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Abstract. This report focuses on both the characterization of organically modified fluorohectorite (Fh)
clay particles and their electric-field–induced alignment when suspended in a non-polar liquid (silicone
oil). Thermal decomposition temperatures of the surfactant molecules adsorbed on the clay surfaces and
those being intercalated between clay crystalline layers were measured by thermal gravimetric analysis
(TGA). Zeta potential measurements confirmed the successful modification of the clay surfaces. Optical
microscopy observations showed that the sedimentation of modified particles was much slower compared to
that of the non-modified system. It was shown that organic modification has a significant effect on colloidal
stability of the system, preventing particles from forming large aggregates when suspended in a non-polar
liquid. There are also signs of a slight increase in overall alignment of the clay particles when exposed to in
an electric field, with the nematic order parameter (S2) being higher for the organically modified particles,
compared to that of the non-modified counterparts. This behaviour is mainly a result of the formation of
smaller and more uniform aggregates, in contrast to the large aggregate structures formed by non-modified
clay particles.

1 Introduction

If a clay particle is brought into an electric field it be-
comes polarized. The electric polarization will induce
a moment of force, which tends to orient the parti-
cles towards the field direction [1]. This alignment has
been observed for many different particles possessing an
electric-field–induced dipole moment, including: carbon-
based nanotubes [2] or fibers [3]; non-spherical polystyrene
latex particles [4]; doublet-shaped polymeric particles [5];
anisotropic titania particles [6]; and also the clay family of
particles such as montmorillonite [7], natural hectorite [8],
laponite [9, 10] or synthetic Na-Fh clays [11–13].

The alignment of particles in either solid or liquid
matrices is of considerable importance from the point
of view of applications. At present, polymers reinforced
by nanoscale dispersed organically modified layered sil-
icates are attracting more and more attention because
of the unprecedented suite of new and enhanced prop-
erties compared with conventional fillers [14]. These lay-
ered silicate polymer nanocomposites can attain a great
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degree of stiffness and strength with substantially less
inorganic content than conventional glass- or mineral-
reinforced polymers. Furthermore, the presence of the dis-
persed phase results in additional properties, such as flame
retardancy, enhanced barrier properties, increased degrad-
ability of biodegradable polymers, as well as ablation re-
sistance, compared to either component [15–17]. The use
of organoclays as precursors to nanocomposite formation
has been extended into various polymer systems includ-
ing epoxys, polyimides, polystyrene, nitrile rubber and
polysiloxanes [18]. These improvements depend heavily on
the structure and properties of the organoclays. Hence, un-
derstanding the microstructure of the organoclays them-
selves is essential for many applications.

This report focuses on the comparison between the
anisotropic arrangement of organically modified clay par-
ticles and that of their non-modified counterparts stud-
ied previously [12]. The layout of the present work is as
follows. Firstly, the sample preparation is explained in
sect. 2.1. The thermal decomposition analysis providing
information about surfactant adsorption and the nature
of intercalation is presented in sect. 2.2 Sedimentation
tests and the optical microscopy observations of clay par-
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ticles suspended in both water and silicone oil are given
in sect. 2.3 Zeta potential measurements supporting the
conclusions drawn from both the TGA (regarding CTAB
adsorption) and the optical microscopy observations are
shown in sect. 2.4. Descriptions of both the X-ray scatter-
ing experimental set-up and the anti-nematic geometry
are followed by the WAXS investigation of the E-field–
induced structuring from modified clay particles (sect. 3).
Conclusions are presented at the end in sect. 4.

2 Sample preparation and characterization

2.1 Samples

The purchased material for our experiments was syn-
thetic Li-Fh (Corning Inc., New York) from which Na-
Fh was prepared according to the ionic exchange proce-
dure for example described in [19]. Na-Fh is a synthetic
2:1 smectite clay having the nominal chemical formula
Na0.6(Mg2.4Li0.6)Si4O10F2 per half unit cell, where Na+

is an interlayer exchangeable cation. Na-Fh has a surface
charge of 1.2 e−/unit cell [21] and is a polydispersed clay
with platelet diameters ranging from a few hundred nm
up to several μm [20].

