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Cetyltrimethylammonium bromide (CTAB) modified synthetic laponite is synthesized by an ion
exchange method and characterized by simultaneous small-angle X-ray scattering (SAXS) and wide
angle X-ray scattering (WAXS), field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), energy dispersive spectrometry (EDS), atomic force microscopy (AFM),
thermal analysis and rheometry. Through the formation of the organoclay, the properties of clay
change from hydrophilic to hydrophobic. Morphology results show that the hydrophilic particles are
aggregating easily, whereas the suitable CTAB modified laponite can get near monodispersed
nanoparticles due to its hydrophobic properties. It is proposed that CTAB is intercalated and adsorbed
onto the laponite partially depending on the substituted concentration of the surfactant cation
exchange capacity (CEC) (0.5CEC to 6CEC). The electrorheological (ER) effect is investigated for
suspensions of CTAB modified laponite dispersed in silicone oil. The two-dimensional SAXS images
from ER bundles of CTAB modified laponite exhibit markedly anisotropic SAXS patterns, giving
a measure for laponite particle alignment within the ER structure. An optimum electrorheological
effect can be attained at a particular CEC substituted concentration. On the basis of the structure
analysis and dielectric measurements, we attribute the enhancement of ER activity to the improvement
in the dielectric properties that showed an increase in the dielectric constant and the dielectric loss at
low frequency and their regular optimum change with CTAB modification.

1. Introduction
Smart structures and materials are a subset of functional structures and materials, with adaptability as their main characteristics. They can be defined as materials with an ability to respond
in a pre-designed useful and efficient manner to changes in
environmental conditions, including any changes in their own
condition. Transducers that have piezoelectric, pyroelectric,
electrostrictive, magnetostrictive, piezoresistive, electroactive, or
other sensing and actuating properties are good examples of
smart materials.1,2 Electrorheological fluids (ERFs) are a kind of
smart material consisting of suspensions of dielectric particles
dispersed in a nonconducting liquid. ERFs exhibit drastic
changes in their rheological properties, including a large
enhancement in apparent viscosity and yield stress under an
applied electric field. Application of an electric field can induce
polarization of the suspended particles and a chainlike structure
can be formed along the electric field direction in a few milliseconds.3–9 The transition to a solid-like state is due to chain
formation and the liquid-to-solid transition indicates that there is
an inner ordering of the ER constituents which leads to a change
in the rheological properties. This phenomenon is reversible
when the external electric field is removed. Because of their
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controllable viscosity and short response time, ER materials are
potential materials for use in active devices, brakes, clutches,
shock absorbers and actuators.10–18
The wettability of the particle with respect to silicone oil is very
important for enhancing the ER effect. Moreover, anti-electric
breakdown, stability and strong polarization are closely related to
the wettability of particles.19 Wen et al.20 demonstrated that the
particle wetting surface in a liquid could induce ER effects, and
they found that nanoparticles of barium titanyl oxalate coated
with urea suspended in hydrocarbon oil give no measurable ER
effect. Interestingly, by adding a small amount of oleic acid to the
hydrocarbon oil, Shen et al. achieved a high yield stress.20c The
addition of the surfactant changes the non-wetting particles into
wetting ones which induce the so-called giant electrorheological
(GER) effect. Fang et al.21 investigated theoretically the effects of
zero-field dispersity of colloidal particles, and particle wettability,
on the ER effect, and found that well dispersed particles resulting
from particle wettability have much stronger attraction than
those aggregated into different clusters. These authors found that
the surface tension between particles and oil can be greatly
reduced due to the mediating effect of the surfactant molecules,
thus allowing particles to disperse very well in zero field and then
form a better particle structure upon application of an electric
field. Bare laponite particles as described below are hydrophilic
and their wettability with silicone oil is poor. However, when
organic modified clay surfaces are formed, the wettability may be
transformed from non-wetting to wetting.
Clay minerals are layered silicates, whose primary particles are
platelet shaped. The ‘‘unit cell’’ structure of a single clay platelet
This journal is ª The Royal Society of Chemistry 2009

is made of tetrahedral sheets and octahedral sheets joined in
a face-to-face configuration in three dimensions.22–27 A 2:1 clay
mineral is classified as di-octahedral when two thirds of the
octahedral sites are occupied by cations in its unit cell. Laponite
is a synthetic nano-layered silicate and has the empirical chemical
formula Na0.7+[Si8Mg5.5Li0.3O20(OH)4]0.7, where Na is an
interlayer exchangeable cation. Laponite is a synthetic trioctahedral hectorite clay composed of two tetrahedral silica
sheets and a central octahedral magnesia sheet. The negative
surface of the laponite particle contains positively charged
sodium (Na+) ions. These can be shared by several laponite sheets
forming aggregates. Isomorphic substitutions of the divalent
magnesium atoms by monovalent lithium leads to the formation
of negative charges within the lattice, which is balanced by the
sodium ions located at the surface. Laponite is a synthetic
nanoclay, which consists of disc-like particles with a thickness of
1 nm and an average diameter of 30 nm. In contrast to pristine
mica-type silicates which contain alkali metal and alkali earth
charge-balancing cations, organically modified layered silicates
(OLS) contain alkylammonium or alkylphosphonium
cations.28,29 The presence of these organic modifiers in the
galleries renders the originally hydrophilic silicate surface organophilic. Depending on the functionality, packing density, and
length of the organic modifiers, the OLSs may be engineered to
optimize their compatibility with a given polymer.30–32 Depending on the packing density, temperature, and chain length, the
chains are thought to lie either parallel to the host layers forming
lateral mono- or bilayers or radiate away from the surface
forming extended (paraffin-type) mono- or bimolecular
arrangements.
In this study, we demonstrate the influence of intercalation and
adsorption on the wettability and electrorheological properties
of organic modified nanolayer laponite. Our CTAB-modified
laponite organoclays have been carefully characterized by atomic
force microscopy (AFM), field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM),
energy dispersive spectrometry (EDS), simultaneous small-angle
X-ray scattering (SAXS) and wide angle X-ray scattering
(WAXS), and thermal gravimetric analysis (TGA). Experimental
results confirmed that CTAB can be intercalated and adsorbed
onto the laponite depending on the concentration of the
surfactant. Surface modified laponite clay is lipophilic and thus
disperses much easier in oil in comparison to unmodified
laponite. An optimum electrorheological effect could be attained
due to the good wettability of CTAB modified laponite.

