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Abstract

Nanosized pure Ti@particles were prepared by hydrolysis of TTIP in the sodium bis(2-ethylhexyl)sulfosuccinate (AOT)
reverse micelles. TigSiO, nanoparticles were also prepared from TEOS as a silicon source and TTIP as a titanium source.
These particles were characterized by TEM, XRD, FT-IR, BET, TGA and DTA. From thermal analysis and XRD anal-
ysis, the anatase structure of pure titania appeared in the 30066€lcination temperature range and the rutile struc-
ture was showed above 700. However, no rutile phase was observed for the ,J880, particles up to 800C. The
crystallite size decreased and the surface area 0$/$i0, particles monotonically increased with an increase of the
silica content. From FT-IR analysis, the band for Ti—-O-Si vibration was observed and the band intensity for Si—O-Si
vibration increased with an increase of the silica content. The micrographs of TEM showed that sH&@itanopar-
ticles had a spherical and a narrow size distribution. In additiony/Bi®, particles showed higher photocatalytic activity
than pure TiQ and the TiQ/SiO, (90/10) particles showed the highest activity on the photocatalytic decomposition of
p-nitrophenol.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction surface-active supporf®]. Microemulsions provide
a microheterogeneous medium for the generation
Particles smaller than tens of nanometers in pri- of nanoparticles. The formation of particles in such
mary particle diameter (nanoparticles) are of interest systems is controlled by the reactant distribution
for the synthesis of new materials because of their low in the droplets and by the dynamics of interdroplet
melting point, special optical properties, high catalytic exchange. The surfactant stabilized microcavities
activity, and unusual mechanical properties compared provide a cage-like effect that limits particle nucle-
with their bulk material counterpaft]. ation, growth and agglomeratiof,7]. In addition,
Many methods have been developed to control water-in-oil (w/o) microemulsions have been suc-
the size of nanoparticles such as Langmuir—Blodgett cessfully employed to obtain ultrafine particles of
films [2], vesicleq3], reverse microemulsiorjg] and controlled size of a variety of materigg,9].
Anderson and Barfl0] reported the effect of incor-
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rhodamine-6G, the titania/silica mixed oxide with
the ratio of 30/70 produces the highest activity about
three times higher than Degussa P25 titania.

In the present work, the nanosized pure Jiéhd
the nanosized Ti@SIO, particles were prepared
using TTIP and TEOS as precursors in the sodium
bis(2-ethylhexyl)sulfosuccinate (AOT) reverse mi-
croemulsion. In addition, their photocatalytic activity
on the decomposition gf-nitrophenol was also ex-
amined.

2. Experimental

The preparation method of the pure titania par-
ticle was followed by the previous repdi@]. Tita-
nia/silica particles were prepared by the water-in-oil
microemulsion. Titanium tetraisopropoxide (TTIP,
98% Aldrich) and teraethylorthosilicate (TEOS, 98%
Aldrich) were used as precursors of titania and sil-
ica, respectively. Cyclohexane (Oriental Chemical
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A biannular quartz glass reactor with a UV lamp
immersed in the inner part was used for all the pho-
tocatalytic experiments. The batch reactor was filled
with 500 ml of an aqueous dispersion in which the con-
centration of TiQ/SiO, particles and op-nitrophenol
were 0.1-0.4g/l and 10-100 mg/l, respectively and
magnetically stirred to maintain uniform concentra-
tion and temperature. A 1000 W high pressure mer-
cury lamp (Kumkang Co.) was used. The circulation
of water in the quartz glass tube between reactor and
lamp allowed to cool the lamp and to warm the reac-
tor at the desired temperature. Nitrogen was used as a
carrier gas and pure oxygen was used as an oxidant.
The samples were immediately centrifuged and the
guantitative determination gf-nitrophenol was per-
formed by UV-Vis spectrophotometer (Shimazu UV-
240).