The surfactant used (Cethyl Trimethyl Ammonium
Bromide, [CH3(CH2)15]NBr(CH3)3, Sigma) was of ana-
lytical grade. A silicone oil, Dow Corning 200/100 Fluid
(dielectric constant of 2.5, viscosity of 100 mPa s and spe-
cific density of 0.973 g/cm3 at 25 ◦C) was used as the
suspending liquid. The oil is relatively non-polar and non-
conductive, with a DC conductivity of the order of 10−12

S/m. For the synthesis of the organoclay oil-based sus-
pension, 100 mL of distilled water and 2.5 g of Na-Fh
were mixed, and the solution was stirred and heated to
80 ◦C. In parallel a second solution with the stoichio-
metric amount of CTAB (0.43, 0.86, 1.72 g) and 25 mL
distilled water was prepared. Both solutions were stirred
for 10 h. Finally, the surfactant solution was added care-
fully to the heated clay solution, resulting in an imme-
diate flocs formation. The mixture obtained was stirred
at 80 ◦C (to obtain better mixing of the components) for
24 h and then cooled to room temperature. Subsequently,
the liquid-liquid phase transfer method was used to ob-
tain the organoclay/silicone solution, which was prepared
as follows: 50 mL of silicone oil was added to the aque-
ous solution and stirred for 48 h. The mixed solution was
then centrifuged 15 min at 4000 rpm to accelerate the
phase separation. The organoclay/silicone oil suspension
was subsequently collected from the upper phase and kept
at higher temperature, namely 110 ◦C for 24 h in order to
remove any remaining water. Figure 1 gives an illustra-
tion of the phase transfer from the aqueous phase to the
organic phase.

Before the measurements of clay alignment in the elec-
tric field, the electro-rheological suspensions of organoclay
in silicone oil were vigorously hand-shaken for ∼ 1 min and
placed in an ultrasonic bath for 3 h and again vigorously
shaken for 1 h in an orbital shaker. The obtained organ-
oclay ER suspension were labelled as 1CEC-Fh, 2CEC-Fh,

Fig. 1. Illustration of the phase transfer from the aqueous
phase to the organic phase.

Fig. 2. TGA curves (25–800 ◦C) of Na-Fh, CTAB and series
of CTAB modified Fh. xCEC means that x times the stoichio-
metric amount of CTAB surfactant was used.

and 4CEC-Fh, where CEC refers to the cation exchange
capacity.

2.2 TGA/DTG

Thermal gravimetric analysis (TGA) was performed on a
TGA/SDTA851e instrument (Mettler Toledo AS) under
N2 flow (10 mL/min) with a heating rate of 10 ◦C/min.

TGA data indicated a mass loss of below 10 wt.% until
200 ◦C for non-modified Na-Fh (see fig. 2), and this was
attributed to the loss of water from the sample. The de-
hydroxylation of Na-Fh occurs normally at temperatures
higher than 800 ◦C [22]. For pure CTAB, the complete de-
composition took place in the range 200–400 ◦C and the
maximum peak was at 270 ◦C (see supporting figure S1).
From room temperature to 800 ◦C, the complete weight
loss for different CTAB modified Fh: 1CEC-Fh, 2CEC-
Fh, and 4CEC-Fh were 21.2%, 34.4%, 51%, respectively
(fig. 2). The total weight loss upon heating increased with
the amount of CTAB substitution, which confirms that
the organic content in the clay was effectively proportional
to the degree of substitution.
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Fig. 3. DTG traces (25–800 ◦C) of non-modified and CTAB
modified Fh.

Fig. S1.

