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ABSTRACT: A liquid-liquid phase transfer method was
employed to prepare novel nano titanium oxide/silicone oil
organosol. First, titanium oxide nanoparticles were syn-
thesized in aqueous phase and then modified with several
surfactants. It is found that only sodium dodecyl benzene
sulfonate (SDBS) and sodium dodecyl sulphate (SDS) can cap
nanoparticles and then nanoparticles could be transferred
into organic phase by the phase transfer method. The trans-
fer process was certified by the rapid change of color for
the aqueous and organic phase. Other surfactants including
hexadecyltrimethyl ammonium bromide (CTAB) and oleic
acid were unable to ensure the phase transfer in the organic

phase. The procedure was also verified by high-resolution
transmission electron microscopy (HRTEM), particle size
analyzer, UV-vis, etc. The results also showed the narrow
size distribution of the nanoparticles. The mechanism of
phase transfer is also discussed for different surfactant.
Because of its good antisedimentation and high electrorheo-
logical effect, organosol is a novel path for the design and
application of electrorheological fluid. © 2008 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 110: 3763-3769, 2008
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INTRODUCTION

Electrorheological fluids (ERFs) are usually suspen-
sions of microscale dielectric particles dispersed in
insulating oil; their rheological properties are drasti-
cally changed by an applied electric field.' The sus-
pended particles attract each other to form fibrillation
structure that result in a drastic increase of the appa-
rent viscosity under the external electric field. This
phenomenon is also reversible when external electric
field is removed. The main characteristics of ER fluid
are a high-yield stress and enhanced viscosity under
an applied electric field, a response time on the order
of milliseconds, and full reversibility.* > The ERF is
either heterogeneous or homogeneous. In the hetero-
geneous group, the dispersed particles (such as inor-
ganic, organic, or polymeric particulate) should be
prepared first and then mixed with insulating oil.
Recently, Wen et al.'* reported new electrorheological
(ER) fluids consisting of nanoparticles dispersed in an
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insulating liquid. It remains as a heterogeneous ER
fluid because a step-by-step method, including prepa-
ration of the particle, drying, mixing with insulating
oil, etc., is used. As a result, agglomeration of nano-
particles and powder pollution, which is unavoid-
able, takes place in both steps, especially in the
process of drying, storage, and transportation of
nanoparticles. Homogeneous ER fluids, which is lig-
uid crystal dispersed into insulating oil, do not have
particle sedimentation problem as the heterogeneous
ER fluid usually have. However, such ER fluids
would not give a strong ER effect and have a longer
response time, and they also have large zero field vis-
cosity."” So exploring new approaches for the prepa-
ration of ERF with excellent properties are the focus
of electrorheological field.

Recently, for their excellent properties in film
preparation,'®'® thermal transfer,®® and functional
material preparation,”’ organosol have attracted the
interest of many researchers. A variety of nanopar-
ticle organosol, including Au, Ag, Pt, Y,0; CuO,
etc., have been prepared by various methods, >’
such as liquid-liquid phase transfer method, hydro-
thermal method,?® microemulsion method,” etc.
Mayya and Caruso®® achieved the complete phase
transfer of surface-modified gold nanoparticles from
the aqueous to the organic phase in the present of
primary amines. Meriguet et al.** developed a new
and reproducible method based on a surfactant-
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mediated liquid-liquid phase transfer of individually
dispersed +vy-Fe,O; nanoparticles from an aqueous
colloidal dispersion to an organic phase. He et al.'®
prepared monodisperse and stable silver nanopar-
ticles in chloroform employing liquid-liquid phase
transfer method and obtained self-assembled two-
dimensional ordered superlattice, which is long-
range ordering and close-packed nanoparticle arrays.
Phase transfer method was widely used to prepare
metal nanoparticles,lé*zo,zg’ but few report for the
preparation of inorganic oxide organosol.***’

Here, we report a facile and rapid liquid-liquid
phase transfer procedure for preparing nano titanium
oxide organosol, which is the first time to import this
method for the preparation of ERFs. By the transfer
of modified nanoparticles from aqueous phase to or-
ganic phase, unwanted ions can be removed, which
was helpful to reduce the leakage current density of
ERFs. In the process, surface modified titanium oxide
nanoparticles were prepared in concentrated HCI
environment first, and then the nanoparticles were
transported directly into the organic phase, which is
the mixture of silicone oil and petroleum ether. After
segregating with hydrosol, organosol was volatilized
under room temperature to remove petroleum ether.
Then the organosol ERF was obtained. Its ER and
dielectric properties were also studied.

