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Abstract

Nanometric-sized titanium oxide powders have been synthesized successfully through the two-emulsion method. It was found that the anatase
phase is formed at 400 °C and converted to rutile phase as heat-treated at 700 °C. The synthesized TiO, powders exhibit particle sizes at 10-30 nm,
in a specific surface area of about 30-88 m?/g. Furthermore, the surface response method (including Box-Behnken design) was applied to deal
with the preparatory conditions of the two-emulsion process. It reveals that the optimal preparatory conditions were obtained at the volume
ratio of surfactant/n-hexane =0.03, volume ratio of water/oil =(0.04, molar ratio of acetylacetone/titanium isopropoxide =4, molar ratio of iso-
propanol/titanium isopropoxide =23.1. By combining the optimal settings of those variables, a nanometric-sized TiO, powder has been obtained
with specific surface area of 96 m?/g. It demonstrates the photocatalytic degradation of methylene blue solution effectively by exposing the

as-synthesized TiO, powders in aqueous solution under ultraviolet light.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Titania has been examined showing three crystalline forms:
anatase, brookite and rutile. Rutile phase is the most thermo-
dynamically stable among these crystalline forms, anatase and
brookite are metastable and can be transformed to rutile by
a heating process. However, the rutile form titania has been
widely used as pigments, cosmetic ingredients as well as cata-
lyst support.! The nanoscale anatase form TiO, has been focused
on fields of nature and life such as, purification and treatment
of water and air, the photoelectrochemical solar cell, etc. 2
Recently, scholars have become interested in studies to treat
the suspension system of nanometric-sized TiO, powders or the
reaction system containing materials in which TiO, fine pow-
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ders were anchored due to its relatively wider band gap property
and high activity.>

There are a variety of techniques available for producing
ceramic particles or thin films, including conventional aqueous
precipitation,® hydrothermal processing,’” sol-gel method® and
gas-phase reaction.’ However, the preparation of nanoparticles
is much more difficult than that of microparticles. Among the
various techniques, powders obtained by the precipitation of pre-
cursor from solution are the most realizable technique because of
their simplicity, safety, and low cost. However, the conventional
aqueous precipitation method often produces irregular-shaped
powders with a wide size distribution. In recent years, the
microemulsion method!'®!! has been studied and utilized widely
as a key technique to synthesize oxide nanoscale powders owing
to the products which have characteristics of being well dis-
persed, of controlled size and with narrow-size distribution. Tai
et al. have successfully synthesized the nanoparticle size ZrO»
by using two-emulsion precipitation techniques, where the mean
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size of spherical ZrO, particles of a few tens of nanometers can
be prepared.!%-12

In particular, acetylacetone is a known chelating agent
with titanium alkoxides since it significantly changes the hydrol-
ysis behaviors as a nucleophilic reactant and replaces the
alkoxy group, thus giving rise to a new molecular precur-
sor. In the hydrolysis reaction of ligand acetylacetone, less
electronegativity of alkoxy groups is rather quickly reduced,
while the more electronegative ligand of acetylacetone groups
persists as a complex within the metallic group. It has
been reported that the use of a modified organometallic
precursor leads to better ions homogeneity, enhances the pow-
der’s properties, and reduces the powder synthesis tempera-
ture. 617

Experimental statistical methods are often used in the design
of experiments and the significant factors of the preparatory
conditions can be tested by analysis of variance. This is also
areliable method to simplify the process of identifying the most
influential preparation variables, and the optimal preparatory
conditions are singled out.'®!° However, there have been few
studies to investigate the optimization of experimental condi-
tions in the preparation of nanometric-sized TiO, powders by
two-emulsion method.

In this study, an experimental statistical method was used to
find the influential factors for the synthesis of TiO, from the
two-emulsion method. Here, titanium isopropoxide was used as
the raw material, and acetylacetone as a chelating agent. The
selected influential factors were assembled as the preparatory
conditions and the number of required experiments was then
decreased. The effects of the most influential factors on the pow-
der were investigated and finally the optimal conditions were
determined.