2. Materials and characterization
2.1.

Materials

The synthetic laponite clay was purchased from Laponite Inc. as
a fine white powder. Laponite is a trioctahedral clay with lithium
substituting for magnesium in the octahedral layers. Its cation
exchange capacity (CEC) is 47 mequiv/100 g. Its surface area
(BET) is 370 m2/g. The surface charge density of individual
discs is 0.4 e/unit cell, and the specific particle density is 2.65
g/cm3. The surfactant (cetyltrimethylammonium bromide,
[CH3(CH2)15]NBr(CH3)3, CTAB) used was of analytical grade.
A silicone oil (a Newtonian liquid) Dow Corning 200/100 Fluid
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(dielectric constant of 2.5, viscosity of 100 mPa$s and specific
density of 0.973 g/cm3 at 25  C) was used as a suspending liquid
because it is relatively non-polar and non-conductive, with a DC
conductivity of the order of magnitude of 1012 S/m.
2.2.

Preparation of the organoclay and its ER suspension

The synthesis of organoclay nanohybrids was undertaken by the
following procedure. In the present work, the stoichiometric
amount (based on the CEC) of cationic surfactant was added to
a solution of powdered clay. To 400mL of distilled water, 8.0 g of
laponite was added, and this solution was stirred and heated to
80  C. At the same time, a second solution of the stoichiometric
amount of CTAB and 100mL distilled water was prepared. Both
solutions were stirred for 10h. Finally, the surfactant solution
was added carefully to the hot clay solution forming flocs
immediately. Then the mixture was stirred at 80  C for 24h. The
stirring solution was covered and cooled to room temperature
overnight. The flocs were filtered, redispersed in 250 mL of water
for 2 h, and filtered again. This process was repeated four times
to remove any free surfactant and checked by an AgNO3 solution. The filtered treated clay was dried at 100  C in a vacuum
oven overnight, then crushed with a pestle and mortar, and
returned to the vacuum oven for 3 h at 100  C and kept in
a sealed container until use. The obtained cationic surfactantexchanged laponites were labelled as 0.5CEC-Lp, 1CEC-Lp,
2CEC-Lp, 4CEC-Lp, and 6CEC-Lp. In this research, xCEC
means x times the cation exchange capacity and how many
surfactants are used for the ion exchange method.
The ER suspensions of organoclay in silicone oil were
prepared by the following steps. 10 wt% of CTAB modified
laponite powder and silicone oil suspension were prepared. The
silicone oil was heated at 110  C for 24 h. The heated organoclay
powder and silicone oil were immediately mixed in glass tubes
which were then sealed and left to cool to room temperature. The
glass tubes were vigorously hand-shaken for 5 min and placed
in an ultrasonic bath for 1h and again vigorously shaken for 1h in
an orbital shaker before the rheology measurements.
2.3.

