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Abstract

TiO2 nanocrystallites were prepared from precursors tetra-n-butyl titanate (Ti(OC4H9)4) and titanium tetrachloride (TiCl4). The precursors
were hydrolyzed by gaseous water in autoclave, and then calcined at predetermined testing temperatures. The samples were characterized by
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-ray diffraction (XRD), thermogravimetry–differential thermal analysis (TG–DTA), field emission scanning electron microscopy (FE
ourier transform infrared spectra (FT-IR), and UV–vis diffuse reflectance spectra (DRS). The photocatalytic activities of the sam
valuated by the photobleaching of methylene blue (MB) in aqueous solution and the photocatalytic oxidation of propylene in
t ambient temperature. The results showed that the anatase phase nanocrystalline TiO2 could be obtained at relatively low temperatu
for precursor Ti(OC4H9)4 at 110◦C and for TiCl4 at 140◦C, respectively), and that the as prepared samples exhibited high photoc
ctivities to photobleach MB in aqueous solution. As the calcination temperatures increasing, the decolor ratio of MB increased a

he maximum value of nearly 100% at 600◦C, and then decreased. The photobleaching of MB by all samples followed the pseudo-fir
inetics with respect to MB concentration. The photodecomposition amount of propylene by TiO2 nanocrystallites calcined at 600◦C from
recursor of Ti(OC4H9)4 is 21.6%, which is approaching to that by Degussa P25 TiO2 (24.9%).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since Fujishima and Honda discovered the photocatalytic
plitting of water on the TiO2 electrodes in 1972[1], titania
as been studied extensively because of its wide applications

n many fields, such as solar energy conversion and storage
2], photocatalysis[3], and so on. As a photocatalyst, TiO2
s characterized by biological and chemical inertness, strong
xidizing power, cost effectiveness, and long-term stability
gainst photocorrosion and chemical corrosion[4], so it has
een proven to be the most suitable compound for widespread
nvironmental applications. For example, most of the con-
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taminants in water and air can be degraded complete
photocatalysis of TiO2 [4]. Bacteria, viruses, and cancer c
can also be destructed or inactivated via photocatalysis
tion of TiO2 [5].

Nanocrystalline TiO2 can be prepared in various wa
One of the most common methods is hydrolysis and
densation of titanium tetraalkoxide or titanium tetrach
ride. However, the TiO2 precursors like titanium chloride
or titanium alkoxides are quite sensitive to water, and
trol of the hydrolysis–condensation reactions to stab
the colloidal particles is difficult to achieve[6]. There-
fore, many researchers have taken different measur
control the relative rate of hydrolysis–condensation r
tions. Barringer and Bowen[7] and Edelson and Glaes
[8] synthesized monodispersed TiO2 powder through th
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controlled hydrolysis of dilute ethanolic solutions of tita-
nium tetraethoxide. Ĺeaustic et al.[6,9] modified titanium
alkoxides (Ti(OPri)4, Ti(OEt)4) with acetylacetone for a bet-
ter control of the hydrolysis–condensation reaction in sol–gel
processing. M̈ockel et al.[10] produced anatase nanocrystals
using bis (ammoium lactato) titanium dihydroxide (ALT) as
start materials instead of hydrolyzing rapidly titanium alkox-
ides. In neutral or high pH conditions, the hydrolysis of ALT
is slower and more easily controlled than titanium alkoxide
decomposition. Kominami et al.[11] synthesized nanosized
TiO2 in the anatase form through hydrolysis of titanium
alkoxide in toluene with water that was dissolved from the
gas phase at high temperature (150–300◦C). In the hydrolysis
process, H2O did not contact with either toluene or titaniumn-
butoxide. Among precursors of preparation nanocrystalline
TiO2 powders, inorganic compounds are more economical
than alkoxides. Zhang et al.[12,13] synthesized nanosized
TiO2 powder by controlling the hydrolysis of TiCl4 in aque-
ous solution and investigated the effects of the hydrolyzing
temperature and sulphate ions on the anatase–rutile trans-
formation and crystalline morphology. Fang and Chen[14]
synthesized titania powders by thermal hydrolysis of TiCl4
in a mixed solvent ofn-propanol and water, using hydrox-
ypropyl cellulose (HPC) as a steric dispersant. Niederberger
et al. [15,16] reported a nonhydrolytic procedure to synthe-
size nanosized titania particles. The reaction between TiCl
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2. Experimental