EXPERIMENTAL
Materials

Hydrochloric acid (Tian Jin, China, HCI), sodium do-
decyl benzene sulfonate (Tian Jin BoDi Chem. Co.
China, SDBS), sodium dodecyl sulfate (Tian Jin,
China, SDS), hexadocyltrimethy ammonium bromide
(Shang Hai, China, CTAB), butyltitanate (Tian Jin,
TBT), and petroleum ether (Tian Jin, China) are all
analytical reagent and used as received.

Preparation of organosol electrorheological fluid

The synthesis route of organosol ERF is shown in Fig-
ure 1. Thirty milliliter of distilled water was placed in
a 100-mL vessel and 7 mL TBT was added under
magnetic stirring. After stirred 10 min, the pH value
is adjusted to 0.5-1 by drop-wise addition of 6M hy-
drochloric acid solution, followed by a stirring for
another 5 h in water bath under 50°C. The as pre-
pared nano titanium oxide hydrosol was weak blue
and stocked for using. Some amount of surfactant,
such as SDS, was dissolved into 10-mL distilled water
and then added to the as prepared nano titanium
oxide hydrosol in a 100-mL vessel. After the suspen-
sion was stirred 3 h at room temperature, the organic
phase 60 mL petroleum ether containing 6 mL silicone
oil (dielectric constant & = 2.60-2.80, conductivity
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Figure 1 Flow chart for the preparation of organosol ERF.

of = 1071210 S/m, density p = 0.9-1.0 g/cm3,
viscosity m = 50 mPa - s) was added. The mixture
was vigorous stirred 5 h. Then with the help of sepa-
rating funnel, the milk white layer was separated
from the completely colorless aqueous layer, show-
ing the nano titanium oxide had been successfully
transferred from the aqueous to the organic phase.”
After segregating with hydrosol, organosol was vola-
tilized under room temperature to remove petroleum
ether. Then the organosol ERF was obtained.

Characterization

A Malvern Zetasizer Nano-Zs particle size analyzer
(UK, Malvern) was used to obtain particle size distri-
butions. The phase transfer phenomenon was exhib-
ited by the digital camera photos. UV—vis spectra are
recorded with a UV-9100 spectrophotometer (Beijing
Rayleigh analytical instrument Corporation, China)
in range of 200-800 nm, with a resolution of 5 nm.
TEM (JEM2010, JEOL, Japan) was used to observe
the morphology and size of titanium oxide colloid
particles under 200 kV.

Dynamic shear stress and temperature effect of as
prepared electrorheological fluid are measured with a
Haake RS600 (Agilent, USA) electrorheological meter
with a plate—plate system (PP 35ER), a WYZ-010 DC
high-voltage generator, an oil bath for temperature
control, and a PC computer. The flow curves were
measured by the controlled shear rate (CR) mode in
the shear rate from 1 to 1000 s~ '. The dielectric relax-
ation spectra of ER fluid were measured by a 4284A
precision LCR meter analyzer (Agilent, USA) using a
16452A measuring fixture (Agilent, USA). The AC
electrical field within 20 Hz-1 MHz was applied to
the ER fluid during measurement.