Characterization

Thermal gravimetric analysis (TGA) was performed on a TGA/
SDTA851e TGA instrument (Mettler Toledo As.) under N2 flow
(100 mL/min) with a heating rate of 10  C/min. Furnace
temperature and time were adjusted by using the software
STARe.
The X-ray scattering experiment was carried out at room
temperature using a sealed-tube CuKa source with a wavelength
of 1.5418Å utilizing NanoSTAR, a small-angle X-ray scattering
(SAXS) system, from Bruker AXS. It uses a two dimensional
detector and the size of collected beam is 0.4mm. The possibility
of different sample–detector distances make it possible to
perform both SAXS and WAXS experiments with the same
equipment. The sample-to-detector distance was calibrated using
a silver behenate standard, and the scattering data were averaged
over the whole detector. The SAXS experiments were performed
making the ER suspension in a custom-made scattering cell. The
scattering cell consists of an insulating plastic material, whose
top part was open, while both the (front and back) sides and the
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bottom part were closed by gluing a standard kapton film. Two
parallel and identical 1/2 mm thick copper electrodes separated
by a gap of 1 mm are inserted from the top of the sample cell. The
sample to be studied (<2 mL) is placed between the electrodes
from the top part. After application of an electric potential
difference (such as 2 kV) between the copper electrodes, the
organoclay particles are first observed to form chain-like structures parallel to the applied electric field. Small-angle scattering is
a useful tool to study disordered structures and porous media. In
a small angle X-ray scattering (SAXS) experiment, the dependence of the scattered intensity on the scattering angle 2q is
controlled by the size of the colloidal particles, their tendency to
aggregate, the porosity of the disperse system, the magnitude of
the specific surface area, and more generally, by the inhomogeneities characterizing the structure of the disperse system. The
scattered intensity I(q), as a function of the momentum scattering
vector q
q ¼ 4psin(2q/2)/l
where l is the wavelength of the incident beam and 2q is the
scattering angle, is proportional to the Fourier transform of
the geometric correlation function of the electron density. The
scattering vector q has the dimension of inverse length (i.e. Å1),
so that the length d in real space corresponding to a certain
q-value is given by:
d ¼ 2p/q
The AFM images were taken using a MultiMode Atomic
Force Microscope from Veeco Instruments, operating in normal
room air. Small samples originating from different CTAB
modified laponite solutions were deposited onto cleanly cleaved
mica surfaces. To prepare a sample, a freshly cleaved piece of
mica was fastened on top of a 1cm radius metal disk. Using
a micropipette, a 10 mL drop of the solution was placed on the
mica surface. The drop was dispersed over the available area, and
was then left to air dry for at least an hour, leaving dehydrated
assembled rough films covering the mica surface. These surfaces
were imaged using a DI AFM Multimode TM SPM with
a Nanoscope V controller and a J scanner in contact mode. Our
AFM images consist of the standard 512  512 pixels. The
images were corrected for scanning curvature instrumental artifacts using the DI Nanoscope software flattening procedure.
Electron micrographs were acquired using a field emission
scanning electron microscope (Zeiss Ultra, 55 Limited Edition,
accelerated voltage 15kV) and a TEM (JEOL JEM 2010, operated at 200 kV). For the TEM samples, a suspension of a small
amount of sample in ethanol was given an ultrasonic treatment
for 5 min and then dropped onto a copper grid. The scanning
microscope was equipped with an energy dispersive X-ray spectroscopic detector. Energy dispersive spectrometry (EDS)
patterns were obtained by a Link ISIS (Oxford Co., England),
using a SiLi detector. It was used to do elemental analyses
(starting with boron, since for elements of lower atomic weight
large errors are incurred).
The rheology of our organoclay suspensions was measured
under DC electric fields using a Physica MCR 300 Rotational
Rheometer equipped with a coaxial cylindrical cell Physica
CC27/ERD, specially designed for ER measurements. The cell
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has an outer cylinder diameter of 14.46 mm and an inner cylinder
diameter of 13.33 mm. The immersion length of the inner
cylinder is 40 mm, and the corresponding sample volume is 19.35
ml. Two grounding brushes connected to the internal cylinder’s
axis induce an artificial 1 Pa yield stress in all data, but this
value is negligible compared to all yield stress values addressed
here. All rheological measurements were carried out at constant
temperature (25  C). Four types of rheology tests were performed: controlled shear rate (CSR) tests for measuring shear
stress; two different methods for measuring the static yield stress
(controlled shear stress (CSS) and the so-called bifurcation
method); and finally oscillation tests were performed to determine the elastic properties.
 controlled shear rate (CSR): before reading the shear stress,
we initially applied the electric field to a suspension for 300s and
then sheared it from 0.01 to 1000s1.
 controlled shear stress (CSS): to determine the static yield
stress a linearly increasing shear stress (in steps of 2 Pa) was
imposed on suspensions after they had been subjected to the
external electric field for 300 s.
 bifurcation tests: firstly, the ER suspension were pre-sheared
at a constant shear rate g_ ¼100 s1 for 200 s, then the electric field
was applied and the suspension was sheared at a constant shear
stress for 300 s while observing the viscosity changes with time.
The sample was then poured back into its container and hand
shaken again before the test was repeated with a slightly higher
shear stress. This procedure was carried out until the yield point
was determined.
 oscillation experiments: a sinusoidal strain was applied to
the ER fluid by driving the cylindrical bob. The viscoelastic
parameter of the storage modulus was then measured at different
electric fields. Using the Physica universal measuring system and
US200 software, two different experiments were performed.
First, strain amplitude was swept from 0.001 to 100% at a fixed
driving frequency. Second, the driving frequency was swept from
0.001 to 100 Hz at a fixed strain 0.01.
Dielectric measurements. Because of the difficulty of directly
measuring the dielectric properties of the particles, we used
suspensions to carry out dielectric investigations. Having
considering the influence of the particles’ arrangement induced
by an external electric field on the dielectric properties, we kept
the ER suspensions in a random dispersal system whose structure
would not be disturbed by the bias field of 2 V/mm. The capacitance C and dielectric loss tangent (tand) of suspensions were
measured by an automatic Agilent 4263B LCR meter (Agilent
Technologies, Malaysia) with a 16089E test fixture at room
temperature and frequencies of 100Hz, 120Hz, 1kHz, 10kHz and
100kHz. The dielectric constant was derived from the measured
C according to the conventional relation 3 ¼ Cd/(30S), where 30 is
the dielectric constant of a vacuum, i.e., 8.85  1012 F m1, d is
the thickness of gap between electrodes, and S is the contact area
of the electrodes.

3. Results and discussion
3.1.

Thermal properties

The thermal decomposition temperatures and stability of the
CTAB modified laponite can be obtained by TGA/DTG.
This journal is ª The Royal Society of Chemistry 2009

Fig. 1 TGA curves (25–800  C) of laponite, CTAB and a series of CTAB
modified laponites.

Thermal gravimetrical analysis (TGA) indicates a mass loss of
below 4 wt% before 200  C for unmodified laponite, and this is
attributed to the loss of water from the sample. The second loss
of about 5wt% in the case of dehydroxylation occurred between
650–800  C (see Fig. 1 and 2). For CTAB, the complete
decomposition took place in the range of 200–400  C and the
maximum peak is at 270  C (see Fig.1 and Fig. S1†). For the
CTAB modified laponite, the weight loss at 800  C is increased
with the enhancement of CEC-relative CTAB substitution,
which means that the organic content in the organoclay is also
increased simultaneously. From room temperature to 800  C, the
complete weight losses for different CTAB modified laponites
0.5CEC-Lp, 1CEC-Lp, 2CEC-Lp, 4CEC-Lp, 6CEC-Lp are
17.2%, 22.9%, 32%, 45.1%, 57.1% respectively.
The differential thermogravimetric analysis (DTG) patterns of
laponite, CTAB and CTAB modified laponite are shown in Fig. 2
and Fig. S1.† The laponite shows two thermal decomposition
steps at 85 and 722  C, corresponding to the loss of adsorbed
water and the dehydroxylation of the clay. For the 4CEC-Lp
sample, four DTG peaks are observed at about 80, 243, 416 and
780  C, which are attributed to the loss of water, the combustion
and loss of the surfactant molecule adsorbed on the clay external
surface, the decomposition of the surfactant molecule