2.1. Preparation of nanocrystalline titania powders

Titanium tetrachloride (TiCl4, 99.0%, Beijing Zhonglian
Chemical Industry Corporation) and tetra-n-butyl titanate
(Ti(OC4H9)4, 98.0%, China Medicine Shanghai Chemical
Reagent Corporation) were used as starting materials with-
out any further purification. Ti(OC4H9)4 or TiCl4, 5 ml, was
added into a weighing bottle which was then set in a 50 cm3

autoclave. In the gap between the weighing bottle and the
autoclave wall, 2.0 ml of H2O was added to. At this point,
H2O did not contact with titania precursors. The autoclaves
were heated to 110◦C for Ti(OC4H9)4 and to 140◦C for
TiCl4, respectively, and held at that temperature for 3 days.
During the reaction, H2O in the gap was vaporized, and
hydrolyzed the precursors. After the autoclaves were cooled
to room temperature, the resulting samples were dried and
ground to fine powders. Part of the products was heated to
a desired temperature (450–900◦C) at a rate of 5◦C min−1

and held at that temperature for 2 h. For comparation, the
TiO2 powders were obtained by hydrolyzing the two precur-
sors with liquid water, and the resulting precipitations were
heated along with the above-mentioned samples.

2.2. Characterization
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nd benzyl alcohol results in the formation of crystal
anoparticles with high surface areas, even at low tem

ures. Addamo et al.[17] reported various methods of prep
ation nanostructured TiO2 starting from Ti(iso-OC3H7)4 or
iCl4. Moreover, they investigated systematically the eff
f the preparation procedures, the calcination tempera

he different values of the specific surface areas, and
resence of HCl or HNO3 on the photocatalytic activity o

he catalysts. However, in most cases, TiO2 powders derive
rom sol–gel or coprecipitation method at low tempera
re amorphous. To obtain crystalline titanium dioxide, s
equent hydrothermal processing[18–20]or calcination ar
sually used.

In this paper, we synthesized TiO2 nanocrstallites b
ydrolyzing of Ti(OC4H9)4 and TiCl4 with gaseous water
utoclave, and the effects of calcination temperatures on2
article size, phase composition, and their photobleac
ctivities of methylene blue (MB) were investigated. Met

ene blue (MB) is a blue cationic thiazine dye withλmax
alue at 664 nm. It can be detected by UV–vis spectrum
igh sensitivity and the intensity of its absorption spect
t λmax value has a linear relationship with the concen

ion of MB in aqueous solution. So it has been used
odel reactant in semiconductor photocatalysis[21–25]. In
ddition, one of the possible targets for TiO2-based photo
atalysis is the elimination of indoor air pollution. Propyle
s one of the major sources of indoor air pollution. So
hotodecomposition of propylene in the gas phase was
sed as a model reaction to evaluate the activities of the2
hotocatalysts.
To determine the crystal phase composition and the
allite size of the prepared TiO2 powders, X-ray diffractio
XRD) measurement was carried out at room temper
sing Rigaku-Dmax 2500 diffractometer with Cu K�1 radi-
tion (λ = 0.15406 nm). The accelerating voltage of 40
nd emission current of 200 mA were used. The weight

ions of the anatase and rutile phases in the sample
alculated from the relative intensities of the strongest p
orresponding to anatase and rutile phase as describ
purr and Myers[26]:

A = 1

1 + 1.26(IR/IA)
(1)

hereχA is the weight fraction of anatase in the powd
hile IR and IA are the X-ray integrated intensities of

1 1 0) reflection of rutile and (1 0 1) reflection of anata
espectively. The crystallite size was estimated from
cherrer formula:

= Kλ

β cosθ
(2)

hereD is the crystallite size,λ the wavelength of the X-ra
adiation (0.1541 nm),K usually taken as 0.89,β the peak
idth at half-maximum height after subtraction of the eq
ent broadening, 2θ = 25.3◦ and 27.4◦ for TiO2 (anatase) an
iO2 (rutile), respectively. The thermogravimetry (TG) a
ifferential thermal analysis (DTA) were performed us
TG-DTA instrument (DT-30 Shimadzu thermal analyz

nder an air flow of 100 mL min−1 with a heating rate o
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10◦C min−1 from room temperature to 1000◦C. SEM micro-
graphs were obtained using a field emission scanning electron
microscopy (FE-SEM, XL30, Philips). Infrared absorption
spectra were recorded for KBr disks containing powder sam-
ple with an FT-IR Spectrophotometer (Perkin-Elmer 580B).
UV–vis diffuse reflectance spectra of titania powders were
obtained using a UV/vis spectrophotometer (V-550, JASCO,
Japan) equipped with an integrating sphere attachment (ISV-
469). BaSO4 was used as a reference sample and the UV–vis
diffuse reflectance spectra (DRS) were recorded in the range
of 260–850 nm.

2.3. Photocatalytic activity

The photobleaching activity of MB aqueous solution by
TiO2 powders was performed at ambient temperature. Reac-
tion suspensions were prepared by adding 0.06 g TiO2 pow-
ders into a 100 mL of aqueous MB solution with an initial
concentration of 6 mg L−1. A 30 W 254 nm UV lamp was
used as a light source. The average light intensity striking on
the surface of suspension was about 220�W cm−2, as mea-
sured by a UV-B meter (Photoelectric Instrument Factory of
Beijing Normal University) with the peak intensity of 254 nm.
Prior to photobleaching, the suspension was magnetically
stirred in a dark condition for 15 min to establish an adsorp-
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Fig. 1. X-ray diffraction patterns of TiO2 powders as prepared, calcined at
different temperatures, and hydrolyzed by liquid water from precursors of
Ti(OC4H9)4 (a) and TiCl4 (b).

samples, either prepared from Ti(OC4H9)4 or TiCl4, are
all in the anatase form of TiO2. The width of the anatase
(1 0 1) plane diffraction peak (2� = 25.3◦) shows wider, which
indicates the formation of nanocrystallite TiO2. Using the
Scherrer equation, it is estimated that the primary particle
size was 9 and 10 nm for precursors of Ti(OC4H9)4 and
TiCl4, respectively. However, the structure of TiO2 powders
obtained by hydrolyzing with liquid water from the precursor
of Ti(OC4H9)4 is amorphous, and a little amount of anatase
appears in TiO2 powders from the precursor of TiCl4, which
may be due to the accelerating nucleation of the anatase
TiO2 by the chloride ion[19]. For samples from two pre-
cursors, with increasing calcination temperatures, the peak
intensity of anatase increases and the width of the (1 0 1) peak
becomes narrow, which is due to the growth of crystallites and
improvement of crystallization[27]. At 600◦C, all diffraction
peaks can be assigned to the anatase phase without any indi-
cation of other crystalline byproduct, which shows that the
phase transition temperature of anatase to rutile is at above
600◦C. This phase transition temperature is higher than that
reported by Zhang et al.[12] and lower than that reported
by Kominami et al.[11]. The temperature of phase transi-
tion is affected by many factors. Under ambient conditions
macrocrystalline rutile is thermodynamically stable relative
ion/desorption equilibrium. Then, the aqueous suspen
ontaining MB and photocatalyst were irradiated unde
V light. At the given time intervals, analytical samples w

aken from the suspension and immediately centrifuge
000 rpm for 5 min, and then the UV–vis absorption sp

ra of the supernatant were measured at the V-550 UV
pectrophotometer in the range of 250–750 nm.

The photodecomposition of propylene in the gas p
as conducted at room temperature using a sealed q
lass vessel and two 4 W black-light lamps as light sou
he glass slide (10 cm× 1 cm) coated with TiO2 photocat
lysts (the mass of catalysts is of 22 mg for all samples

he two sides was placed in the quartz glass vessel, an
V light intensity striking on the surface of the cataly
as 0.7 mW cm−2 with the peak intensity of 365 nm. T
ixed air containing propylene with the initial concentrat
f 600 ppmv (parts per million by volume) was injected i

he vessel at a flow rate of 418 mL/h. The concentratio
ropylene was monitored by gas chromatography (Shim
AS CHROMATOGRAPH GC-9A) with a flame ionizatio
etector (FID).