The dried fine powders of synthesized Ji@ere
subjected to thermo gravimetric-differential thermal
analysis (TG-DTA, Perkin-Elmer) to determine the
temperature of possible decomposition and phase

Industries) was used as an organic solvent. Water change. The chemical structure of the prepared parti-

used in the experiments was doubly distilled and
deionized. The water/surfactari¥g) molar ratio and
water/TTIP4+ TEOSR) moral ratio were maintained
at 1 and 2, respectively.

Nanosized TiQ/SIO, particles were prepared by
the controlled hydrolysis of TTIP and TEOS in
water-in-oil (w/o) microemulsions stabilized with the
anionic surfactant AOT. Reverse microemulsion solu-
tion was prepared by dissolving 0.045 mol of surfac-

cles was examined using Fourier transform infrared
spectrophotometer (FTIR, Bruker, IFS-88). The ma-
jor phase of the obtained particles was analyzed by
X-ray diffraction (Rigaku D/MAXIIC) using Cu K
radiation. Crystallite size of the prepared particles
was determined from the broadening of the anatase
main peak at 2 = 25.3° by the Schrerrer equation
[11]. Surface area of the prepared particles was deter-
mined by nitrogen physisorption data at 77 K using

tant in cyclohexane and by adding a required amount a Micrometritics ASAP 2400 and pore volume was

of distilled water. The water-clear appearance of the
solution indicated the formation of the microemul-

sion. The hydrolysis rate of TEOS is much slower
than that of TTIP. Therefore, TEOS was hydrolyzed
in the first step with the pre-mixed reverse microemul-
sion solution. After the two precursors were added in
the pre-mixed solution, it was mixed for 4 h to obtain

TiO2/SiO, particles. The hydrolysis reaction was car-
ried out at 30C in a sealed four-way flask (500 ml).

The TiG,/SIO, particles precipitated were separated
in a centrifuge at 10,000 rpm for 2 min and were then
washed with ethanol using Soxhelt extractor for 24 h

determined by the BJH (Barrett—Joyner—Halenda)
method. The patrticle size and external morphology
of the prepared particles were observed by trans-
mission electron microscopy (TEM, JEOL, JEM-

2020).

3. Results and discussion
3.1. Thermal analysis

Fig. 1shows the DTA and TGA thermodiagrams for

to remove organic compounds and surfactants from the pure TiQ and TiG/SiO; nanoparticles. From the
the particles. The particles were dried in the oven at TGA analysis of the pure Tig) the weight of particles

105°C for 12 h and calcined between 300 and 8C0
for 3h.

sharply decreases up to 380 and slowly decreases
from 350 to 900C.
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Fig. 1. DTA-TGA curves of the pure Tidand TiG/SiO, nanoparticles prepared at different TTIP/TEOS ratio.

DTA analysis of the pure Ti@also shows the en-  particle is an anatase structure and a rutile peak was
dothermic peak at 100C and two exothermic peaks at observed above 70C. For TiG,/SiO, particle, how-
280 and 390C. Itis thought that the peak at 100 is ever, no significant rutile phase was observed although
due to free adsorbed water, and the peak at°Z3i3 the calcination temperature was over 8Q0 In addi-
due to the decomposition of the surfactant and resid- tion, no peak for the silica crystal phase was observed
ual hydroxy group. In addition, the peak at 39D at all calcination temperature.
corresponds to the crystallization of the amorphous  The crystallite size of particles prepared by differ-
phase into the anatase phase. Above “450it can ent calcination temperature is summarizedéable 1
be assumed that the product completely transforms One can see that the crystallite size of the anatase
into the anatase phase because there is no change iphase of the pure titania increased from 8 to 47 nm,
particle weight. In the titania particles prepared using but that of TiQ/SiO, particles slowly increased from
AOT reverse microemulsion, it is confirmed that the 6 to 14nm as the calcination temperature increased
anatase phase begins to transform into the rutile phase
at 700°C from the XRD results. Table 1

The TiG/SIO;, particles indicates a prominent en-  physical properties of nanosized powders calcined at various tem-
dothermic peak below 10@ due to free adsorbed peratures
water and a exothermic peak at 5@ corresponds  5icination XRD
to the crystallization of the amorphous phase into the temperature b .