Fig. 2 DTG traces (25–800  C) of laponite and CTAB modified
laponites. The maxima are indicated.
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intercalated between the clay sheets and the dehydroxylation of
laponite respectively. DTG is particularly useful to judge the
state of intercalation or adsorption. For pure CTAB, complete
decomposition took place in the range of 200–400  C and the
maximum peak is at 270  C. For adsorption of CTAB on the
surface of laponite, the combustion and loss of the surfactant
molecule adsorbed on the clay external surface took place at
about 243  C. For intercalation of CTAB into the interlayer of
laponite, the decomposition of the surfactant molecule intercalated between the clay sheets took place at about 416  C. In the
intercalated condition, the CTAB molecules are bonded strongly
in the interlayer of the laponite and its decomposition temperature is higher than that of adsorbed CTAB. At low CEC
concentrations, such as 0.5 and 1CEC, only intercalated peaks
can be observed but not absorbed ones. The surfactant molecules
are not lost until 416  C compared with the loss of the pure
surfactant at 270  C which shows that the CTAB molecules are
bonded strongly in the interlayer of the laponite. With the
increase of CEC-relative CTAB substitution, the adsorbed peak
is apparent and its strength is also increased. Up to 6CEC, it is
much larger than the intercalated peak.
3.2.

SAXS/WAXS

Fig. 3 shows different two-dimensional SAXS diffractograms of
4CEC-Lp particles dispersed into silicone oil. Fig. 3(a) is
obtained from a suspension of 4CEC-Lp particles prior to the
application of a DC electric field. The particles are randomly
oriented in the suspension without the electric field, so the image
is isotropic and the intensity is also low due the low organoclay
concentration in the scattering volume. If the electric field
exceeds a certain threshold, the 4CEC-Lp particles attract each
other and assemble into chains and columns that are aligned
along the field direction. The chain or column structures are
formed under the combined effects of applied field and interparticle repulsions. In the presence of an electric field (Fig. 3(b–
d)), the pattern become anisotropic due to particle orientation in
the field. Furthermore, with the increase of electric field, the
anisotropic pattern is clearer and stronger. The anisotropic
strength of 4CEC-Lp particles is more evident than that of
0.5CEC-Lp particles (shown in Fig. S2†), which means that the
ER effect of 4CEC-Lp particles is more pronounced. Fig. 4
shows how the intensity of circular scattering rings such as those
presented in Fig. 3 and Fig. S2† evolves as a function of the
azimuthal angle F, between 0 and 360 . For E ¼ 0, the intensities
are independent of F and the two-dimensional scattering pattern

Fig. 3 The two-dimensional anisotropic SAXS scattering pattern
obtained from chains of 4CEC-Lp particles initially dispersed in silicone
oil, in the presence of a DC external electric field of magnitude equal to
(a) 0 kV/mm, no chain, isotropic scattering pattern; (b) 1 kV/mm, (c) 2kV/
mm, (d) 3kV/mm, strong chain, strong anisotropic scattering pattern.
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Fig. 4 Dependence of the intensity of circular scattering rings on the azimuthal angle F at the different electric field: (a) 4CEC-Lp; (b) 0.5CEC-Lp.

is isotropic. For E ¼ 1, 2, 3 kV/mm, respectively, the azimuthal
positions of the maxima along the plots in Fig. 4 demonstrate
that the preferred orientation of the organic modified laponite
nanoparticles is with the lamellar stacking plane parallel to the
direction of the electric field. The anisotropic maxima intensities
are also increased with the enhancement of electric field.
Laponite is a synthetic trioctahedral 2:1 layered silicate. In
aqueous solutions, water molecules are intercalated into the
interlamellar space of laponite, leading to an expansion of the
mineral due to the hydration of the metal ions. The ions can be
thus replaced by other cations by simple ion exchange
reactions. The wide angle X-ray diffraction (WAXS) patterns of
Na-laponite and a series of CTAB-exchanged laponites are
plotted in Fig. 5. A broad peak attributable to a low degree of
ordering is observed for pure laponite (d001 ¼ 12.5 Å, d ¼ 2p/q).
The diffraction peak was shifted to a lower angle after ion
exchange, indicating an increase of the interlayer distance of the
clay sheets of 2 Å for the different CTAB concentrations. Similar
variations of the basal spacing for different organic loadings are
observed (d001 ¼ 14.5 Å). The swell interlayer was attributed to
the formation of single-layer complexes, with the alkyl chains
being oriented parallel to the clay sheets. In the low scattering

Fig. 5 The WAXS data of laponite and CTAB-exchanged laponite
powders.
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vector range, the intensity of the curve is moved towards the pure
CTAB curve with the enhancement of CTAB concentration
which means that more CTAB is adsorbed on the surface of
laponite. The slope of 2 is typical for scattering from
a randomly particles.
3.3.

AFM, SEM, TEM study

The pure laponite particles, due to their hydrophilic properties,
easily aggregate and the aggregate size distribution is polydisperse, from hundreds of nanometers to near tens of micrometers (shown in Fig. 6a). At low concentrations of CTAB
substitution (0.5CEC or 1CEC), CTAB intercalates into the
laponite interlayer after the ion exchange reaction, which only
increases the hydrophobic properties of the laponite interlayer,
whereas the particle surface of laponite is still hydrophilic. This
can lead to the aggregation of 0.5CEC-Lp particles due to the
heat treatment during the synthesis, so the aggregate size distribution of intercalated sample 0.5CEC-Lp is also polydisperse
and can not be decreased compared with that of pure laponite
(shown in Fig. 6b). However at higher concentrations of CTAB
substitution (4CEC or 6CEC), the CTAB surfactant is not only
intercalated into the interlayer of laponite, but also adsorbed on
the surface of laponite stacks. So both the interlayer surface and
the particle surface of laponite are modified from hydrophilic to
hydrophobic. The hydrophobic tails of CTAB molecules adsorbed onto the surface of laponite can prevent the aggregation of
particles during heat treatment procedures. Through organic
modification at very high concentrations of CTAB substitution,
smaller aggregate sizes and narrow size distribution can be
obtained for the sample of 4CEC-Lp (shown as Fig. 6c and d).
The aggregate size of 4CEC-Lp particles is around 200–400nm.
SEM images of pure laponite (a), 0.5CEC-Lp (b) and 4CECLp (c) particles are shown in Fig. 7. From these images, we can
see that for the samples of pure laponite and 0.5CEC-Lp, their
aggregate sizes are very large and the aggregate size distribution
is polydisperse, from hundreds of nanometers to a few tens of
micrometers due to their surface hydrophilic properties.
However through organic modification at high concentration of
CTAB, smaller aggregate sizes and narrow size distribution can
This journal is ª The Royal Society of Chemistry 2009