. Results and discussion

.1. XRD

Fig. 1(a) and (b) shows the X-ray diffraction patte
f TiO2 powders as prepared, calcined at different t
eratures, and hydrolyzed by liquid water from precur
f Ti(OC4H9)4 and TiCl4, respectively. The as-synthesiz
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Table 1
Effects of calcination temperatures on primary particle size, phase composition, band gap energy, and rate constants of TiO2 powders prepared from precursors
Ti(OC4H9)4 and TiCl4

Calcined temperature Particle sizea (nm) Ab (%) Eg
c (eV) Kd (×102 min−1) Re

TiCl4
Before-calcined 10 100 3.15 2.047 0.9981
450◦C 14 100 3.10 3.91 0.9555
600◦C 35 100 3.09 4.041 0.9981
750◦C 75 (A) 33.5 2.94 2.148 0.9974
900◦C – 3.6 2.94 0.924 0.9906

Ti(OC4H9)4

Before-calcined 9 100 3.13 1.677 0.9934
450◦C 10 100 3.12 2.426 0.9892
600◦C 22 (A) 100 3.12 4.261 0.9990
750◦C 72 (A) 36.3 2.95 2.58 0.9954
900◦C – 0 2.95 0.738 0.9855

a Particle size was estimated by Eq.(2), A denote the particle size of anatase form of TiO2.
b The weight fractions of the anatase form (A%) in the sample were calculated by Eq.(1).
c Band gap energy of TiO2 powder was obtained from the intersection of the tangent slopes according to its UV–vis spectra (Ref.[28]).
d Photoblenching rate constants of MB solution.
e Linear relative index.

to macrocrystalline anatase. However, thermodynamic sta-
bility of phase transition is particle-size dependent, and at
particle diameters below ca. 14 nm, anatase is more stable
than rutile[28]. In our experimental conditions, the primary
particle size of TiO2 calcined at 600◦C estimated by Scher-
rer equation is about 22 nm for precursor Ti(OC4H9)4 and
35 nm for TiCl4, respectively, which is larger than 14 nm
and the anatase phase is still more stable than rutile. This
is due to the different preparation procedure. The presence
of a secondary phase, the crystallite size, the pH value of the
solution, water, contaminant ions, are all the factors affecting
the phase change from anatase to rutile[19,29]. When the
calcination temperatures rise to 750 or 900◦C, the relative
anatase phase significantly decreases due to the formation of
a large amount of rutile, and the estimated primary particle
size grows dramatically, which is attributable to the fact that
the phase transition accelerate the process of grain growth
by providing the heat of phase transformation[30]. The esti-
mated primary particle size and composition of anatase phase
are shown inTable 1.

3.2. SEM

SEM micrographs of the TiO2 powders calcined at 450◦C
prepared from precursors of Ti(OC4H9)4 and TiCl4 are shown
i m-
p
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p

at 140◦C for precursor of TiCl4. Moreover, it has been shown
that the chloride ion accelerates the nucleation of the anatase
TiO2 [19], which may lead to the larger of the crystallite size
of TiO2 treated at 140◦C for precursor of TiCl4. In addition,
the smaller crystallite size of the TiO2 treated at 110◦C for

Fig. 2. FE-SEM micrographs of the TiO2 powders calcined at 450◦C from
precursors of Ti(OC4H9)4 (a) and TiCl4 (b).
n Fig. 2(a) and (b), respectively. The particles of two sa
les are spherical shapes, and the grain size of TiO2 prepared

rom Ti(OC4H9)4 is ca. 15 nm, which is smaller than that fro
iCl4 (25 nm). Due to the aggregate of primary particles
article size determined by SEM is bigger slightly than th
alculated by the Scherrer equation. The reaction tem
ure has a great effect on the grain size of the products[18].
he higher the treatment temperature, the larger the cr

ite size of the anatase TiO2. This is one of the reasons th
he crystallite size of the anatase TiO2 treated at 110◦C for
recursor of Ti(OC4H9)4 is smaller than that of TiO2 treated
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precursor of Ti(OC4H9)4 may be due to the limited solubility
of TiO2 in the organic solvent that contained a small portion
of H2O under the autoclaving conditions[11].