RESULTS AND DISCUSSION

Previous works indicate that surfactant is essential for
a particular solvent system.”® The category, HLB
value, and dosage of surfactant obviously influence
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TABLE I
Experimental Phenomena for Different Surfactants

Surfactant category Precipitate phenomenon

Change of hydrosol

Phase transfer phenomenon

Not obvious
Not obvious
Faster
Faster

Oleic acid (nonionic)
CTAB (cationic)
SDBS (anionic)

SDS (anionic)

Slight turbid
Transparent
Precipitate on the bottom
Precipitate on the bottom

Separated into two layers [Fig. 2(a)]
No separation [Fig. 2(b)]

Separated into two layers [Fig. 2(d)]
Separated into two layers [Fig. 2(c)]

the phase transfer efficiency of metal oxide. Represen-
tative surfactants, including oleic acid (nonionic),
CTAB (cationic), SDBS (anionic), and SDS (anionic),
have been used as phase transfer agent to prepare
nano titanium oxide organosol; the concentration of
surfactant is 3.45 X 10~ °M. Table I and Figure 2 show
experiments phenomenon when different species sur-
factant was used. Organosol would not be obtained for
using oleic acid [Fig. 2(a)] and CTAB [Fig. 2(b)] as
phase transfer agent. When oleic acid was added, there
is no phase precipitation in hydrosol and no phase
separation after organic phase was added. Cationic
surfactant CTAB emulsifies the mixture of aqueous
and organic phase and also no phase separation occur.
Anionic surfactant was found to get a better phase
transfer, both SDBS and SDS precipitate the hydrosol
and there is an obvious layer separation. Figure 2(c,d)
show that SDS have a better phase transfer efficiency
than SDBS. The reason will be discussed later.

The influence of surfactant concentration on phase
transfer efficiency was also studied. Figure 3 shows
that there is an optimum dosage of SDS, too little
surfactant result in low phase transfer efficiency, and
too much surfactant emulsify the mixture of aqueous
and organic phase.

Figure 2 Photos of phase transfer effect when different
surfactants were used. (a) Oleic acid; (b) CTAB; (c) SDS;
(d) SDBS. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Mechanism

Experimental show that the category of surfactant
was essential to the phase transfer. It is commonly
agreed that cationic nanosized titanium oxide with
narrow particle size distribution could be obtained
under highly acidic environment. Oleic acid could
affiliate on titanium oxide surface depending on van
der Waals attraction. But owing to the low solubility
in aqueous, there is no sufficient oleic acid available
to affiliate on titanium oxide surface. The particles
are still hydrophilic and the phase transfer is unsuc-
cessful. When SDS or SDBS were added, anionic
head of surfactant affiliate on the cationic nanopar-
ticles through electrostatic interaction and the hydro-
phobic tail extend out. There is an optimum amount
of SDS and SDBS, when SDS was deficient, surface
modification is not fully attained, and the phase
transfer is incomplete. Along with the sequential
addition of surfactant, a single surfactant molecule
layer was probably formed and the best phase trans-
fer attained (see Fig. 4). On the other hand, when it
is excess, the second surfactant molecule layer begin
to form through van der Waals attraction which the

Figure 3 Effect of SDS dosage on the phase transfer. (a)
2.12 X 1072M; (b) 3.45 X 1072M; (c) 4.96 X 10~2M. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 4 Schematic diagram of action mechanism of SDS.

surfactant tail affiliate on the modified nanoparticles
and the nanoparticles become hydrophilic.

The HLB value also has an effect on phase trans-
fer, under the same experiment conditions, SDS
which has a high HLB value of 40 results in a high
transfer effecting than that of SDBS which has a
HLB value of 20.

When CTAB was used, under the simultaneously
action of electrostatic repulse action and van der
Waals attraction, the hydrophobic tails of CTAB
absorb on the particles and hydrophilic head extend
out, so the particles are still hydrophilic.

Figure 5 shows the UV-vis spectra of as prepared
titanium oxide hydrosol and organosol. Figure 5(a)
shows that there was no significant optical absorp-
tion peaks in the visible region. Both the different
solutions have high absorption [Fig. 5(a)] in short
wavelength and transmittance [Fig. 5(b)] in long
wavelength. The absorption edges for as prepared ti-
tanium oxide nanoparticles show a red shift from
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Figure 6 Particle size distribution of as prepared hydro-
sol and organosol.