The differential thermogravimetric analysis (DTG)
patterns of non-modified and CTAB modified Fh are pre-
sented in fig. 3. The Na-Fh showed one major thermal
decomposition step at around 90 ◦C, corresponding to the
loss of water, as also shown in connection with fig. 2. For
the CTAB modified Fh samples, three DTG steps were ob-
served at about 50–150, 200–300 and 350–450 ◦C. These
are attributed to: the loss of water; the release and loss
of the CTAB surfactant molecule adsorbed on the clay
external surface; and the decomposition of the surfac-
tant molecule intercalated between the clay sheets, respec-
tively. More specifically, for the 1CEC-Fh, the first DTG
peak is observed at 83 ◦C attributed to the loss of meso-
porous water, i.e. water molecules present in the interpar-
ticle micropores (held by capillary forces). The next peak
is found at 140 ◦C and is assigned to the loss of interca-
lated water, i.e. dehydration of the hydrated cations in the
interlayer. This peak is reduced for higher CTAB concen-
tration, since more Na+ cations are replaced by surfactant
molecules (see also [23]). The third peak, corresponding to
the loss of the CTAB surfactant molecules adsorbed on the
clay external surface is observed at 270 ◦C. The last ma-

jor peak, assigned to the decomposition of the surfactant
molecule intercalated between the clay sheets, is observed
at 360 ◦C (see also [24,25]).

Analogously, for the 2CEC-Fh, a DTG peak attributed
to the loss of water is observed at 80 ◦C. A second peak is
observed at 270 ◦C and is assigned to the loss of the CTAB
surfactant molecule adsorbed on the clay external surface.
However, the peak related to the decomposition of the
surfactant molecule intercalated between the clay sheets is
not observed until 430 ◦C, compared to 270 ◦C for the pure
surfactant. This shows that the CTAB molecules are now
bonded strongly in the interlayer of the fluorohectorite.

With an increase of the surfactant substitution, the
peak related to the CTAB molecules adsorbed on the clay
surface becomes more pronounced, and is the largest for
the 4CEC-Fh (see arrow in fig. 3). This clearly indicates
that more surfactant molecules are adsorbed on the sur-
face of fluorohectorite clay.

The results described above agrees well with the X-ray
diffraction data presented later (sect. 3.1). The X-ray data
show the development of the clay lamellar structure due
to increase of the surfactant concentration, which corrob-
orates the information from the TGA/DTG curves.

2.3 Optical observations

In order to make use of clay particles as a basis for an
ER fluid one needs to challenge the tendency for parti-
cles in suspension to sediment. The particle sedimentation
properties are often the major criterion used to evaluate
whether the ER fluid can be commercialized or not. The
general methods to counteract the sedimentation of ER
fluids include controlling both size and shape of particles,
preparing hollow or porous particles, and matching of den-
sities between particles and solution [26, 27]. Addition of
surfactants is commonly used to prevent the particles from
agglomeration, which then slows down particle sedimen-
tation, or if the particles are small enough (i.e. magnetic
particles in ferrofluids), ensures that they are held in sus-
pension by Brownian motions [28]. Figure 4 shows ER
suspensions of non-modified Na-Fh (top) and 4CEC-Fh
organically modified (bottom) clay particles suspended in
silicone oil and deposited for 12 days. The results show
that the sedimentation of 4CEC-Fh is much slower than
that of the non-modified sample. It can be seen that al-
most all non-modified clay particles sedimented after just
12 h, whereas only a small fraction of modified clay parti-
cles settled out. The surface modified fluorohectorite clay
is lipophilic and thus disperses much easier in oil than its
non-modified counterpart. Figure 5 shows that the CTAB
modification prevented particles from forming large ag-
gregates when suspended in a non-polar liquid. However,
these particles are generally not exfoliated and contain ag-
gregates of different shapes and sizes. The size of particle
(aggregates) in silicone oil is in the range 1–30 μm for this
organoclay, whereas much larger aggregates are formed in
the case of the non-modified clay particles, reaching the
size of 200 μm.
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Fig. 4. Sedimentation of non-modified Na-Fh (top) versus 4CEC-Fh (bottom) clay particles in silicone oil. From left, pictures
taken at time 10 min, 1-2-6-12 h and 1-2-6-12 days after the solution had been ultrasonicated and shaken.

Fig. 5. Microscope images of non-modified Na-Fh (left) and
organically modified 4CEC-Fh (right) clay particles suspended
in water (top) and silicone oil (bottom). The length of the bar
corresponds to 200 μm.