3.3. TG-DTA

Fig. 3shows differential thermal analysis (DTA) and ther-
mogravimetry (TG) curves of TiO2 powders prepared from
Ti(OC4H9)4 (Fig. 3a) and TiCl4 (Fig. 3b). InFig. 3a, the rela-
tively small endothermic peak is observed below 105◦C, due
to desorption of the water and alcohol. A strong and broad
exothermic peak at around 230◦C is attributed to the thermal
decomposition of organic substances contained in the pow-
der [30]. The TG curve is a two-step process. The first step
(weight loss 2.1%) below 105◦C is due to the loss of the alco-
hol and the adsorbed water. The second step of weight loss
(8.5%) that ranges from 105◦C to about 480◦C is attributed
to the elimination of hydroxyl groups of titanium and the
remains of organic substrate[15]. In Fig. 3(b), the TG curve
is similar to that inFig. 3(a), the first step of weight loss
(5.2%) appeared below 118.4◦C, corresponding to the broad
endothermic peak at around 55.8◦C in DTA curve, which is
due to desorption of the water and remained HCl. The second
step of weight loss (6.8%) that ranges from 118.4◦C to about
515.8◦C is mainly attributed to the elimination of hydroxyl

F
T

groups of titanium, which is relative to the small endother-
mic peaks appeared at about 304 and 486◦C in the DTA
curve. The exothermic peak at about 400◦C that corresponds
to the crystallization of amorphous TiO2 into anatase phase
[30,31] is not appeared in both DTA curves inFig. 3(a) and
(b), which can be considered as collateral evidence to confirm
the as-prepared samples to be an anatase form of TiO2. This
result is in agreement with the XRD patterns.

3.4. FT-IR

Fig. 4(a) and (b) shows FT-IR spectra of samples that
had been prepared from different precursors and annealed at
various temperatures. As the temperature was increased, the
peaks in both figures corresponding to physically absorbed
water (the O H stretching mode at∼3400 cm−1 and the O H
bending mode at∼1640 cm−1) were gradually reduced in
intensity[32], while the broad peaks at 400–700 cm−1 corre-
sponding to Ti O stretching and TiO Ti bridging stretching
modes became narrower[27]. Even after the samples were
calcined at 900◦C, very small peaks at about∼3400 and
∼1640 cm−1 also exist, which corresponds to the hydroxyl
ig. 3. TG-DTA curves of the as prepared TiO2 powders from precursors of
i(OC4H9)4 (a) and TiCl4 (b).

F
p

ig. 4. FT-IR of the TiO2 powders calcined at different temperatures from
recursors of Ti(OC4H9)4 (a) and TiCl4 (b).
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groups in TiO2 powders. It can be concluded from the FT-IR
results that the hydroxyl groups in TiO2 powder can never be
completely removed[27]. The shift of Ti O stretching (from
∼640 to∼465 cm−1) due to the phase transition from the
amorphous structure to the anatase phase of titania[32] was
not observed atFig. 4(a) and (b), which confirmed indirectly
that the as prepared TiO2 powders from the two precursors
were the anatase phase of TiO2. This is in good agreement
with the results of XRD and DTA.

3.5. UV–vis diffuse reflectance spectra

Fig. 5(a) and (b) shows the diffuse reflectance spectra
(DRS) of TiO2 powders calcined at various temperatures
from Ti(OC4H9)4 and TiCl4, respectively. The spectra of
samples before calcination and calcined at 450◦C, 600◦C
are at the similar position in bothFig. 5(a) and (b). This is
attributed to the absorption of light caused by the excitation
of electrons from the valence band to the conduction band
of anatase phase titania[27]. With increasing the calcination
temperatures, the “red shift” of DRS inFig. 5(a) and (b) is
due to the phase transformation from anatase to rutile, lead-

F
f

ing to the decrease of band gap energy. The band gap energy
of samples calcined at various temperatures determined by
the method Quinlan et al.[33] reported are shown inTable 1.
Since the particle size of TiO2 powders is large than∼10 nm,
no “blue shift” is observed in DRS inFig. 5(a) and (b)[34,35].