. . . ure TiQ

anatase phase. It is also confirmed that no rutile phase(°C)

TiO,/SiO, (90/10)

appears up to 80T from the XRD results. Thereafter Structure Crystallite Structure Crystallite
no significant thermal effects can be detected even up siz€ (nm) siz€ (nm)
to 1000°C. 400 Anatase 8 Anatase 6

500 Anatase 11 Anatase 7
32. X-ray diffraction analysis 00 Anatnsoinutie 25 Anatae 10

800 Rutile/anatase 47 Anatase 14

Fig. 2 shows the XRD patterns of nanosized %iO aWo =05 R=2.
and TiQy/SiO, (90/10) particles calcined at different bTi0,/SiO, ratio = 90/10; Wo = 1; R = 2.
temperature. The major phase of all the pure sTiO ¢ Obtained by Scherrer equation.
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Fig. 2. XRD patterns of the pure TigQ@) and TiQ/SIO, (90/10) (b) nanoparticles calcined at different temperatures.

from 400 to 800 C. This result indicates that the ad-
dition of SiG, in titania particle decreased the crystal-
lite size and crystallinity by inhibiting the growth of
the titania particles. It is well known that the calcina-
tion improves the crystallinity of the particle, and the
amorphous Ti@ changes into the anatase phase and

band intensity for Si—-O-Si vibration increases with
an increase of the silica content. This result suggests
that the silica exists as a segregated amorphous phase
in the anatase titania particles and some fraction of
metal-O—metal bonding are Ti-O-Si.

The broad absorption peak appearing near

the anatase phase changes into the rutile phase with3400 cnt? relates to a stretching vibration of Ti-OH

an increase of calcination temperatygd. In addi-
tion, the particle size decreases and the crystallinity of
the particle enhances with an increase of calcination
temperature. It is also confirmed that the titania/silica
mixture has high thermal stability, which results in the
suppression of phase transformation of titania from
anatase to rutile. In addition, this high thermal stabil-
ity made it possible to calcine the THBiO, particles

at higher temperature without forming the rutile phase
and to prepare high crystalline particles with reducing
the bulk defects.

3.3. FT-IR analysis

Fig. 3 shows the FT-IR spectra for nanoparticles
prepared by different TTIP/TEOS molar ratio
ratio 1,R ratio 2 and calcined at 50C.

The wave number of 940-960 and 1080-1105¢&m
in Fig. 3indicate the band for Ti-O-Si and Si—-O-Si
bond, respectivelfl12]. When the Si@ content is over
10%, the band for Ti—O-Si vibration is observed. The

group. At 1620 cm?, a band assigned to water also
appears. The intensities of absorption peaks due to
O-H group near 1620 and 3400 chincreased with

an increase of the silica amount and it shows similar
tendency with the result of Jung and P§ti3].

3.4. TEM analysis and surface area

Fig. 4 shows the TEM micrographs of the nanopar-
ticles prepared by different TTIP/TEOS molar ratio
at Woratio = 1, Rratio = 2 and calcined at 50CC.

The micrographs show that the nanoparticles have a
spherical and a narrow size distribution. The crystal-
lite size of particles decreases with an increase of the
SiO; content and is listed iffable 2 The crystallite
size was determined by counting the number of par-
ticle size in a given area and that was 10 nm at pure
TiO2 and decreased to 4 nm at BiSiO, (70/30) par-
ticles. The crystallite sizes calculated from XRD anal-
ysis are nearly the same as those obtained from TEM
analysis. This result suggests that the crystallite size of
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Fig. 3. FT-IR spectra of the pure TiCand TiG/SiO, nanoparticles prepared at different TTIP/TEOS ratio.