2.4 Zeta potential measurements

The zeta potential was measured using Malvern Zeta-
sizer Nano-ZS (Malvern Instruments, UK) with a folded
capillary cell. Measurements were performed on the non-
modified clay suspension as well as one of the organoclay
samples (4CEC-Fh). The pH was equal to 9.6±0.3 for both
4CEC-Fh and Na-Fh deionized water solutions (0.1 wt.%
clay). The zeta potential value was the average of 2 par-
allel trials consisting of 4 measurements. Fluorohectorite
clay particles carry a net negative charge due to the nega-
tive charges on their surfaces dominating over the positive
charges at the edges. The zeta potential of non-modified
Na-Fh particles is −79.0±1.5 mV, which makes them well

dispersed and moderately stable in aqueous medium. With
the addition of CTAB (4CEC-Fh), the zeta potential be-
comes positive +59.0 ± 7.2 mV. This is an indication of
the CTAB adsorption on the clay surface, thus the organ-
oclay particles possess a good stability behaviour and can
be easily dispersed in silicone oil due to both the strong
particle-particle repulsive interactions and the lipophilic
nature of the surfactant tail. The values of conductivity
for both samples were measured to be: 155±2μS/cm and
382 ± 6μS/cm for Na-Fh and 4CEC-Fh, respectively.

3 Results

3.1 WAXS

The wide-angle X-ray scattering experiment (WAXS) was
carried out at the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble, France. An X-ray beam with a
wavelength of 0.72 Å and a 0.3×0.3mm2 beam size at the
sample was used. The beamline BM01A is equipped with
a two-dimensional MAR345 image plate detector with di-
ameter of 345 mm. The experimental set-up is shown in
fig. 6a. The custom-made sample cell consisted of an elec-
trically insulating acrylic glass in the form of a cuvette,
where the top part is opened for inserting two identical
1× 1× 50 mm thick copper electrodes separated by a gap
of 1 mm. The direction of the external electric field was
horizontal and normal to the direction of the X-ray beam
direction (see [12] for further details).

Prior to the application of the electric field, both
non-modified and modified particles were randomly dis-
persed into the silicone oil. The formation of chain-like
structures aligning parallel to the E-field was observed
shortly after its application (see fig. 7). The 2-D WAXS
patterns in fig. 8 are from a suspension, without (left)
and with (right) an E-field of 500 V/mm applied, for
non-modified (top) and organically modified clay particles
(bottom), respectively. The 001 Bragg ring obtained from
non-modified particles (here indicated by 001∗) lies at q =
4π sin(θ)/λ = 5.11 nm−1 (θ is half the scattering angle,
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Fig. 6. (Colour on-line) Image of the sample cell (a) and anti-nematic configurations (b).

Fig. 7. Optical microscopy images of clay particles randomly
dispersed in silicone oil (left) and E-field–induced chain-like
structures aligned along the electric field lines (right).

and λ is the wavelength of the X-rays). The correspond-
ing distance d001∗ = 2π/q is close to 1.2 nm when one layer
of water is intercalated between silicate sheets [12]. The
outer broad ring is located at q = 8.3 nm−1, and is due
to the silicone oil, i.e. the maximum in the radial distri-
bution function of this molecular liquid. The position of
Bragg rings changes when surfactant is intercalated. They
appear at lower q-range (smaller scattering angle) show-
ing that the characteristic distance d001 between clay’s
crystalline sheets has increased.

Azimuthally integrated 2-D WAXS patterns are shown
in fig. 9, as I(q) plots. The left panel in fig. 9 shows de-
velopment of the clay lamellar structure due to increase
of the surfactant concentration. He et al. [29] showed that
arrangements of the HDTMA surfactant in the montmo-
rillonite clay interlayer were fairly distinctive and varied
from lateral-bilayer (0.7CEC), then to paraffin-type mono-
layer (1.5CEC) and finally to paraffin-type (5CEC) (see
also [30]). In the present studies the two former transition
phases are not seen. Instead, a mixture of different clay
populations is observed for sample 1CEC-Fh, and these in-
clude: i) non-modified particles (peak at q = 5.11 nm−1),
ii) a paraffin-type bilayer (peak around q = 1.57 nm−1),
and very broad peak (with its maximum in the radial dis-
tribution function at ∼ 3 nm−1) that may indicate mixed
intercalation within clay particle. The peak located at
q = 1.57 nm−1 is present in all modified samples and re-
mains strictly at the same position. This shows that the
interlayer arrangement remains similar only the propor-

