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bstract

Supported nanocrystalline titanium dioxide (TiO2) has been prepared by a post-synthesis step via Ti-alkoxide hydrolysis through the use of
esoporous SBA-15 silica. TiO2/SBA-15 composites with various TiO2 loading have been prepared and characterized by X-ray diffraction,

itrogen adsorption, Fourier transform infrared spectroscopy and diffusive reflective UV–vis spectroscopy. The addition of mesoporous SBA-15
revents the anatase to rutile phase transformation and the growth of crystal grain. TiO2 did not block the SBA-15 pores, and their surface was fully
ccessible for nitrogen adsorption. Calcination in air of the composites up to 800 ◦C did not change the nanocrystal phase and slightly increased
he domain size from 5.0 to 7.5 nm, indicating that the anatase TiO2 grains in the mesostructures have a relatively high thermal stability and
roper pore diameter allows controlling the size of obtained titania particles. The TiO2/SBA-15 composites prepared by this study showed much

igher photodegradation ability for methylene blue (MB) than commercial pure TiO2 nanoparticles P-25. Experimental results indicate that the
hotocatalytic activity of titania/silica mixed materials depends on the adsorption ability of composite and the photocatalytic activity of the titania,
nd there is an optimal ratio of Ti:Si, too high or low Ti:Si ratio will lower the photodegradation ability of the composites.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Metal oxide semiconductors, such as TiO2, ZnO, ZnS and
nO2, have been applied as photocatalysts for the removal
f highly toxic and non-biodegradable pollutants commonly
resent in air and wastewater [1,2]. Among them titania is
elieved to be the most promising one, because of its high pho-
ocatalytic activity, chemical/photocrossion stability, low cost
nd without risks for the environment or humans [3,4]. The effi-
iency of some commercial TiO2, especially P-25 (Degussa),
n the treatment of exhaust gas and wastewater contaminated
ith organic and inorganic pollutants has been fully proved. In

rder to maximize photoactivity, TiO2 particles should be small
nough to offer a high number of active sites by unit mass [5].
herefore, in most cases, the samples are ultrafine powders and
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thylene blue

ave large surface area. However, their effective applications
re hindered by two serious disadvantages. Firstly, small par-
icles trend to agglomerate into large particles, making against
n catalyst performance. Secondly, the separation and recovery
f catalyst is difficult [6,7]. For those reasons many researchers
ave been focused on mesoporous materials supporting titania
atalysts, since they do not only take advantage of high surface
rea but also make the catalyst-recovering stage more facilitated
8,9].

Ordered mesoporous silica with adjusted pore size, ordered
rameworks and specific surface area provides wide opportu-
ities for synthesis titania–silica nano-composites. Deposition
itanium dioxides onto a large internal surface or incorporation
f Ti species into the frameworks could also obtain some new
dvanced materials take advantage of both TiO2 (an n-type

emiconductor and active catalyst) and SiO2 (large surface area
nd high thermal stability), but also exhibit properties that are
ot found in the single oxide alone, that could be explained
s a synergetic effect [10,11]. The methods of synthesizing
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itania–silica mixed oxides include grafting titania on silica sup-
ort and fabricating titania–silica composites. The titania–silica
omposite is synthesized by homogeneously mixing suitable
recursors [12], in which Ti atoms are incorporated in the
ilica structure during formation of the silica support itself. In
ontrast, for the former supported oxides, Ti is introduced in a
ost-synthesis step by which a titanium precursor is deposited
nto the silica surface by grafting methods [13,14], precipitation
15], or impregnation followed by solvent evaporation [16,17].
ecently Aronson et al. [18] used TiCl4 in hexane to graft

itania clusters into the pores of MCM-41, which was active
n the photodegration of rhodamine-6G. Moreover, titanium
xide was inserted into MCM-41 [16], MCM-48 [14], SBA-15
19–22].

In the present work, we have investigated the synthesis of
iO2/SBA-15 materials by a post-synthesis step via Ti-alkoxide
ydrolysis in the support-isopropanol suspension. The samples
ith different content of Ti were prepared and followed by heat

reatment at different temperatures. The synthesized materials
ere characterized by various physical techniques. Photocat-

lytic activity of the samples has been tested use methylene blue
s the model pollutant and compared with P-25.

