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Abstract: The effect of nanosize silica particle on the stability, structures and rheological behaviours of cubic liquid
crystalline phases of Glucopone/water/heptane system were investigated. Small-angle X-ray scattering (SAXS) and polarizing
microscope were used for phase identification and structure characterization. SAXS scattering profile was characteristic to
cubic phase before and after the addition of silica particles. The cubic samples showed several diffraction peaks and can be
assigned to the Ia3d space group. The area per surfactant molecule was found to increase as the silica concentrations was
increased. Moreover, the rheological study on the cubic phase with different silica concentration was performed. The
frequency-dependent storage and loss modulus were found to be characteristic of the cubic phase in the linear viscoelastic
region. The cubic samples behave as solid-like material with storage modulus G’~ 0.7x106 Pa typical of cubic lyotropic
materials. The elasticity of cubic samples was found to increase with silica concentration. The increase in the elasticity was
ascribed to the network and the formation of smaller structure as indicated by SAXS measurements. As temperature was
further increased a decreased in the elasticity was observed confirming the structural change as indicated by the change in
slopes of G’ and G”. The cubic samples exhibited shear thinning behaviours, with the dynamic viscosity being affected by the
silica particles concentrations and the effect of silica particles on the rheological behaviours was quite noticeable as the
concentration increased. The results showed strong correlation between rheology and microstructural changes in the dispersion
of nanoparticle silica in the cubic phase system.
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1. Introduction

Glycolipids are ubiquitous membrane constituents of
animals and plants that have attracted broad interest in the
last few decades [1,2]. However, there is a great deal of
experimental and theoretical evidence showing that
bicontinuous cubic phases may play an important role in
processes such as membrane fusion and membrane traffic [3,
4].

The structural investigation of natural glycolipids and the
study of their physical properties as well, is a complex matter,
providing exciting challenges for biophysicists and
biochemists [5].

In recent years, dispersion of silica nano-spheres in liquid
crystals has attracted considerable attention [6-8], since this
enables the possibility of studying the induced random
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disorder within an ordered phase in a controllable procedure
by changing the concentration of silica nano-spheres [9,10].

The effect of various electrolytes and polyols on nonionic
hexagonal phase has been previously investigated using
small angle X-ray scattering (SAXS) [11]. It is of interest to
explore the interaction between colloidal particles and liquid
crystalline phases because of the coexistence of colloidal
particles with concentrated surfactants in many industrial
preparations such as cosmetics,.

The changes in the liquid crystalline properties caused by
the embedded silica network have been studied by X-ray
scattering [12], optical anisotropy [13], and dielectric
measurements [14]. Aerosil, the registered name of Degussa
was used in almost all the experiments.

In this work, the cubic phase of the
Glucopone/heptane/water ternary system is considered. The
phase diagrams of the Glucopone/hydrocarbon/water systems
are reported by Siddig et al. [15]. The aim of this study is to
investigate the stability, structure and rheology of lyotropic
cubic phase of Glucopone nonionic surfactant as a function
of silica particle concentration. Optical microscopy and
small-angle X-ray scattering (SAXS) were used for phase
identification and structure characterization. SAXS
experiments are useful in conveying information on the
lattice parameter, radius and area per surfactant head group in
the cubic liquid crystalline phases. Rheological
measurements were performed in order to study the
viscoelastic properties of the cubic liquid crystalline phase.
In addition, the effect of temperature on the rheological
properties of the cubic system was investigated.