Fig. 8. WAXS patterns of Na-Fh (top) and 4CEC-Fh (bot-
tom) clay particles without (left) and with (right) E-field ap-
plied.

tion of intercalated layer has changed. Higher concentra-
tion of CTAB molecules is thus needed to modify all clay
particles. For the 2CEC-Fh and 4CEC-Fh samples, the
peak at q = 5.11 nm−1 vanishes and the peak that corre-
sponds to the formation of the paraffin-type bilayer struc-
ture becomes very sharp and intense for the sample with
the highest CTAB concentration used.

A comparison between 4CEC-Fh modified and non-
modified clay particles is shown in fig. 9 (right). The
001 Bragg peak for 4CEC-Fh modified clay is found at
q = 1.57 nm−1, which corresponds to the distance d001 =
3.99 nm in the real space. A second and a third peak is
found at q = 3.15 nm−1 and q = 4.73 nm−1 and occur at
2× and 3× the q-value of the first peak, thus are identified
as 002 and 003 Bragg reflections, respectively. The peaks
have high intensities and are relatively sharp indicating
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Fig. 9. Integrated WAXS patterns illustrate the CTAB-concentration–dependent development of lamellar structure (left).
Comparison between 4CEC-Fh modified (solid line) and non-modified (dashed line) clay particles with silicone oil scattering
subtracted (right).

Fig. 10. Orientation of CTAB molecules in paraffin-type bi-
layer structure. The maximum tilting angle is 56 ◦, and the
distance between clay crystalline layers is dmax = 4.61 nm.

that the lamellae have attained a well-defined parallel ar-
rangement.

The expected basal spacings for bilayer paraffin-type
intercalation is given by the following approximate expres-
sion [31]: dL = 2×0.127nc × sinβ +1.66 nm, where nc de-
notes the number of C-C bonds. Here 1.66 nm is the sum
of the size of the terminal CH3 groups, the length of the
polar head groups N(CH3)3 and the thickness of the clay
crystalline sheet of 0.656 nm [19]. For CTAB (nc = 14)
this gives dL = 4.61 nm for the surfactant intercalating as
a paraffin-type bilayer (fig. 10) when the the maximum tilt
angle β between the surfactant chains and the crystalline
interlamellar silicate sheet is 56 ◦. There is a mismatch be-
tween the calculated lamellar distance dL and experimen-
tally found distance d001. It is proposed here that CTAB
arrangement is a paraffin-type bilayer with an angle of
41 ◦, which might be due to incomplete ion exchange pro-
cess even after 1 day of reaction time. This suggestion is
supported by the other researchers conclusions [29,31–33].
However, it is difficult to obtain detailed information on
the conformation of surfactant molecules in the interlayer
of fluorohectorite from the X-ray results only, and other
complementary techniques (such as FTIR) are needed to
make conclusions on this.

Fig. 11. Azimuthal plots of the first Bragg peak amplitude
under an E-field of 350V/mm (◦) and no E-field (�).

When the 2-D WAXS pattern (demonstrated in fig. 8)
is integrated radially (with a narrow q-range selected
around the position of the characteristic Bragg ring), a
so-called azimuthal plot is made (fig. 11). The latter may
then be fitted by the classical Maier-Saupe model of a
functional form f ∼ exp(m cos2 α) that can be used as
a parametric fitting function to extract the both FWHM
and amplitude in order to calculate the nematic order pa-
rameter [34].