3.6. Photocatalytic activity

The photocatalytic activities of TiO2 samples were eval-
uated by the photobleaching of MB in aqueous solution and
the photocatalytic oxidation of propylene in gas phase. More-
over, the photocatalytic activities of TiO2 samples were com-
pared with commercial Degussa P25 TiO2 and amorphous
TiO2 powders.Fig. 6shows the changes of the decolor ratio
of MB solution by samples prepared from Ti(OC4H9)4 (a)
and TiCl4 (b). In both figures, without catalyst, the decolor
ratio of MB due to photodecomposition after 90 min was less
than 20%. TiO2 powders obtained by hydrolyzing with liquid
water from the two precursors have little photobeaching activ-
ities. However, TiO2 nanocrystallites prepared from the two
precursors have high photobeaching activities. After expo-
sure by UV light for 90 min, the decolor ratio of MB over the
two as-prepared samples is above 70%, with increasing cal-
cination temperatures, the decolor ratio of MB increases and
reaches the maximum value of nearly 100% at a calcination
ig. 5. UV–vis diffuse reflectance spectra of TiO2 powders calcined at dif-
erent temperatures from precursors of Ti(OC4H9)4 (a) and TiCl4 (b).

F
p

ig. 6. Shows the changes of the decolor ratio of MB solution by samples
repared from Ti(OC4H9)4 (a) and TiCl4 (b).
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Table 2
Photodecomposition amount of propylene (%) by Degussa P25 TiO2, amorphous TiO2, TiO2 nanocrystallites before calcined and calcined at 600◦C prepared
from precursor of Ti(OC4H9)4

Degussa P25 TiO2 Amorphous TiO2 TiO2 before calcined TiO2 calcined at 600◦C

Photodecomposition amount of propylene (%) 24.9 0.0 11.3 21.6

temperature of 600◦C, and then decreases with increasing
calcination temperature successively. The increase in pho-
tocatalytic activity is due to the formation of anatase and
the improvement of crystallization of anatase in the sam-
ples[27], while the decrease in the photocatalytic activity of
TiO2 powders calcined at above 600◦C is due to the phase
transformation of anatase to rutile and the growth of TiO2
crystallites[27]. It also can be seen fromFig. 6, during the first
30 min of UV illumination the decoloration ratio of MB by the
TiO2 nanocrystallites increases fastly, but after that the decol-
oration ratio increases slowly. Under light-rich conditions,
photocatalytic reaction rate depends on the adsorptive prop-
erty of MB onto the catalysts surface. The more the amount of
MB adsorbed onto the catalysts surface, the higher the photo-
bleaching rate[36]. As the illumination time increasing, the
amount of dye adsorbed onto the catalysts surface becomes
smaller due to the photobleaching of MB by the catalysts[37].
Therefore, the decoloration ratio of MB increases slowly after
the first 30 min. The photobleaching activity of MB by TiO2
nanocrystallites calcined at 600◦C from the two precursors
approaches that of commercial TiO2 catalysts. The exper-
imental data demonstrated that the photobleaching of MB
by all samples followed the pseudo-first-order kinetics with
respect to MB concentration. The observed rate constants
of photobleaching of MB by various samples and the corre-
sponding linear relative index are shown inTable 1. This is
i
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propylene. The photodecomposition amount of propylene by
as prepared TiO2 nanocrystallites is about 11.3%, whereas the
photodecomposition amount by TiO2 nanocrystallites cal-
cined at 600◦C is about 21.6%, which is approaching to
that by Degussa P25 TiO2 (24.9%). It should be denoted
that the data of photocatalytic oxidation of propylene by
TiO2 nanocrystallites prepared from TiCl4 precursor were
not shown inTable 2due to its abnormal behavior. This pho-
tocatalytic reaction system needs to be investigated further.

Since the literature on the synthesis of titanium oxide
nanoparticles is abundant, we would like to compare our
reaction system with some selected publications. It has
been reported that TiO2 nanocrystallites were obtained by
a nonaqueous route even at very low synthesis temperatures
[15,16], however the organic agents (such as benzyl alcohol,
dopamine, and 4-tert-butylcatechol, etc.) used in the synthe-
sis procedure were hazardous to environment and this method
was not suited to production in large-scale. The formation of
anatase nanocrystals with hot water treatment is a unique phe-
nomenon to the silica–titania system, which was not observed
in pure titania gel films with the same hot water treatment
[40,41]. In the most cases for sol–gel methods, gels or precip-
itates obtained from the hydrolysis of titanium precursors are
amorphous in nature and calcination or hydrothermal treat-
ment is necessary to induce crystallization. The coprecipi-
tation method also has the problem of a high crystallization
t pro-
d t and
m rature
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a ed
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p y this
t tem-
p tion,
e are a
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n seri-
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n agreement with the results reported by literatures[38,39].
Mills and Wang[22] thought that the photobleaching