Fig. 6 AFM deflection images for different samples: a) laponite; b) 0.5CEC-Lp; c) 4CEC-Lp. d) Section analysis of 4CEC-Lp particles: size distribution
200–400nm; scale 4  4 mm.

be obtained for the sample of 4CEC-Lp. From Fig. 7(c), smaller
particles (from 200nm to 400nm) with a narrow size distribution
can be found. Furthermore, typical transmission electron
microscopy (TEM) measurement was employed to demonstrate
the nanostructure of 4CEC-Lp particles. At low magnification
(Fig. 8a), dark particles around few hundreds nanometer can be
found. At high magnification (Fig. 8b), smaller size particles
(about 30nm) can be seen. Laponite, as a synthetic clay, consists
of disc-like particles with a thickness of 1 nm and an average
diameter of 30 nm. So in this case, single crystals of laponite are
observed in the sample of 4CEC-Lp and these single crystals
aggregate together to form the particles. The ions play an
important role in the ER effect. Ions not only can increase the
conductivity, but also can enhance the polarization ability of
particles. All these can enhance the ER effect effectively. Energy
dispersive spectroscopy (EDS) was employed to determine the
elemental compositions of different samples and the results are
shown in Fig. 9. From Fig. 9, we can see that for pure laponite,
Na, Mg, Si etc. elements are observed from the EDS pattern.
However, for 1CEC-Lp and 4CEC-Lp, C, Mg, Si etc. elements
are observed and elemental Na is not observed for these modified
samples. So this may mean that Na+ which originally existed in
the interlayer of laponite can be fully exchanged in the modified
laponite, both for 4CEC-Lp and for 1CEC-Lp.
3.4.

ER effect

Flow curves were measured using the CSR mode for CTAB
modified laponite ERFs under different electric field strengths, as
This journal is ª The Royal Society of Chemistry 2009

shown in Fig. 10. In the absence of an electric field, the ERF
behaves as a Newtonian fluid, whose shear stress increases linearly with shear rate. When a DC electric field is applied, as the
shear rate increases, the behaviour of shear stress only decreases
slightly even at very high shear rate and shows Bingham fluid
behaviour, which is the typical rheological characteristic of
ERFs.33–36 This behaviour is described by the Bingham fluid
model,
(
if s $ sy
s ¼ sy þ hg$
(1)
$
g ¼ 0 if s\s
y

Here, sy is the yield stress and is a function of an electric field
strength, s is the shear stress, g_ is the shear rate, and h is the shear
viscosity. From Fig. 10, we can see that the 4CEC-Lp suspension
(Fig. 10a) shows more pronounced ER properties than 0.5CECLp (Fig. 10b) in the same range of shear rate. The ER efficiency
((sE  s0)/s0, where s0 is the shear stress without electric field and
sE is the shear stress with electric field) is close to 150 and 29
(3.5kV/mm) at a shear rate of 10s1 for the 4CEC-Lp and
0.5CEC-Lp ER suspensions respectively. Under application of
a sufficiently large electric field, ER fluids show well-defined yield
stresses, beyond which they tend to be shear-thinning. At low
shear rate, the suspensions exhibit a dynamic yield stress that
increases with the electric field; the typical shear behaviour of an
ER fluid under these conditions is most often characterized as
a Bingham-like solid given by the expression (1). In Fig. 10d,
a simple Bingham model has been fitted to the data of 4CEC-Lp
ER fluid. The leaking current density for the 4CEC-Lp ER fluids
J. Mater. Chem., 2009, 19, 1816–1828 | 1821

Fig. 8 TEM images of 4CEC-Lp particles.

Fig. 7 SEM images of pure laponite (a), 0.5CEC-Lp (b) and 4CEC-Lp
(c) particles.

was measured at different electric field strengths (see Table 1).
The leaking currents are useful to judge the potential applications of ER fluids. Smaller leaking currents mean smaller energy
consumption and more safety for the application. It is known
that the rheological behaviour of an ER suspension is the result
of a change of fibrous-like structures. This structure change is
mainly dominated by the electric-field induced electrostatic
interaction and the shear-field-induced hydrodynamic force.
Large polarizability and sufficient polarization response of ER
particles are important to produce stronger and faster electrostatic interactions that can maintain structures and rheological
properties stable under shear flow. As we increase the shear rate,
the fibrillar structure of particles aligned in the applied electric
field direction is distorted and destroyed. However, the shear
stress remains approximately constant (plateau region) as the
shear rate is increased, where the electrostatic force still dominates to form the chain structure.37,38 The stable shear stress level
for the 4CEC-Lp organoclay ERF means that the electrostatic
interaction and the polarization response are still dominating
even if the shear rate is increased, and thus, particles make
fibrous structures fast enough to maintain the structure under
1822 | J. Mater. Chem., 2009, 19, 1816–1828

