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Recovery of TiO2 nanoparticles synthesized in reverse
micelles by antisolvent CO2
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Abstract

The possibility to recover the titanium dioxide (TiO2) nanoparticles synthesized in sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) reverse micelles by compressed CO2 was investigated. UV-Vis study showed that TiO2 nanoparticles could be deposited
from the reverse micelles by the dissolved CO2. The nanoparticels were prepared and characterized by the transmission electron
microscopy (TEM). The results showed that the TiO2 nanoparticles of very small size could be obtained. The effect of the
operation conditions on the particle size is discussed.
© 2003 Elsevier B.V. All rights reserved.
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Titanium dioxide (TiO2), a traditional material, is
widely utilized in ceramic materials as a white pig-
ment, enamel, and membrane[1,2]. Nano-sized TiO2
particles have recently been researched because they
have excellent physical, chemical and opto-electrical
properties[3–5]. To date, many efforts have been made
to prepare TiO2 nanoparticles, including the plasma
process[6], sol–gel processing technique[7,8], syn-
thesis in supercritical fluids[9–11], and reverse mi-
cellar method[12–14]. The reverse micellar method is
one of the most preferred candidates. In this method,
recovery of the nanoparticles from the reverse micelles
is one of the key steps. The conventional recovery
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methods include flocculation[15], evaporation[16],
or adding certain chemical reagent to cause phase sep-
aration[17], which precipitate the surfactant simulta-
neously. The post-process is troublesome because the
products contain a large amount of surfactant.

It is well known that compressed CO2 can dissolve
in many organic solvents, which results in consid-
erable change in the solvent power of the solvents.
Thus, the property of the liquid solvent can be tuned
by pressure because the solubility of CO2 in the sol-
vent is a function of pressure, and the separation of
the gas and the liquid solvent can be achieved easily
by depression. In recent years, utilization of this prin-
ciple has been widely explored in various areas, such
as extraction and fractionation[18,19], recrystalliza-
tion of chemicals[20–22], and micronization[23,24].
Recently, we proposed a new method to recover ZnS
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nanoparticles synthesized in AOT reverse micelles by
dissolving compressed CO2 into the reverse micellar
solution[25].

In this work, we investigated the possibility to re-
cover the TiO2 nanoparticles from the reverse micelles
using CO2 as antisolvent. The present work consisted
of three related parts: (1) studying the related phase
behaviour, which was the basis of this work; (2) prob-
ing the possibility of recovering TiO2 nanoparticles
from the water/AOT/isooctane reverse micelles by
compressed CO2; (3) investigating the effects of the
experimental conditions on the size of the recovered
TiO2 nanoparticles. The results demonstrated that this
method has some potential advantages for preparing
TiO2 nanoparticles, such as simple, timesaving and
the solution can be recycled.

The apparatus used to determine the phase be-
haviour was the same as that used previously[26].
The volume expansion coefficient�V = (V −V0)/V0
(V and V0 are respectively the volumes of the
CO2-expanded and the CO2-free solutions) of the
micellar solution ([AOT]= 100 mmol/l) were deter-
mined at 303.2 K, and the results are demonstrated in
Fig. 1. As can be seen, the volume expansion coeffi-
cient increases with increasing pressure because more
CO2 is dissolved in the solution at higher pressure.
The volume expansion coefficient is nearly indepen-
dent ofw0. The volume expansion curves allows us to
determine how much CO2-free reverse micellar solu-
tion should be loaded into the sample cell in the UV
investigation and nanoparticle recovery processes. As
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Fig. 1. Effect of pressure on volume expansion coefficients of the
reverse micellar solution ([AOT]= 100 mmol/l) with differentw0

at 303.2 K.

the pressure of CO2 was high enough, the micellar
solution became cloudy, indicating the precipitation
of the surfactants from the micellar solution. The
pressure at which AOT begins to precipitate from the
solution is referred to as cloud pressure (Pc). ThePc of
the reverse micellar solution ([AOT]= 100 mmol/l)
determined at 303.2 K was 5.91 MPa. In this work, all
the experiments were conducted at pressures lower
than thePc for TiO2 nanoparticle recovery, so that
the precipitation of the surfactant was not occurred.