13-15
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2. Experimental
2.1. Synthesis of TiO2 powders

Titanium isopropoxide [Ti(O-i-C3H7)y4, density
0.995gcm™!, purity 98%] was reacted with acetylace-
tone to obtain a Ti-acetylacetonate precursor. In an exothermic
reaction, degassed water was added and the mixture was then
stirred vigorously to produce a yellowish clear solution.

n-Hexane was used for oil phase; Span 40 and isopropyl
alcohol (IPA) were applied for surfactant and co-surfactant,
respectively. The aqueous phase in one of the microemulsion
was an aqueous solution (0.3 M) of titanium acetylacetonate,
whereas the aqueous phase in the other microemulsion was the
precipitating agent ammonium hydroxide (1.2 M), with the same
volume ratio of water/oil (w/0). These two microemulsions were
mixed by vigorous stirring at room temperature.

Due to the continuous collisions and coalescence of the
droplets of water-in-oil microemulsion, the reacting species
in the two microemulsions, Ti** and ammonium hydroxide,
respectively, come in contact with each other and react. This
leads to the formation of titanium hydroxide precipitation within
the microemulsion.

The resultant slurry was distilled at 120-130°C for about
3 h to remove the unreacted water and most of the oil. The pre-
cipitates of TiO, precursor were filtered and washed with ethyl
alcohol and repeated with deionized water to remove the resid-
ual surfactants and ions, then dried at room temperature for 24 h.
Finally, white TiO, powder was obtained by calcining the amor-
phous precursors to form an anatase TiO; structure. A schematic
diagram for the preparation of TiO; particles in microemulsion
is shown in Fig. 1.

PANNOX series
surfactant
Acetylacetone /Ti(OR),
solution

Emulsification
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Fig. 1. Schematic illustration of the preparation of nanometric-sized TiO, from two-emulsion method.
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The particles thus prepared in the constrained microreactors
of microemulsion droplets are expected to be fairly uniform and
homogeneous and have a higher surface area with very small
particle size.

During the reaction, the droplets serve as microreactors where
nucleation, crystal growth and nuclei agglomeration occur.
Thus, the size, size distribution, and shape of produced particles
from emulsion precipitation are related to the emulsion droplets
and can be controlled better than the conventional precipitation,
in which two solutions of reactant are mixed directly.

2.2. Experimental statistical method

The aim of optimization was to find the optimized con-
ditions of the experimental variables. Based on the results
obtained in preliminary experiments, we chose the following
four variables as the experimental variables: (1) volume ratio of
surfactant/n-hexane (A), (2) volume ratio of w/o (B), (3) ammo-
nia concentration (C), (4) molar ratio of isopropanol/titanium
isopropoxide (D). Hence, these variables were selected to find
the optimized conditions for a higher Brunauer, Emmett and
Teller (BET) specific surface area of nanoscale TiO, powder
using Box-Behnken design and response surface methodology
(RSM).

The range and levels of the experimental variables inves-
tigated in this study are given in Table 1. The central values
(zero level) chosen for experimental design were a volume
ratio of surfactant/n-hexane 0.02, volume ratio of w/o 0.03,
ammonia concentration 4 M, molar ratio of isopropanol/titanium
isopropoxide 15.4.

2.3. Characterization analysis

Characteristics of the calcined titania powders were ana-
lyzed: the crystalline phase identified by an X-ray diffractometer
(XRD) (RIGAKU, Rint-2000) and the surface structure and
particle morphology examined by a transmission electron micro-
scope (TEM) (Philips, M-200).