shear flow. In the present work, it can be seen that the ER effect
has a strong dependence on the CEC substitution, which is
associated closely with the state of intercalation and adsorption.
For the sample of 4CEC-Lp, CTAB surfactant is not only
intercalated into the interlayer of laponite, but also adsorbed on
the surface of laponite stacks. So both interlayer surface and
particle surface are modified. However for high CEC substitution, such as 5CEC-Lp and 6CEC-Lp, dissociative or separated
CTAB should appeared. So the ER effect of mixtures of laponite
and CTAB was investigated to reflect the influence of dissociative
or separated CTAB. Different mixtures of laponite and CTAB
(Weightlaponite:WeightCTAB adopted as 7:3, 8:2, 9:1) were
prepared and dispersed into silicone oil at a weight fraction of
10%. Fig.10 c shows the shear stress of mixtures of laponite and
CTAB (10wt% in silicone oil) ERF as a function of shear rate
under various electric fields. The ER efficiency (sE  s0)/s0 is
close to 50, 58, and 63 (3.5kV/mm) at a shear rate of 10s1 for the
mixtures of laponite and CTAB (7:3, 8:2, 9:1, respectively) ERFs.
These values are lower compared with that (150) of 4CEC-Lp
ERF. This means that dissociative or separated CTAB are not
beneficial for the enhancement of ER effect. In our samples,
suitable adsorption of CTAB on laponite surface may cause
strong surface polarization, which may increase the ER activity.
This result of mixtures of laponite and CTAB can further explain
that the ER effect has a strong dependence on the CEC substitution and why high CEC substitution (5CEC and 6CEC) can
decrease the ER effect. The Bingham fluid model has often been
used for the prediction of ER dynamic. The Bingham flow
exhibits a non-vanishing yield stress, which is defined as a stress
where the suspension behavior changes from solid-like to fluidlike at a zero shear rate limit. While the Bingham model clearly
captures an essential element of the ER dynamic, it fails to
account for the often-observed shear-thinning behavior and
This journal is ª The Royal Society of Chemistry 2009

Fig. 9 EDS patterns of 4CEC-Lp (a), 1CEC-Lp (b) and pure laponite (c)
particles.

other behavior like the decrease of shear stress in the low shear
rate region.39,40 Recently, the Cho–Choi–Jhon model was
proposed for the ER fluids especially useful in the low shear
rate.40,41
s¼

sy
1
þ hN ð1 þ
Þg_
_ a
1 þ ðt2 gÞ
_ b
ðt3 gÞ

(2)

Here, sy is the dynamic yield stress defined as the extrapolated
stress from low shear rate region, a is related to the decrease in
the stress, t2 and t3 are time constants, and hN is the viscosity at
a high shear rate and is interpreted as the viscosity in the absence
of an electric field. The exponent b has the range 0 < b < 1, since
ds/dg_ $ 0. The flow curves of the 0.5 and 1.0kV/mm, shown in
Fig. 10(c), have been fitted with the Cho–Choi–Jhon model, see
This journal is ª The Royal Society of Chemistry 2009

Fig. 10(e). The results show that this model is useful especially for
the decrease of shear stress in the low shear rate region and fits
the flow curves more accurately than the Bingham model.
Fig.11 shows the yield stress of 4CEC-Lp ERFs as a function
of electric field strength using the CSS mode. One of the most
common ways of measuring the yield stress of ER fluids is to
apply an increasing shear stress to the sample initially at rest, and
observe at which stress the fluid starts to flow. The maximum
stress that makes ER fluid start to flow is named yield stress. The
yield stress of 4CEC-Lp measured by the CSS mode is 375Pa at E
¼ 3.5kV/mm (10wt%) and its evident yield point is shown by
arrows.
Theoretically the yield stress is defined to be the stress at which
the fluid starts/stops flowing, i.e. where the viscosity changes
between being finite and infinite. To determine the yield stress
experimentally has proven to be very difficult. Different values
for the yield stress have been obtained depending on which
geometry and experimental procedure used. As well as the CSS
mode, the yield stress of the 4CEC-Lp suspensions under application of an electric field was also measured using the bifurcation
procedure described by Bonn et al., which may be considered as
a more precise method to determine the yield stress of ER
fluids.42–44 This method has given reproducible results for the
‘‘true’’ yield stress for different systems, e.g. gels and clay
suspensions. It also is a novel method for measuring yield stresses
of ER fluids. Each sample is first pre-sheared at a constant shear
rate g_ ¼ 100 s1 for 200 s, and this is done to makes sure that all
samples have the same initial condition (shear history). Then the
electric field was applied and the suspension was sheared at
a constant shear stress for 300 s while observing the viscosity
change with time. The viscosity of the sample either went directly
to high viscosity or toward a low constant viscosity, depending
on the magnitude of the applied shear stress. Since the electric
field was applied to the sample when it is sheared, chain- and
column-like particle structures are formed across the gap in the
cylinder. These structures have to be broken down in order for
the ER fluid to start flowing, so this procedure is somewhat
analogous to the static yield stress. For shear stresses smaller
than the yield point we can see a yield change in the viscosity over
time.
When we shear the sample at a constant low shear stress, the
viscosity immediately becomes high due to the formation of
column-like structures in the direction of the electric field. While
increasing the shear stress the gradual build-up in the viscosity to
high levels takes longer and longer. At a certain shear stress,
depending on the organoclay concentration in the sample and the
electric field strength, the viscosity does not increase during the
shearing. For shear stresses higher than the yield point we can see
a decrease in the viscosity over the time period. So a gradual
transition between the two states for stresses around a critical
shear stress is observed. Fig. 12 shows the viscosity as a function
of time for a 4CEC-Lp ER suspension of particle weight fraction
10% at E ¼ 1kV/mm sheared at different shear stresses. The
bifurcation in the rheological behaviour is evident. For shear
stresses slightly lower than the critical stress, the sample shows
a gradual build-up in the viscosity, suddenly going to high
viscosity. At applied shear stresses slightly above the critical
shear stress the viscosity is almost constant over the whole time
period. At an applied stress corresponding to 66Pa the viscosity
J. Mater. Chem., 2009, 19, 1816–1828 | 1823

Fig. 10 Shear stress of different CTAB modified laponite (10wt% in silicone oil) ERFs as a function of shear rate under various electric fields: a) 4CECLp, b) 0.5CEC-Lp. c) mixture of laponites and CTAB (Weightlaponite:WeightCTAB ¼ 7:3), d) Fitting of the data of Fig. 10(a) using the Bingham model
under different electric field strengths. The fully drawn line represents the fitting curves of the Bingham model. e) Fitting of the data of (c) using the
Bingham model (dashed line) and the Cho–Choi–Jhon model (solid line) under E ¼ 0.5 and 1.0kV/mm.