B by TiO2-sensitised photocatalysis fall largely into t
ategories: (i) the reduction of MB to LMB (The doub
educed form of MB, leuco-methylene blue (LMB), is colo
ess and stable in de-aerated aqueous solutions.) and (

ineralisation of MB by O2. Both reactions give the sam
uperficial result, namely, the MB dye is bleached, the
erence between the two reactions is reversible in rea
i), (upon the addition of O2 to the anaerobic system, whi
xidizes LMB back to MB), but irreversible in reaction (

f the photobleaching of MB under our experimental con
ions is obey to the reaction (i), as the addition of oxyge
he system, the irradiated solution should lead to some,
otal, recovery in the blue coloration due to LMB is oxidiz
ack to MB by oxygen. However, the solution is not rec
red in the blue coloration, which indicates that the reac

s obey to the second reaction (ii).
The photodecomposition amount of propylene by c

ercial Degussa P25 TiO2, amorphous TiO2 powders, TiO2
anocrystallites as prepared and calcined at 600◦C from the
recursor of Ti(OC4H9)4 is shown inTable 2. The amorphou
iO2 powders have no activity for photocatalytic oxidation
emperature. The so-called chloride process industrially
uces titanium dioxide. The requirements for equipmen
aterials are very harsh because of high reaction tempe

>1400◦C) and strong corrosiveness of Cl2 at high temper
ture [18]. Though TiO2 nanocrystallites can be obtain
y hydrothermal method at relatively low temperature,
hase, morphology, and grain size of samples treated b

echnique were affected by many factors, such as the
eratures, the mineralizers, the pH value, ions in solu
tc. [18,19,28]. The technique presented here can prep
ure anatase phase without other titanium oxide polymo
nd seems an economical and simple way to obtain the2
anocrystallites. For some reactions that hydrolyzed too
usly to be controlled, this method may be an effective m

o control the hydrolysis–condensation process.

. Conclusions

Anatase phase TiO2 nanocrystallites were prepared
ydrolyzing titanium precursors with gaseous water in a
lave at relatively low reaction temperatures. When th
repared samples were calcined at 450◦C, the grain siz
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of TiO2 prepared from Ti(OC4H9)4 and TiCl4 is about 15
and 25 nm, respectively. At 600◦C, all diffraction peaks can
be assigned to the anatase phase of TiO2. The as prepared
samples exhibited high photobleaching activities of MB in
aqueous solution. With increasing calcination temperatures,
the decolor ratio of MB increases and reaches the maximum
value of nearly 100% at 600◦C, and then decreases. The
photobleaching activity of TiO2 nanocrystallites calcined at
600◦C from the two precursors approaches that of commer-
cial TiO2 catalysts. The photobleaching of MB by all samples
followed the pseudo-first-order kinetics with respect to MB
concentration. Moreover, TiO2 nanocrystallites calcined at
600◦C from the precursor of Ti(OC4H9)4 have higher pho-
tocatalytic oxidation activity of propylene in gas phase. The
photodecomposition amount of propylene by this sample is
about 21.6%, which is approaching to that by Degussa P25
TiO2 (24.9%).
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10] H. Möckel, M. Giersig, F. Willig, J. Mater. Chem. 9 (199

3051–3056.
11] H. Kominami, M. Kohno, Y. Takada, M. Inoue, T. Inui, Y. Ke

Ind. Eng. Chem. Res. 38 (1999) 3925–3931.
28] H. Zhang, J.F. Banfield, J. Mater. Chem. 8 (1998) 2073–2076.
29] J. Ovenstone, K. Yanagisawa, Chem. Mater. 11 (1999) 2770–2
30] J.C. Yu, J. Yu, W. Ho, Z. Jiang, L. Zhang, Chem. Mater. 14 (20

3808–3816.
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