The interaction energy in our system is different from
that used by Maier and Saupe in their mean-field model
for liquid crystalline order, but the functional form is
found to be well suited to our data. The angular “width”
of the function f is a quantification of the orientational
order of the particles in the suspension. This is contained
in the m parameter, but is more conveniently measured
using a global nematic order parameter S2, see [34].
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Table 1. Calculated average values of S2 for both modified
4CEC-Fh and non-modified Na-Fh clay suspensions at differ-
ent E-field strengths. Note: the values used in ref. [12] were
re-calculated to be consistent with the nematic order parame-
ter notation used here.

E-field 4CEC-Fh Na-Fh [12]

S2 for 350V/mm −0.35 ± 0.01 −0.32 ± 0.01
S2 for 500V/mm −0.36 ± 0.01 −0.32 ± 0.01
S2 for 750V/mm −0.36 ± 0.01 −0.30 ± 0.03

In the case of our system, the so called anti-nematic
geometry has to be employed, since the particle stacking
direction is, on average, in a plane normal to the reference
direction (see fig. 6b —the blue disc indicates the plane
normal to the E-field direction represented by large black
arrow). The nematic order parameter values reported in
the present work are defined in a representation where
they are negative and lie within the numerical range −1/2
and 0 in magnitude, where −1/2 denotes perfectly aligned
clay particles, whereas 0 denotes no orientational order.

As can be seen, the organically modified sample 4CEC-
Fh shows very large anisotropic particle arrangement
(S2 ∼ −0.36) upon application of an electric field. The
anisotropy is insignificant without E-field (S2 ∼ −0.02).
Table 1 shows the calculated time-averaged values of S2

(6 measurements) for both modified 4CEC-Fh and non-
modified [12] clay suspension at different E-field strengths.
The S2 grows slightly with increasing E-field for organi-
cally modified samples, whereas no such correlation was
found for non-modified clay particles. It should be noted
here that a relatively narrow range of electric field strength
was used during this experiment, thus one cannot make fi-
nal conclusions about the dependence of S2 on the E-field.
However, there is a noticeable difference in magnitude of
S2. The degree of anisotropy was higher for the system
with organoclay particles (S2 ∼ −0.36) than for non-
modified clay particles (S2 ∼ −0.31) as described in [12].
This can be explained if the modified clay particles do
not form large aggregates as is the case with non-modified
particles, leading to structures that are more easily and
uniformly aligned along the E-field. Optical microscopy
images presented in the previous section support for that
conclusion.

4 Conclusions

A set of samples has been synthesized by an ion exchange
method using different concentrations of CTAB. The Na+

cations intercalated between the clay platelets were ex-
changed by the surfactant molecules, increasing the char-
acteristic lamellar distance d001 from 1.21 to 3.99 nm,
which indicates that the intercalated CTAB chains formed
a paraffin-type bilayer with a tilt angle of 41 ◦. The sur-
factant molecules were also adsorped on the particles’
surfaces. The resulting materials became lipophilic, and
therefore disperses well in a non-polar liquid, such as a
silicone oil.

The TGA/DTG measurements provided data support-
ing the successful modification of the clay particles. Char-
acteristics of water loss; the release and loss of the CTAB
surfactant molecule adsorped on the clay external surface;
and the decomposition of the surfactant molecule inter-
calated between the clay sheets was found for all modi-
fied samples in temperature ranges 50–150, 200–300 and
350–450 ◦C, respectively. The optical microscopy observa-
tions and the sedimentation tests showed that the 4CEC-
Fh sample dispersed well in oil. Modified clay particles
formed much smaller aggregates and sedimented signifi-
cantly slower than non-modified ones.

The electric-field–induced alignment from organically
modified clay was studied and it was shown that the ne-
matic order parameters were S2 ∼ −0.36 and S2 ∼ −0.31
for modified and non-modified particles, respectively. The
conjecture is that the slightly improved particle organiza-
tion is due to both the particle-particle repulsive interac-
tions and surfactant adsorption on clay’s surface, leading
to formation of smaller aggregates in contrast to large ag-
gregated structures formed by non-modified clay particles.
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performing experiments at the Swiss-Norwegian Beam Lines at
ESRF, and A. P. Hammersley, creator of the Fit2D program.
This work was supported by the Research Council of Norway
through the FRINAT Program: NFR project number 171300.
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