. Experimental

.1. Synthesis

SBA-15 materials were synthesized with the block copoly-
er Pluronic P123 and tetraethyl orthosilicate (TEOS) follow-

ng published procedures [23]. In a typical preparation, 4.0 g
f P123 was dissolved in 30.0 g of water and 120.0 g of 2 M
Cl solution with stirring at 35 ◦C for 3 h. Then 8.50 g of
EOS was added and the resulting solution was stirred at this

emperature for 20 h. The mixture was subsequently raised to
0 ◦C and aged at this temperature overnight without stirring.
fter filtration and washing, the solid product was dried at
00 ◦C then calcined in a stream of air at 500, 700 and 900 ◦C
or 5 h, named as SBA-15-500, SBA-15-700 and SBA-15-900,
espectively.

The TiO2/SBA-15 materials were prepared by hydrolysis of
itanium tetraisopropoxide (TTIP) into SBA-15 via a sol–gel

ethod. A typical procedure was as follows: SBA-15 (1.0 g)
ere sonicated in isopropanol, then the required amount of
TIP (volume ratio TTIP:isopropanol of 1:10) was added
ropwise to the solution with stirring of 45 min, the resulting
ixture was slowly added water (TTIP/water with volumetric

atio of 1/10) to cause the hydrolysis of the TTIP. The stirring
as maintained for 2 h to hydrolyze TTIP completely. The as-

ynthesized materials were recovered by centrifugation, rinsed
ith deionized water and ethanol, dried at 80 ◦C overnight and

alcined at 500–900 ◦C for 2 h. Throughout the subsequent
iscussion, the samples will be named by indicating the titania
ontent, support and calcined temperature: x% TiO2/SBA-15-t,

here x% was the amount of TiO2 loading by weight and t was

he calcination temperature. Pure TiO2 was synthesized under
he same conditions without SBA-15 addition, named as 100%
iO2.
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.2. Characterization

BET surface area, pore volume and average pore diameter of
iO2–SiO2 photocatalysts were measured by N2 physisorption
t −196 ◦C using Micromeritics ASAP 2020 system. Powder
RD patterns of the catalyst samples were determined on a
D-2 powder X-ray diffractometer using Cu K� radiation of
avelength 0.15406 nm over the scan range 2θ = 20–80◦ for
ide angle XRD. Crystallite size was calculated using Scher-

er’s formula d = 0.91λ/βcos θ. The FT-IR spectra were obtained
n a Fourier transform infrared spectrometer (Bruker Equinox
5) using KBr pellets. Diffused reflectance UV–vis spectra
ere recorded on Shimadzu UV-2550 UV–vis spectrophotome-

er using barium sulfate as standard.

.3. Photocatalytic reactions

The photodegradation of MB was performed in order to eval-
ate the photocatalytic activity of prepared titania/silica mate-
ials. The experiments were carried out in a cylindrical double
all jacket glass reactor containing 100 ml of MB solution with

n initial concentration of 40 mg/l. The mixture was first stirred
or 15 min in dark at room temperature to assure the adsorp-
ion equilibrium was reached, then the reaction solution was
laced perpendicularly to a 125 W medium pressure mercury
amp by water cooled, and the solution was bubbled with air
nder magnetic agitation. Commercial pure TiO2 nanoparti-
les (P-25, Degussa Co., Germany) 30.0 mg were used for this
xperiment and the amount of TiO2/SiO2 materials necessary to
chieve the same TiO2 loading. The comparison of tested cata-
ysts was done at this fixed TiO2 concentration because in our
xperimental conditions, only the semiconductor particles were
xpected to show photocatalytic activity. Suspension samples
f 5 ml volume were collected at fixed time intervals, following
entrifugation and the concentration of MB was determined by
V–vis spectrophotometry.