2. Experimental

2.1. Material and Samples Preparation

In this study, the silica particle Aerosil powder (type 380)
by Degussa (Germany) was used. Aerosil 380 consists of
small silica spheres with a specific surface of 380 m?%g,

average primary particle size 7 nm and pH value 3.6-4.3 (in 4%

water dispersion). Heptane was purchased from Ajax
Chemicals (Australia), while technical grade alkyl
polyglucosides, APG (commercially known as Glucopone
215 CSUP), was purchased from Fluka. The APG represents
a mixture of a- and [-glucosides [16] and is supplied as
65wt.% solution in water. First, the cubic phase of
Glucopone/heptane/water was prepared by weighing the
surfactant into a glass tube and diluting it to the desired
concentration with water or heptane, respectively, by taking
into account that the APG is a 65wt.% solution in water.
Then the silica particles were added as dry phase to the
preferred concentrations. The well-mixed samples were then
centrifuged in order to remove the bubbles. The samples
were heated, thoroughly mixed and centrifuged in well-
sealed glass tubes. We report here results from six
representative samples with different silica particle
concentrations of 0, 0.2, 0.4, 0.8, 1.0 and 2.0 wt.% as shown
in table 1. All chemical and solvents were of analytical purity

and were used as received without further purification.
2.2. Small Angle X-Ray Scattering

The liquid crystalline phases were further investigated by
SAXS technique at 25 °C using a Kratky compact small-
angle system, which were equipped with a position-sensitive
detector containing 1024 channels of width 53.0 mm. The
wavelength was 0.154 nm and the sample-to-detector
distance was set at 274 mm.

2.3. Rheological Measurements

Rheological measurements in current study were
performed with Paar MCR 300 (Physica) apparatus. A cone-
plate sensor was used with an angle of 1.98°. The sample
thickness in the middle of the sensor was 0.049 mm.
Oscillation measurements were carried out to give
information about storage moduli G (&), loss moduli G (),
and complex viscosity 777 in angular frequencies ranging
from 0.01Hz to 100 Hz.

3. Results and Discussion
3.1. Small Angle X-Ray Scattering

The Bragg spacing for a cubic lattice with lattice constant
a., are given by [17]

1
dy =a (B +E +1%) 2 (1)

Typical SAXS spectrum is shown in figure 1 for the cubic
sample of ternary systems with 0.0% silica concentration,
while Figure 2 shows SAXS spectrum for sample with 1.0%
of nanosize silica concentration. Two peaks are observed and
are occurred at ¢g=0.091 and ¢=0.106 for the cubic samples
with 0.0% silica of the ternary systems. Combining the
SAXS data with the location of the cubic phase in the phase
diagram [15], it can remark that the cubic phase is
bicontinuous and the hydrophobic/hydrophilic interface has
curvature toward oil. A majority of other bicontinuous cubic
phase found in other surfactant and lipid systems have been
shown to belong to one of these three space groups Ia3d,
Pn3m, and Im3m [18]. We attempted an indexing of the
observed reflections using the equation for a cubic element
cell

.2 A’
s 6 4a2(h2 +k2 +12) (2)

The ratio V6:V8 is matched for the spacing of the sample
with 0.0% silica particles. These values lead to the following
indexing (211), (220) and such an indexing would coincide
with the space group Ia3d, where the reflections with lower
indices are extinguished [19]. The epitaxial relationship
between the lamellar phase and the bicontinuous Ia3d is a
transformation of (110) plane (lamellar) to the (211) plane in
Ta3d [20], i.e. the equivalent lamellar spacing should provide
when lattice parameter a divided by V6. The structural model



132 Mohamed A. Siddig ef al.: Influence of Nanosize Silica Particles on the Rheological Behaviour of Lyotropic
Cubic Phase of Glucopone (APG) Surfactant

for the bicontinuous cubic phase is required in order to  phase [15,17,21]. The results of the SAXS studies are
calculate the area per surfactant head group for the cubic = summarized in Tablel.
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Figure 1. SAXS spectrum for cubic sample with 0.0% nanosize silica concentration. Two peaks observed and the spacing matches the ratiov6: V8. These
values lead to the following indexing (211), (220).
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Figure 2. SAXS spectrum for cubic sample with 1.0% nanosize silica concentration. Two peaks observed and the spacing matches the ratio v6:v8. These
values lead to the following indexing (211), (220).
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Table 1. Summary of the results of SAXS, zero shear viscosity and relaxation time of the cubic phases with different silica concentration.