However, the great emphasis placed on surface area mea-
surements in this paper was examined. A certain amount of
as-prepared TiO, powders were grounded in an agate mill for
5 min to reduce the aggregation of powders. The specific sur-
face areas of the nanometric-sized TiO; powders were measured
using a MICROMERTICS ASAP 2010 surface area analyzer.
Previously adsorbed gases were removed prior to the measure-
ment by degassing the samples in N, at 150 °C, 103 torr for
4h. Then, a mixture gas of N, (adsorbent) and He (carrier)

Table 1
The actual and code levels of the experimental variables
Variable Code level

-1 0 +1
A: volume ratio of surfactant/n-hexane 0.01 0.02 0.03
B: volume ratio of w/o 0.01 0.03 0.05
C: ammonia concentration (M) 2 4 6
D: molar ratio isopropanol/titanium isopropoxide 7.7 15.4 23.1

was passed through the sample tube. When the sample tube is
immersed in liquid nitrogen, the sample adsorbs nitrogen. The
amount of nitrogen adsorbed was measured and the surface area
was calculated by the BET equation.

2.4. Photocatalytic measurements

A reactor, irradiated by the light source placed above the
methylene blue solution at a certain position, was utilized to
perform the photocatalytic experiments. The volume of the reac-
tor was 250 ml, and continuous stirring was used to maintain the
uniformity of both concentration and temperature. A 369 nm UV
lamp was used as the light source and 0.5 g of TiO» catalyst pow-
der was added into 150 ml of 10 ppm methylene blue solution
to measure the photodegradation activity of as-prepared pho-
tocatalyst. The photodegradation runs lasted several hours and
samples were taken for examination during the interval of degra-
dation. The concentration of methylene blue was measured at
the maximum absorption wavelength of 664 nm by a HITACHI
U-2800 UV-vis spectrophotometer.

3. Results and discussion
3.1. Characteristics of emulsion

3.1.1. Microemulsion stability

There are many factors, including volume ratio of surfactant/
n-hexane, volume ratio of w/o, ammonia concentration, molar
ratio of isopropanol/titanium isopropoxide, that influence the
stability of emulsion and further change the particle morphology
and size distribution of synthesized powders. For the stabil-
ity of microemulsion, isopropyl alcohol (IPA) is found to be
suitable with the surfactant of Span surfactant. The addition of
co-surfactant to the formation yields the low interfacial ten-
sion required to produce the small droplets. Alcohols with
short-chain amphiphilic molecules are frequently used as a co-
surfactant to reduce interfacial tension.

Table 2 shows the effect of w/o volume ratio on the
microemulsion stability at room temperature. When the volume
ratio of w/o is lower than 3/100, the microemulsion exhibits a
stable condition for 10 h without adding any co-surfactant. Par-
ticularly, the volume ratio of w/o at 1/100 showed a clear stable
solution over 12 h. However, as the volume ratio w/o increases,
the stability of emulsion decreases. For example, when the vol-
ume ratio w/o is at 4/100, the amount of IPA required for 250 g

Table 2
The effect of w/o volume ratio on the microemulsion stability at room
temperature

Volume ratio ~ Concentration Molar ratio of Stability of emulsion
of w/o of NH4OH (M)  acetylacetone/Ti  (stable over, h)
1/100 12 4 12

2/100 12 4 12

3/100 12 4 10

4/100 12 4 8"

5/100 12 4 3"

* In which case co-surfactant, IPA, was applied.
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Fig. 2. The TEM morphologies of the TiO, powders prepared at various volume ratios of w/o by the emulsion method. (a) 1/100 and (b) 4/100.

n-hexane is 10 g, and the microemulsion is more stable with
more IPA added to the system. Furthermore, the emulsion pre-
pared at volume ratio of w/o at 5/100 is highly unstable, and can
only demonstrate a clear condition for 3h by adding IPA co-
surfactant. The observation is in agreement with the report of
Lee et al.? who have demonstrated the effects of IPA surfactant
amount, Zr** concentration, and volume ratio of w/o on the sta-
bility of emulsion using heptane as the oil phase. It is concluded
that low volume ratio of w/o and low Zr** concentration favor
the formation of emulsion.

Fig. 2 shows the TEM morphologies of the titania powder pre-
pared at various volume ratios of w/o by the emulsion method.
It reveals that the shape of the synthesized particles was almost
spherical and the size of the powders ranged from 10 to 30 nm.
The powders prepared from volume ratio of w/o at 1/100 had a
relatively uniform and spherical with less aggregation as shown
in Fig. 2(a). As the volume ratio of w/o was increased, the par-
ticle size had more aggregation and was bigger. The particle
sizes of powders obtained from volume ratio of 4/100 were
estimated to be 20-30nm (Fig. 2(b)). The particle size was
further checked by an X-ray diffractometer by using Sherrer’s
equation.

