Li-salt.

The results shown that, S/CO and MS/CO suspensions exhibited
ER behavior under electric field strength. The conductivities of S
(10�9 S/m) and MS (10�5 S/m) were in the range of ER active mate-
rials. Sedimentation stabilities of S/CO and MS/CO suspensions
were found to be 56% and suitable for potential industrial applica-
tions. Optimum particle concentration of the both suspensions was
determined to be 30% by mass. The shear stresses of the both mate-
rials were shown a linear increase with increasing E. S/CO and MS/
CO suspensions showed Newtonian behavior when E = 0 kV and
Bingham behavior when E – 0 kV. The viscosities of S/CO and
MS/CO suspensions decreased with increasing shear rate and given
a typical of viscoelastic behavior by means of shear thinning. Elec-
tric field induced viscosities of the both materials were observed to
increase linearly. Temperature was observed to be effective on the
both materials and caused shear stress losses on S and shear stress
increase on MS, especially at elevated temperatures. Our results re-
vealed that, wet-base ER active S/CO suspension system become
dry-base ER active after the modification, and shown 3 times stron-
ger ER strength; which is extremely important from industrial
point of view.
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