Table 1 The leaking currents of the 4CEC-Lp ER fluid under different
electric field strengths
Electric field strength (kV/mm)
Leaking current density (mA/cm2)

0.5
1

1
2
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2
4

3
10

3.5
18

does not diverge before about 150 seconds. At 67.5 Pa the
viscosity curve has completely changed its shape: instead of
increasing toward high viscosity it is almost constant or slightly
decreasing during the time of shearing. For this test, the critical
yield stress is precisely determined between 66 Pa and 67.5 Pa.
This bifurcation shear stress is taken to be the yield stress of the
This journal is ª The Royal Society of Chemistry 2009

Fig. 11 The yield stress of 4CEC-Lp ERFs as a function of the electric
field strength, the yield point is shown by arrows.

Fig. 12 Viscosity as a function of time for a 4CEC-Lp suspension of
particle weight fraction 10% under E ¼ 1 kV/mm.

sample and the value is also similar to that measured by the CSS
mode.
Fig.13 shows the yield stresses of different CTAB modified
laponite ERFs as a function of CEC value based on the CSS
mode. The inserts also indicate the schematic explanation for the
different intercalation and adsorption states of CTAB modified
laponites. It can be seen that the ER effect has a strong dependence on the CEC, which is associated closely with the state of
intercalation and adsorption. With the decrease of aggregate size,
the ER effect is increased: Smaller size can induce better ER
effect. The effect of the organo-modification is to increase the
platelet–platelet separation, decrease the interlayer attraction
and make the clay more compatible with the organic host (such
as polymer). Intercalation can change the hydrophilic environment of the clay interlayer. Furthermore, the adsorption of
surfactant on the surface of the clay nanolayer may increase the
hydrophobicity. The hydrophobic tail of the surfactant on the
surface of the laponite nanoplatelet can enhance the wettability
towards silicone oil and achieve good oleophilicity. However
more adsorption of CTAB surfactant on the clay surface can also
decrease the ER effect, so suitable organo-modification should
be chosen. Here we provide new evidence for the change of
This journal is ª The Royal Society of Chemistry 2009

Fig. 13 The yield stress of ERFs as a function of CEC value, the inserts
indicate the different intercalation and adsorption states of CTAB
modified laponites.

wettability. A liquid–liquid phase transfer can verify the change
of hydrophilicity of laponite to hydrophobicity of CTAB modified laponite (Fig. S3†). After phase transfer, a 4CEC-Lp organoclay/silicone oil suspension can be obtained from the upper
phase by separating the two phases successfully. Meanwhile pure
laponite aqueous solution is also used for phase transfer, but no
laponite particles can be transferred into the silicone oil. From
pure laponite to CTAB modified laponite the wettability of the
clay is changed from hydrophilic to hydrophobic, and only
CTAB modified laponite can be successfully transferred from the
aqueous phase to the organic phase (silicone oil) due to
the change of wettability. Pure laponite could not transfer from
the aqueous phase to the organic phase due to its hydrophilicity.
This new evidence can verify the change of hydrophilicity to
hydrophobicity. In recent research, a new type of ER fluid with
the giant electrorheological (GER) effect was discovered. The
GER fluids consist of coated nanoparticles (BaTiO(C2O4)2 +
NH2CONH2) suspended in silicone oil. In the core/shell structure, the urea coating serves as an ER promoter. Although the
dielectric constant of bulk urea is relatively small (about 3.5),
urea in the form of thin coatings has a significantly larger
dielectric response due to the existence of interfaces that cause
saturation surface polarization, which are responsible for the
observed GER effect.4,45,46 In our samples, suitable adsorption of
CTAB on laponite surface may also cause strong surface polarization, which may increase the ER activity, thus the effects of
enhanced yield stress that we observe (at 4CEC in Fig. 13) could
possibly be due to the same mechanism as is responsible for the
GER effect. The change of wettability reflects the surface properties of particles, the intrinsic reason for the enhancement of the
ER effect is associated with the dielectric properties.
Here, by investigating the dielectric properties of a series of
CTAB modified laponite ER suspensions, we find a significant
influence of CTAB modification on the dielectric properties of
laponite. These improvements in dielectric properties by modifying the internal structure of laponite were responsible for the
improvement of the ER properties. The dielectric properties,
such as dielectric constant (3), conductivity (s) and dielectric loss
(tand), play an important role for high performance ER materials. The dielectric constant is connected to the polar strength,
J. Mater. Chem., 2009, 19, 1816–1828 | 1825

Fig. 14 Dielectric constant and loss tangent of CTAB modified laponite
(10wt% in silicone oil) ERFs with different CEC substitutions at five
frequencies: 100Hz, 120Hz, 1kHz, 10kHz and 100kHz.

but dielectric loss and conductivity are associated with stability
of polar response and steady ER effects between particles. Fig. 14
shows the typical measured dielectric constant and loss tangent
of CTAB modified laponite (10wt% in silicone oil) ERFs with
different CEC substitutions at five frequencies: 100, 120, 1k, 10k
and 100kHz. It is found that the CTAB modification not only
increases dielectric loss but also increases dielectric constant at
low frequency. Interestingly, there is also a regular change in
dielectric constant and loss tangent with the change of CTAB
substitution compared with the rheological properties. The
dielectric constant and loss tangent initially increase with CTAB
substitution but decline when the CEC substitution is beyond
4CEC, at which point dissociative CTAB separation may appear.
According to the dielectric mismatch theory, the static force
between particles is in direct proportion to the dielectric
mismatch coefficient b (eqn. (3)):
b ¼ (3p  3f)/(3p + 23f)