It was evident from these figures that the particle size was
very small and that the size of the synthesized particle increased
the particle and aggregation with the increased volume ratio of
w/o. This suggests that less ratio of w/o promoted the formation
of powders with a uniform size distribution due to the fast reac-
tion in small size of emulsion and homogeneous precipitation. '
This result indicated that volume ratio of w/o could enhance the
control of the size, size distribution and the morphology of the
titania powders.

Table 3
The powder properties of nanometric-sized TiO, prepared at various volume
ratios of w/o and calcined at 400°C

‘Volume ratio DTEM (nm) SBET (m2/g) DLpD (nm) DLPD/DTEM
of w/o

1/100 10-15 88 40 3.21

2/100 15-25 80 71 3.54

3/100 18-28 73 127 5.50

4/100 20-30 30 160 6.42

3.1.2. Powder properties

The powder properties of the nanometric-sized TiO, powders
prepared from various volume ratios of w/o calcined at 400 °C
through two-emulsion process are shown in Table 3. It is indi-
cated that the TiO, powders have BET surface area between 30
and 88 m?/g and particle sizes at 10-30nm. The surface areas
of powders prepared from this method (two-emulsion process)
are much more than those prepared by convectional aqueous
precipitation method, and also more than those by sol—gel pro-
cess (<80 m2/g). A higher surface area anatase that forms titania
powder with higher catalytic activity could be applied as a pho-
toelectrochemical solar cell.

Aggregation was increased if the ratio of w/o increased hence
the specific surfaces in the cases were decreased. The specific
surface area measured for the powder obtained from higher ratio
of w/o was small, and agglomeration and particle size large.
The specific surface area of TiO, was largest for the molar ratio
of w/o at 1/100 applied. It was 88 m?/g. The specific surface
area investigation supports the results of the TEM micrographs.
After calcination of the equivalent BET particle diameter, it can
be inferred that most of particles of Fig. 2 are composed of
smaller primary crystallites. Table 3 shows that the mean parti-
cle size obtained by TEM (Dtgm) is smaller than that obtained
by the laser particle size distribution analyzer (Dppp) for the
calcined powders. The means that the higher w/o ratio leads
to the formation of larger crystals and the agglomeration pro-
cess is also promoted. This can be seen by calculating the ratio
Drpp/DTEM.

3.1.3. XRD analyses

The XRD patterns of TiO, powders prepared at volume ratio
at 1/100 and calcined at various temperatures are shown in
Fig. 3. At400°C, (10 1) plane of anatase was examined reveal-
ing that the crystallization of TiO; converting to anatase form
takes place. This is lower than the crystallization temperature
found for the powders synthesized from Ti(OEt)4-HCI-H,O-
EtOH system by other works.?! At 500°C, the crystallinity
of anatase phase is enhanced remarkably. Above 700 °C, the
powder begins to transform to the crystalline phase of rutile
form, and at 800 °C anatase modification disappeared dramati-
cally. Indeed, rutile form of TiO, dominated the crystal phase at
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Fig. 3. The XRD patterns of the Ti precursors calcined at various temperatures.
(A) 400°C, (B) 500°C, (C) 600 °C, (D) 700°C, and (E) 800 °C.

the molar ratio of about 93%. This transformation temperature
seems to be lower than that of the observation of the usual TiO;
crystals (900-1000 °C).??

3.2. Optimal preparatory conditions

3.2.1. Optimization by response surface methodology

The range and the levels of the experimental variables inves-
tigated in this study are given in Table 1. The central values
(zero level) chosen for experimental design were volume ratio
of surfactant/n-hexane 0.02, volume ratio of water 0.03, ammo-
nia concentration 4 M, and molar ratio isopropanol/titanium
isopropoxide 15.4. In developing the regression model, the
experimental variables were coded according to the following
equation:

_Xl'—Xo

AX, ey

X
where x; is the coded value of the ith experimental variable; X;,
actual value of the ith experimental variable; Xy, actual value of
the ith experimental variable at the central point; AX is the step
change value.