Sample No. Silica Concentration LC type Space group

Lattice parameter + 0.2 (A)

Area per head group = Relaxation time,

0.5 (A% /8
Sample 1 0% Cubic Ia3d 167.6 333 11.1
Sample 2 0.2% Cubic la3d 176.7 333 11.1
Sample 3 0.4% Cubic la3d 176.7 32.5 12.5
Sample 4 0.8% Cubic Ia3d 186.9 37.4 6.6
Sample 5 1.0% Cubic la3d 185.4 35.7 8.3
Sample 6 2.0% Cubic la3d 185.2 34.9 10.0
3.2. Rheological Properties
. . . . . G'(w) = % 3
To determine material’s linear viscoelastic range, storage 1+ 212 3)
and loss modulus are measured as a function of stress. "
Typical results of the storage and loss modulus as a function G wr
f fr lto 1 H hown in Figure 3 G'(w) =——" (4)
of stress at frequency, wequal to z are shown 1n Figure 3. 1+ 12
m

The storage and loss modulus are found to fall off sharply for
stress above 3x10° Pa for samples with different silica
concentrations, indicating that the samples have linear
viscoelastic range (LVER) up to about 3x10° Pa.

Oscillation experiments used to study the material are
subjected to a sinusoidal stress. Figure 4 shows the storage
modulus G’ (&), and loss modulus G”(@ of the cubic
crystalline phase as a function of frequency. More elastic
behaviours are observed in the range of frequency
investigated, and the storage modulus is higher by about two
orders of magnitude than the loss modulus at the high
frequency range. The formation of the cubic phase is

indicated by the high value of elastic modulus (~ 0.7x10° Pa).

The influence of increasing the silica particles
concentration on the elastic properties of the cubic phases is
investigated. Six samples of lyotropic cubic phase with
different nanosize silica particles concentration are
considered (see Table 1). The effect of nanosize silica
particles concentrations on the storage moduli for the cubic
liquid crystalline phases at 25 °C is shown figure 5. It can be
observed that all the cubic samples behave as solid-like
material with G closed to 0.7x10° Pa, typical of cubic
lyotropic materials. The cubic phases behaves as a quasi-
Maxwellian fluid [22,23]. In this study, similar behavior is
observed where G’ reaches plateau at high frequency; G”>G’
at low frequency even though for some samples it is not
obvious where G’ cross G at frequency which is outside the
instrument sensitivity frequency range (<0.01 Hz). With
exception of the sample with 2.0% of silica particles, it can
be notice from figure 5 that the elastic modulus is increases
with silica particles concentration. This may be due to the
formation of smaller structure of cubic phase, which may be
is linked to the more solid-like behaviour of the samples.
Gradzielski et. al. [24] pointed out that smaller structure lead
to higher degree of ordering, which in turn is responsible for
the increase in the elastic properties of the system. The elastic
modulus is decreased as the concentration of the silica
particle is further increased to 2.0% indicating a more liquid-
like behaviour. This effect is obviously associated with the

low level of interaction of the oil with the surfactant tails [25].

The frequency dependence of G’ and G~ of Maxwell-type
fluids given as [26]

where Gy is the ‘plateau modulus’, w the frequency of
oscillation and 7, the relaxation time. A Maxwell fluid is
characterized by a single relaxation time. The shape of Cole-
Cole plot, which represent by of plotting G” against G,
should be a semi circular for ideal Maxwellian model [26].
The distorted circular form (Figure not shown) suggests that
the relaxation as characterized in figure 4 is not a single well-
defined process, but has some distributions of the relaxation
time [27]. In general, from the crossover frequency ),
(subscript m denotes Maxwell model) the relaxation time 7,
= l/w can be estimated. The relaxation time of the liquid
crystalline phases formed by Glucopone systems is shown in
Tables 1. One could probably say that, the relaxation time is
decreased with silica concentration.