(3)

where 3P and 3f are the bulk dielectric constants of the particles
and oil respectively. Therefore, a large b value is required to
enhance the mechanical strength of the ER fluid. The larger the
b value of the particles, the better the ER effect. A large increase
of 3 as the frequency decreases (D3 ¼ 3100  3100k) and
enhancement of dielectric loss are observed, which reflects that
CTAB modification increases the proportion of slow polarization, especially the interfacial polarization. This is expected to
induce strong ER activity according to the present ER
1826 | J. Mater. Chem., 2009, 19, 1816–1828

mechanisms. According to the widely accepted studies, not only
large polarization ability relating to high dielectric constant but
also good polarization response and stability relating to suitable
loss factor or loss tangent (tand > 0.1 at 103 Hz) or conductivity
(107–108 S/m) mainly dominate the high ER effect. Comparing
the dielectric properties with the rheological properties, we can
consider that the improvement of dielectric properties due to
CTAB modification is responsible for the enhancement of the ER
activity of laponite. Furthermore, recent studies have shown that
smaller size and narrow size distribution can increase the ER
effect markedly.20,46 For example, a comparison of the measured
yield stress for two samples consisting of two different particle
sizes was made. One example is BaTiO(C2O4)2 nanoparticles
(particle size around 50nm) suspended in silicone oil. Another
one is Rb-doped BaTiO(C2O4)2 nanoparticles (particle size
around 20nm) suspended in silicone oil. It is observed that the
Rb-doped nanoparticle ER fluids exhibit very strong yield
stress—up to 250 kPa at 5 kV/mm compared with 120kPa at 5
kV/mm for pure BaTiO(C2O4)2 nanoparticle ERFs. Thus particles about 1/2 the size led to a doubling of the maximum
attainable yield stress.2,20,45 Similarly, for series modified titanium oxide nanoparticles, it was also found that the smaller
particle size can lead to an improved wettability and higher ER
activity. However for both of these samples, the change of yield
stress can be attributed to the improvement in the dielectric
properties.47 In this study, the change of yield stress can be
attributed to the improvement in the dielectric properties that
showed an increase in the dielectric constant and the dielectric
loss at low frequency and their regular optimum change with
CTAB modification. Only when organic modification or the
change of the particle size distribution can enhance the dielectric
properties of particles, can the ER effect (include yield stress) be
increased. When organic modification or the change of the
particle size distribution decrease the dielectric properties of
particles, the ER effect (include yield stress) should be decreased.
For example, at high concentration of CTAB substitution (5CEC
or 6CEC), smaller aggregate sizes and narrow size distribution of
particles can also be obtained, however the yield stress is
decreased compared with that of 4CEC-Lp ER fluid. This is
caused by the decrease of dielectric properties of 6CEC-Lp ER
fluid compared with those of 4CEC-Lp ER fluid, so suitable
organo-modification should be chosen. The particle size distribution effect on the variance of yield stress only happens when
the dielectric properties of particles can be varied by the change
of particle size distribution.
Dynamic oscillation tests were used to study the viscoelastic
properties of organic modified laponite based ER suspensions
under various electric fields. Fig. 15a shows a log-log plot of the
storage modulus G0 for the 4CEC-Lp particle based ER fluid as
a function of strain g at a fixed angular frequency u ¼ 10 rad/s
under various electric fields. It is seen that G0 increases with the
electric field and the linear viscoelastic region becomes wider
because the chain structure formed in the ER fluid becomes
stronger to sustain larger strains. As the strain is increased, the
deformation starts to break the chain and G0 decreases rapidly.
Fig. 15b shows a log-log plot of storage modulus G0 for the
4CEC-Lp particle based ER fluids as a function of frequency
with a fixed strain of 0.01 in the linear viscoelastic region. The
storage modulus was slightly increased as the frequency was
This journal is ª The Royal Society of Chemistry 2009

Fig. 15 a) Strain amplitude versus dynamic moduli at a fixed angular frequency u ¼ 10 rad/s under various electric field strengths; b) frequency f versus
dynamic moduli under different electric field using a strain of 0.01.

increased up to 100 Hz. The linear viscoelastic region shows
a wider region and higher G0 with induced high electric field
strength. This phenomenon was also observed in cross-linked
rubbers and other ER systems.37 The inter-particle interactions
due to polarization contribute to the enhancement of the
dynamic modulus and the steady shear viscosity to a great extent.
The polarization forces between the particles increase with
increasing electric field strength resulting from increasing particle
chain length and magnitude of G0 .

suspensions of 6CEC-Lp, 4CEC-Lp, 0.5CEC-Lp, and pure
laponite, which were deposited for a month. The results show
that the antisedimentation of 6CEC-Lp or 4CEC-Lp is better
than those of 0.5CEC-Lp or pure laponite. Furthermore, ER
suspensions of the former also easily adhered to the bottle wall
unlike the latter. Due to the change of wettability, surface
modified laponite clay is lipophilic and thus disperses much
easier in oil than pure laponite.

4. Conclusions
3.5.

The sedimentation properties of ER suspensions

One of the greatest challenges for applications of ER fluids is the
problem of particle sedimentation. The sedimentation properties
of ER materials are the main criterion used to evaluate whether
the materials can be commercialized or not, because the properties of ERF will weaken rapidly along with the sedimentation
of the particle phase. The general methods to enhance the antisedimentation of ERFs include controlling the size of particles
(nanoparticles, nanorods, nanofibers, nanotubes etc.), preparing
hollow or porous particles, changing the match of density
between particles and oil, adding surfactant etc. Fig. 16 show ER

A seriaes of CTAB modified nanolayer laponite samples have
been synthesized by an ion exchange method. The resulting
materials show different structures and surface properties
compared to pure laponite. Through suitable organo-modification, near monodisperse organic modified laponite can be made
and characterized via AFM and SEM measurements. WAXS and
TGA results show that CTAB can be intercalated and adsorbed
onto the laponite interlayer or surface depending on the
concentration of the surfactant. Two-dimensional SAXS images
from bundles of 4CEC-Lp ER sample exhibit a clear anisotropy.
The modified laponite ER fluids exhibit improved sedimentation
properties. Furthermore, one application of such systems of
functionalized laponite particles could be in guided self-assembly
or orientation of nanoparticles in composite materials, especially
for hydrophobic polymer matrices.
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