Several experimental designs have been considered to study
such regression. For this study, we selected Box-Behnken design
for 4 variables. Based on Box-Behnken design, a set of 29
experiments was carried out. The surface area of as-prepared
nanometric-sized TiO, powder from every run of the experi-
mental designs, according to the factors assigned to the columns,
was measured at least twice within the deviation of 5% as shown
in Table 4. Statistical software package Design-Expert 6.0 was
used to analyze the experimental results. According to the RSM
methodology, a full second-order polynomial model was used
to fit the independent variables using the following equation:

Y = by + b1 A+ byB+ b3C 4 by D + bsA? + bg B> + b7C?

Table 4
Box-Behnken design and experimental results
Trial no. A B c D BET (m?/g)
1 -1 -1 0 0 71.96
2 1 -1 0 0 33.78
3 -1 1 0 0 51.47
4 1 1 0 0 70.99
5 0 0 -1 -1 70.53
6 0 0 1 -1 79.06
7 0 0 —1 1 88.77
8 0 0 1 1 75.83
9 -1 0 0 —1 70.72
10 1 0 0 -1 75.46
11 —1 0 0 1 76.23
12 1 0 0 1 81.60
13 0 -1 -1 0 48.56
14 0 1 -1 0 72.94
15 0 -1 1 0 59.82
16 0 1 1 0 74.76
17 -1 0 -1 0 89.71
18 1 0 -1 0 80.01
19 —1 0 1 0 79.26
20 1 0 1 0 75.04
21 0 —1 0 —1 51.81
22 0 1 0 -1 64.53
23 0 —1 0 1 55.41
24 0 1 0 1 81.55
25 0 0 0 0 83.65
26 0 0 0 0 88.31
27 0 0 0 0 77.58
28 0 0 0 0 70.00
29 0 0 0 0 89.67

+bgD? + bgAB + b1gAC + b1 AD + by BC + bj3BD
+b14CD 2

where Y is the predicted response; by, ..., bi4, coefficients of
the model; A, B, C, D are the coded process variables.

By using the regression analysis method, the regression
model in the coded form was established as follows:

Y =81.84 — 1.87A +7.91B — 0.56C + 3.94D — 3.88A2
—18.72B* +0.87C% — 1.98D* + 14.43AB + 1.37AC
+0.16AD — 2.36BC + 3.36BD — 5.37CD (3)

where Y is the specific surface area of nanoscale TiO, pow-
der; A, volume ratio of surfactant/n-hexane; B, volume ratio
of w/o; C, ammonia concentration; D is the molar ratio iso-
propanol/titanium isopropoxide. The R? (multiple correlation
coefficient) of the regression model obtained from analysis of
variance (shown in Table 5) is 0.8707, which means that the
model can explain 87.07% variation in the response.

Table 5

ANOVA of RSM regression analysis

Mode Sum of squares ~ d.f.  Mean of squares  F-value  P-value
Model 4422.83 14 315.92 6.73 0.0005
Residual 656.99 14 46.93

Total 5079.82 28
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Table 6
Comparison of actual value and predicted value

Trial no. Actual value Predicted value
1 71.96 67.63
2 33.78 35.04
3 51.47 54.60
4 70.99 79.70
5 70.53 72.00
6 79.06 81.61
7 88.77 90.06
8 75.83 78.75
9 70.72 74.07