In order to investigate the effect of temperature on the
cubic liquid crystalline phases of the Glucopone ternary
systems, the behavior of the storage and loss modulus as a
function of frequency for the systems at different temperature
is measured. Figure 6 shows the storage and loss modulus as
a function of frequency at 25, 35, and 45 °C for sample with
silica concentration of 1.0%. The temperature was increase at
a rate of 3 °C per minute during the measurement. Increasing
the temperature results in reduced of the elastic modulus.
When the temperature is further increased, the elastic
modulus is decrease indicates that the system has more
liquid-like behaviours and the crossover occurred at higher
frequency which suggests that the relaxation time is
decreased.

Complex viscosity, 77 as a function of frequency for cubic
phase with different concentrations of silica particles are
plotted in figure 7. The viscosity shows changes with silica
concentration and shear rate as well. Non-Newtonian
behavior is observed in all samples, and there is no indication
of shear thickening behavior over the entire range of
frequency investigated (up to 1000 rad/S). Whereas there is
significant difference between the viscosities of the samples
at low frequency, it appeared from the data that, at high
frequency, the viscosity approached a single limiting value.
Suspensions of particles in shear flows experience various
types of forces such as hydrodynamic forces (including the
viscous drag force and particle—particle interaction through
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flow field induced by neighboring particles), colloid
chemical forces (including electrostatic, steric and London—
van der Waals attractive forces), and forces due to
gravitational, inertial and thermal or molecular collisional
effects [28].

Figure 8 shows the effect of temperature in the complex
viscosity as a function of frequency for the sample with 1.0

wt.% silica. Increasing the temperature from 25 °C to 35 °C
and further to 45 °C lead to a normal reduction of the
viscosity in the entire frequency range studied. This is may
be due to the decrease in the viscosity of the continuous
phase and to the thermally induced fluidization of the cubic
phase structure.
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Figure 3. Storage and loss modulus as a function of the applied stress for cubic samples with different silica concentration at 25 °C.
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Figure 4. Storage and loss modulus as a function of the applied frequency for cubic sample with 1.0% silica concentration at 25 °C.



International Journal of Materials Science and Applications 2015; 4(2): 130-137 135

1x10%
HIHHE
GEEEEvHEVRRRS o
¥ ¥ ¥ coFv Yl
g ¥ TAAMME
™ yv¥ Y AN no” *
¥ m]
2. 100x10° | xx*"* DDDDD
) gob a
po” N
o- ® 0wt%
< 0.2 wi
¥ 04wtk
v 0.8 wtk
B 1.0wt%
O 2.0wt%
10x102 T T T
0.1 1 10 100 1000
@ [rad/s]
Figure 5. Storage modulus as a function of frequency for cubic samples with different silica concentration at 25 °C.
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Figure 6. Storage and loss modulus for sample with silica concentration of 1.0% as a function of frequency for different temperatures.
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Figure 7. complex viscosities as a function of frequency for cubic sample with different silica concentration at 25 °C.
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Figure 8. complex viscosities as a function of frequency for cubic sample with 1.0 silica concentration at different temperature.

4. Conclusion

The effect of silica particle on the structures of cubic liquid
crystalline phases of Glucopone/water/heptane system was
studied by means of microscopy, SAXS and rheology. SAXS
measurements showed that the area per head groups of cubic
phases was found to increase with silica particles
concentrations. The frequency-dependent storage and loss
modulus were found to be characteristic to the cubic phase in

the linear viscoelastic region. The elastic modulus was found
to increase with silica concentration which could be linked to
strengthening of the networks and the formation of smaller
structures. Shear thinning behaviours were observed in the
cubic samples and the presence of silica slightly increased
the viscosity. Rheological and SAXS scattering data
characteristic of cubic phase with different silica particles
concentrations were observed to change in similar trends.
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