350 to 369 nm upon the transfer from water to the
mixture of petroleum ether and silicone oil, showing
the particle grow bigger on the transfer process.
Those are consistent with the results of particle size
distribution showing in Figure 6. The transmittance
of hydrosol in the visible range is better than that of
organosol [Fig. 5(b)]. Average particle size of the
hydrosol and organosol are 7.5 and 9.4 nm sepa-
rately as showing in Figure 6, and they both have a
narrow particles distribution. Morphology and size
of the titanium oxide colloid particles in hydrosol
and organosol were also evaluated by their HRTEM
micrograph, which are white particles shown in Fig-
ure 7. They are being nearly spherical in shape and
exhibiting a rather uniform size distribution.

Rheological properties of the organosol ERF

Flow curves were measured using CR mode for tita-
nium oxide organosol ERF under different electric
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Figure 5 UV-vis spectra of as prepared hydrosol and organosol. (a) absorbance; (b) transmittance.
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Figure 7 HRTEM images of (a) hydrosol and (b) organosol.

field strengths, as shown in Figure 8. In the absence
of an electric field, the organosol ERF behaves as a
Newtonian fluid, whose shear stress increases line-
arly with shear rate with a slope of 0.8. When a DC
electric field is applied, as the shear rate increases,
the behavior of shear stress only decreased slightly
even at very high shear rate and shows a Bingham
fluid behavior. This behavior is described by the fol-
lowing Bingham fluid model in general,

=1 +my ifr>1y
vy=0 ift> 1y @

Here, Ty is the yield stress and is a function of an
electric field strength, t is the shear stress, ¥ is the
shear rate, and m is the shear viscosity. The yield
stress, the critical parameter in ER response, depends
on the electrical field strength and particle volume
fraction. It is known that the rheological behavior of
an ER suspension is the result of a change of fibrous-
like structures. This structure change is mainly domi-
nated by the electric-field induced electrostatic
interaction and the shear-field-induced hydrody-
namic force. The large polarizability and enough
polarization response of ER particles are important to
produce stronger and faster electrostatic interaction
that can maintain structures and rheological proper-
ties 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 via an imposed strain. However, the shear
stress remained approximately constant (plateau
region) as the shear rate increased (see Fig. 8), where
the electrostatic force becomes approximately enough

to the hydrodynamic force. The stable shear stress
level for the organosol ERF means that the electro-
static interaction and the polarization response are
still enough even if the shear rate is increased, and
thus, particles make fibrous structures fast enough to
maintain the structure and rheological properties
under shear flow. Figure 9 shows the apparent viscos-
ity of the organosol ERF as a functional of shear rate
at different electric field in a range of shear rate from
1to 10’ s~ ' It shows the apparent viscosity of the or-
ganosol ER fluid is relatively low at zero fields, and
upon the application of the electric field, a shear-de-
pendent viscosity that decrease with the increasing
shear rate is observed, similar to shear thinning
behavior found in polymer melts or solutions.*" The
viscosity increases by 2 or 3 orders of magnitude at a
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Figure 8 Shear stress as a function of shear rate for as
prepared titanium oxide organosol ERF under different
electric field.
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Figure 9 Apparent viscosity as a function of shear rate
for as prepared titanium oxide organosol ERF under differ-
ent electric field.

low shear rate region, which means that the fluid is
strongly solidified under electric field (see Table II).
Figures 8 and 9 show an obvious ER effect, which the
shear stress and apparent viscosity increasing quickly
with increasing electric field strength due to the
enhanced interparticle interactions. Under the electric
field strength of 3 kV/mm, the ER efficiency mg
(mg = (e — ©) /710, where 1 is the shear stress with
electric field and 1 is the shear stress without electric
field) is close to 15 at the shear rate of 200 s~ '. Leak-
age current density was also measured less than
5 pA/cm?.

Figure 10 shows the shear stress versus shear rate
of as prepared organosol ERF at different tempera-
ture, which the electric field strength is 2 kV/mm.
The ER effect of the organosol is better from 20 to
70°C. The shear stress increase with temperature and
reach maximum around 60°C.