The method to synthesize TiO2 nanoparticles in
the reverse micelles was similar to that reported by
other authors[22]. Typically, the desired amount
of pre-diluted (13 wt.%) titanium(IV) isopropox-
ide/ isopropanol solution was added to the wa-
ter/AOT/isooctane reverse micelles under mild stir-
ring. UV-Vis spectrum is commonly used method
to characterize the TiO2 nanoparticles in reverse mi-
celles. In this work, the UV spectrophotometer (Model
TU-1201) was used to examine the precipitation of
TiO2 particles from the reverse micelles at different
CO2 pressures. The high-pressure UV sample cell
and the experimental procedures were similar to those
used previously[25]. In the experiment, the UV cell
was full of solution after expansion with CO2. The
concentration of TiO2 in the solution was 0.022 mg/ml
if precipitation did not occur. As examples,Fig. 2
shows the UV spectra of the reverse micellar solu-
tion containing TiO2 particles at some pressures, and
the water-to-AOT molar ratio in the solution (w0) is
8. The characteristic absorbance around 272 nm is
attributed to TiO2 nanoparticles[12]. The nanoparti-
cles in the reverse micellar solution do not precipitate
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Fig. 2. UV spectra of TiO2 in reverse micelles ([AOT]=
100 mmol/l,w0 = 8) at 303.2 K and different pressures.
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in the absence of CO2. However, the absorbance of
the TiO2 decreases progressively with the increasing
CO2 pressure, which can be seen clearly fromFig. 2.
This indicates that the precipitation of TiO2 from the
reverse micelles can be realized by adding CO2, and
more TiO2 nanoparticles are precipitated at higher
pressures.

On the basis of the investigations above, we se-
lected some suitable experimental conditions to pre-
pare TiO2 nanoparticles using CO2 as antisolvent. The

Fig. 3. TEM photographs of TiO2 particles recovered from AOT reverse micelles ([AOT]= 100 mmol/l) by compressed CO2 at different
conditions: (a) [TIP]= 1.30 mg/ml, P = 5.41 MPa,w0 = 8; (b) [TIP] = 0.86 mg/ml, P = 5.41 MPa,w0 = 8; (c) [TIP] = 0.43 mg/ml,
P = 5.41 MPa, w0 = 8; (d) [TIP] = 0.86 mg/ml, P = 5.07 MPa, w0 = 8; (e) [TIP] = 1.30 mg/ml, P = 5.41 MPa, w0 = 5; (f)
[TIP] = 1.30 mg/ml,P = 5.41 MPa,w0 = 2.

known amount of reverse micellar solution with syn-
thesized TiO2 nanoparticles was added into the auto-
clave of 303.2 K. CO2 was charged into the autoclave
by a high-pressure pump until the desired pressure was
reached. After 30 min, the stirrer was stopped to allow
the precipitation of the TiO2 particles. CO2 was then
released slowly. After the removal of the liquid solu-
tion, the deposits at the bottom of the autoclave were
collected and washed several times using water and
ethanol. The size and shape of the obtained TiO2 par-
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ticles were determined by transmission electron mi-
croscope (TEM) with a HITACHI H-600A electron
microscope. The TEM micrographs prepared at some
typical conditions are presented inFig. 3a–f. The re-
sults show that the TiO2 particles prepared at all the
conditions are very small.

The effect of the reactant concentration on the size
of the TiO2 nanoparticles can be seen inFig. 3a–c. Ev-
idently, the particle size decreases with the decreasing
TIP concentration. The main reason is that the amount
of TiO2 in each micelle is smaller at the lower con-
centration, which is favourable to producing smaller
particles.Fig. 3b and dcompare the TiO2 nanopar-
ticles recovered at different CO2 pressures. Size of
particles recovered at 5.41 MPa is smaller and more
uniform than that at 5.07 MPa. This may be due to
the reduced viscosity and enhanced diffusivity of the
CO2-expanded solutions at higher pressure.Fig. 3a,
e and fdemonstrate the effect ofw0 on particle size.
The particles recovered atw0 = 8 and 5 are similar
both in size and size distribution. The products ob-
tained atw0 = 2 contains very smaller particles, and
the size of the larger ones are similar to those pro-
duced atw0 = 8 and 5. The main reason is that the
particles in the reverse micelles synthesized atw0 = 2
are much smaller. Some of them aggregate to form the
larger particles during the recovery process.
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