TiOL/SiO, particles prepared by the w/o microemul- 3.5. Activity test
sion is found to depend on the silica content and the

addition of silica in TiQ/SiO, particle inhibits the It is well known that photocatalytic oxidation of or-

growth of the titania crystals. ganic pollutants follows Langmuir—Hinshelwood ki-
BET surface area of the T#ISIO, particles cal-  netics [14]. Therefore, this kind of reaction can be

cined at 500C are shown inTable 2as a func- represented as follows:

tion of the silica content. It can be seenTable 2 de

that the surface area rapidly increases with an in- —— = kC (2)

crease of the silica content from 72 for pure 3iO

to 275nt/g for the TiQ/SiO, (70/30) particles. In addition, it can be integrated as follows:

This result indicates that the addition of amor- C = Coexp(—kt) @)
phous silica into titania matrix helps to suppress

the reduction of surfaces area at high calcination where Cy is the initial concentration of the-nitro-
temperature. phenol andk is a rate constant related to the reaction

Table 2
Physical properties of nanosized BiSIO, particles prepared at different TTIP/TEOS ratio and their photocatalytic activity for the
degradation of-nitrophenol

Catalyst XRD, crystallite TEM, crystallite BET Activity®, k x
(TiO2/SiO, ratio) sizé (nm) size (nm) Surface area (Aig) Pore volume (cig) 10-3 (min—1)
100 10 10 72 0.13 1.3
98/2 8 8 110 0.16 14
90/10 7 7 189 0.26 1.8
80/20 6 6 239 0.22 1.2
70/30 4 <4 275 0.21 0.9

8Wo = 1; R = 2; calcination temperature 500°C.
b Obtained by Scherrer equation.
¢ Apparent first-order constank)(of photocatalytic degradation gfnitrophenol.
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Fig. 4. TEM images of nanoparticles prepared at different TTIP/TEOS ratio: () Fi@00, (b) TiG:/SiO, = 90/10, (c) TiIQ/SiO, = 80/20,
and (d) TiGQ/SiO, = 70/30.

properties of the solute which depends on the reac- The TiG)/SiO, (90/10) particles shows the high-
tion conditions, such as reaction temperature, pH of est activity on the photocatalytic decomposition of
solution and the photocatalytic activity increases with p-nitrophenol. Up to 10% of Si@amount, the pho-

increasing this value. tocatalytic activity increases with an increase of SiO
Table 2 shows the photocatalytic activity of amountand has higher photocatalytic activity than that
p-nitrophenol on the pure TiPand TiQ/SiO, parti- of pure TiG, particles but it decreases above 10% of

cles prepared by the microemulsion method. SiO, content.
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In addition, the pore volume of Ti&lSiO, par- the TiG,/SiO; nanoparticles had a spherical and a nar-
ticles shows the highest values at the addition of row size distribution. In addition, the crystallite sizes
10wt.% silica in titania Table 2 and the pore size  calculated from TEM analysis were nearly the same
of TiO,/SiO; (90/10) particles seems to be larger as those obtained from XRD analysis. 3i6iO; par-
than those of TiQYSiO, (80/20 and 70/30) particles ticles showed higher photocatalytic activity than pure
because the surface area increases continuously andiO2 and the TiQ/SiO, (90/10) particles showed the
pore volume decreases with an increase of silica con- highest activity on the photocatalytic decomposition
tent. Therefore, the large pore volume and pore size of p-nitrophenol.
facilitate the mass transfer of reactants. From this
result, it is thought that the increase of surface area
by the formation of small pores is not always effec- Acknowledgements
tive for high photocatalytic activity and the optimum
composition of silica to titania was 10%. This work was supported by Grant no. R01-2000-

00323 from the Basic Research Program of the Korea
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