The dielectric spectra of the titanium oxide ERF in
the frequency range from 10 to 10° Hz were meas-
ured using LCR meter analyzer. The dielectric con-
stant and dielectric loss factor of the as prepared or-
ganosol ERF as a function of frequency are given in
Figure 11.

The interfacial polarization mechanism treats par-
ticle polarization using complex dielectric constant
e = ¢ —ig”, where ¢'(dielectric constant) is related to
particle polarizability and &”(dielectric loss factor) is
related to polarization time and stability of interac-
tion between particles. Block’*>* et al. proposed a

TABLE II
Apparent Viscosity at Zero Shear Rate Under Different
Electric Field

Parameters E =1kV/mm E =2kV/mm E =3kV/mm
Apparent

viscosity

(Pa s) 114.5 482.5 8223
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Figure 10 Shear stress versus shear rate for as prepared
titanium oxide organosol ERF at different temperature (E
= 2 kV/mm).

good ER effect require the suspension should first
have a dielectric relaxation peak (¢”) in the range
from 10> to 10° Hz and should have a large Ac
where Ag’ = &'y, — €'1021,. For our samples, Ae
(about 4) was observed in the organosol as shown in
Figure 11. It also have a relaxation peak at 200 Hz,
which in the range of 10>-10° Hz. Interfacial polar-
ization can be affected by the flow field so that the
ER phenomenon is the result of the interaction
between the flow field and the polarization induced
by the external electric field.** The dielectric relaxa-
tion time t of the polarization for the organosol can
be obtained from the relation T = 1/27fmax, Wherefimax
is the local frequency of the &” peak. Figure 11 shows
the organosol dielectric loss peak around fn.x = 200
Hz; thus, the large A¢’ and proper polarization
response in the organosol induce a strong and stable
interaction between particles leading to a good ER
effect, as shown in Figure 8.

The above discussion can also explain the
flow behaviors in Figure 8. As shown in Figure 8§,
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Figure 11 Permittivity and dielectric loss factor of as pre-
pared organosol ERF as a function of the frequency.
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Figure 12 The sedimentation ratio of organosol ERF ver-
sus time.

especially in the shear rate above 100 s, the relaxa-
tion time (~107° s) is shorter than the inverse shear
rate of the shear field. The polarization of the organ-
osol can sustain with the external electric field, so
that the shear stress remains constant. In conclusion,
the better ER performance can be explained from the
dielectric spectra.

Sedimentation is one of main criteria used to eval-
uate whether the materials can be commercialized or
not, because the properties of ERFs should be
weaken rapidly with the sedimentation of the parti-
cle phase. Figure 12 shows the sedimentation ratio of
the organosol. According to Figure 12, the as pre-
pared organosol have an excellent antisedimentation
stability, which the sedimentation ratio is 99.3% over
45 days. The good sedimentation can attribute to the
small size distribution of the titanium oxide colloid
nanoparticles.

CONCLUSIONS

Liquid-liquid phase transfer method has been suc-
cessfully introduced to fabricate novel nano titanium
oxide/silicone oil organosol that shows excellent ER
effect. The surfactant species was critical to the
phase transfer. Oleic acid and CTAB were unable to
ensure the phase transfer in the organic phase. Ani-
onic surfactant SDS and SDBS can bring a good layer
separation and SDS possessed a larger HLB value
has a good phase transfer effect. The complete phase
transfer was thought to base on the attractive elec-
trostatic interaction between the negative charged
surfactant group and the positive charged nanopar-
ticle. There is an optimum dosage of SDS 3.45
X107>M. When SDS is deficient, good phase transfer
efficient can not be attained. On the other hand,
when SDS is excess, the redundant SDS emulsify the
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mixture. The average particle size of as prepared or-
ganosol and hydrosol are 7.5 and 9.4 nm, respec-
tively. The organosol exhibits good ER effect that the
ER efficiency is above 15 under a shear rate of
200 s~ ' and the leakage current density is less than
5 wA/cm?®. The organosol also show a good ER effect
in a broad temperature range of 20-70°C. The stron-
ger polarization is the origin of the good ER effect.
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