10 75.46 70.01

11 76.23 81.64

12 81.60 78.21

13 48.56 54.29

14 72.94 74.83

15 59.82 57.89

16 74.76 68.99

17 89.71 82.64

18 80.01 76.15

19 79.26 78.77

20 75.04 77.77

21 51.81 52.66

22 64.53 61.77

23 55.41 53.83

24 81.55 76.36

25 83.65 81.84

26 88.31 81.84

27 77.58 81.84

28 70.00 81.84

29 89.67 81.84

3.2.2. Optimization of the preparatory conditions

The regression model can be used for prediction, process
optimization, and process control. Comparisons of experimen-
tal values and predicted values from the regression model are
shown in Table 6. From Table 6, it is observed that agreement is
satisfactory. According to the regression model, the optimized
conditions of experimental variables could be searched. The
optimized conditions of experimental variables were 0.03 for
volume ratio of surfactant/n-hexane, 0.04 for volume ratio of
water, 2M for ammonia concentration, 23.1 for molar ratio
isopropanol/titanium isopropoxide. The predicted maximum
specific surface area was calculated to be 94 m?/g. In order to
confirm the predicted results, experiments using the optimized
conditions were performed, and a value of 96 m?/g was obtained.

3.2.3. Photocatalytic activity of TiO» powders

The concentration of methylene blue, which was decolorized,
was determined by a UV-vis spectrophotometer. The photo-
catalytic decolorization of methylene blue is pseudo-first-order

reaction and its kinetics may be expressed as follows>3:

In(C/Cy) = —kt 4)

where k is the apparent reaction rate constant, C, and C are the
initial concentration and the reaction concentration of methylene
blue, respectively.

The photodegradation reaction rate of methylene blue by the
as-prepared TiOp powders obtained from run 2, run 15, and

0.0

02|
04l
06|
o8l

1.0h

In(C/Cq)

121
14t

16|

-2_0-.|.1.1.|.1,|.1.|
o 2 4 6 8 10 12 14 16 18

REACTION TIME, h

Fig. 4. The photodegradation reaction rate of methylene blue by the as-prepared
TiO; powders obtained from run 2, run 15, and the optimal experiment. (A) Run
2, (@) run 15, and (W) optimal experiment.

the optimal experiment were measured as shown in Fig. 4.
The apparent reactant rate constant is 1.01 x 1073 min~!,
1.48 x 103 min~!, and 1.86 x 10~ min~"!, for run 2, run 15,
and the optimal experiment, respectively. Clearly, the apparent
rate constants depend on the surface area of powder. The rate

constant increases with increasing surface area in expectation.

4. Conclusions

The nanometric-sized titanium oxide powders with spherical
morphology have been synthesized successfully through two-
emulsion method, which is caused by the reaction between two
solutions of reverse emulsion, one containing T i** chelated with
acetylacetone aqueous droplets and the other aqueous ammonia
droplets, with the same water/oil (w/0) ratio and mixed together
to form a slurry of titania precursor. The adopted experimen-
tal variables were volume ratio of surfactant/n-hexane, volume
ratio of water, ammonia concentration, and molar ratio iso-
propanol/titanium isopropoxide.

It is obviously found that as the volume ratio of w/o increases,
the stability of microemulsion is decreased; it can be concluded
that low volume ratio of w/o, such as volume ratio of w/o at
1/100, favor the formation of emulsion and resulting in a finer
particle size obtained at 15 nm. From the results of XRD analysis
and TEM observation in this study of the TiO, powders, it was
found that the anatase phase is formed at 400 °C and converted
to rutile phase as heat-treated at 700 °C. The synthesized TiO,
powders exhibit particle sizes at 10-30 nm, specific surface area
about 30-88 m?/g.

Furthermore, the surface response method (including Box-
Behnken design) was applied to deal with the preparatory
conditions of the two-emulsion process. It reveals that the opti-
mal preparatory conditions were obtained at the volume ratio
of surfactant/n-hexane = 0.03, volume ratio of w/o =0.04, molar
ratio of acetylacetone/titanium isopropoxide=4, molar ratio
of isopropanol/titanium isopropoxide =23.1. By combining the
optimal settings of those variables, it has obtained a nanometric-
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sized TiO, powder with specific surface area at 96 m?/g. Finally,
photocatalytic degradation experiments were examined and they
demonstrated that methylene blue remarkably enhanced the
degradation in the presence of TiO, powders prepared from the
optimal conditions under ultraviolet light.
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