. Results and discussion

.1. Textural properties

The specific surface area, pore volumes, average pore sizes
nd average TiO2 crystal sizes of P-25, SBA-15 support and
iO2/SBA-15 samples are listed in Table 1. It can be seen that
or x% TiO2/SBA-15-700 ◦C samples, the BET surface area and
he pore volumes decrease with the increase of TiO2 loading.
hese results indicate that a part of TiO2 particles disperse into

he pores of SBA-15, leading to decreasing in pore volume and
ET surface area. Whereas the average pore diameters increase,
hich may be probably attributed to an increased contribution of

he naked titania character in the samples with the increasing of
iO2 loading [24]. For TiO2/SBA-15 samples containing 30%
iO2 (30% TiO2/SBA-15-t), the BET surface area and the pore

olumes decrease with the increase of calcination temperature,
hereas the average pore diameters increase, which maybe due

o that the nanoparticles trend to agglomerate intensively in the
igh temperature and the higher calcination temperature could
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Table 1
Textural properties and average TiO2 crystal size of the supported photocatalysts

Catalyst BET surface area
(m2/g)

Structure Pore volume
(cm3/g)

Average pore
diameter (nm)

Average crystal
size (Anat. nm)

P-25 54.0 Anatase/rutile – – 21
As-synthesized SBA-15 714.5 – 0.74 4.15 –
SBA-15-700 581.4 0.65 3.89
SBA-17-900 423.5 0.57 3.68
30% TiO2/SBA-15-500 561.0 Anatase 0.55 3.91 –
30% TiO2/SBA-15-600 504.2 Anatase 0.53 4.17 5.0
30% TiO2/SBA-15-700 365.1 Anatase 0.41 4.52 7.2
30% TiO2/SBA-15-800 330.6 Anatase 0.39 4.76 7.5
30% TiO2/SBA-15-900 298.2 Anatase/rutile 0.31 5.12 8.0
20% TiO2/SBA-15-700 499.4 Anatase 0.52 4.19 –
40% TiO2/SBA-15-700 376.1 Anatase 0.45 4.75 6.2
6 0.33 5.00 10.5
8 0.24 6.64 14.6
1 0.044 14.34 34.2
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0% TiO2/SBA-15-700 261.3 Anatase
0% TiO2/SBA-15-700 142.5 Anatase
00% TiO2-700 11.3 Almost rutile

ake the pore collapsed. When the titania/SBA-15 composites
ere synthesized by post-synthetic method, the titanium species
ould be react with surface hydroxyl of the walls in a random

ashion, as a consequence, as the content of the TiO2 increases,
he BET surface area and pore volume of the titania/SBA-15
omposites decrease.

.2. XRD

The XRD patterns of 30% TiO2/SBA-15 samples calcined at
ifferent temperatures were shown in Fig. 1. The patterns evi-
enced that anatase was the only titania crystalline phase in the
emperature range of 500–800 ◦C. As the temperature increased,
he peaks of anatase phase became stronger and shaper, and
he grain size was determined from the width at half maximum

f the anatase (1 0 1) peak according to the Scherrer formula
25] (Table 1). The gradual transformation of anatase phase to
utile phase occurred at 900 ◦C, whereas 100% TiO2 calcined at
00 ◦C anatase phase almost transferred to rutile phase with an

Fig. 1. XRD patterns of 30% TiO2/SBA-15 calcined at different temperatures.
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ig. 2. XRD patterns of TiO2 supported on SBA-15 with different of TiO2

ontents. (All the samples shown here were calcined at 700 ◦C.)

verage crystal size of 34.2 nm. It strongly suggested that the sil-
ca inhibited the formation of rutile phase and the growth of crys-
al grain. Moreover, the crystalline size of the samples changed
lightly during calcination treatment, indicating that the anatase
iO2 grains in the mesostructures have a relatively high thermal
tability. Therefore, this high thermal stability could make it pos-
ible to calcine the TiO2/SiO2 composites at higher temperature
ithout formation of rutile phase, and to prepare the nanoparti-

les with high crystallinity and reducing the agglomeration.
The XRD patterns of TiO2 supported on SBA-15 with TiO2

ontent range of 20–100 wt.% were shown in Fig. 2. Along with
he decrease in silica content, the (1 0 1) reflection due to anatase
as found to increase. These results are in agreement with Cheng

nd co-workers’ report [16], in which titania modified NaY, Na-
ordenite zeolites and MCM-41 were prepared by impregnation
ethod.
.3. FT-IR

FT-IR spectra of the samples calcined at 700 ◦C for 2 h
ere shown in Fig. 3. In all spectra, the bands at about 3437
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Gnaser et al. [38].

In photodegradation experiments, there are two factors result-
ing in the decreasing of the concentration of MB: the adsorption
of the MB onto the surface of photocatalyst and the photodegra-
ig. 3. FT-IR spectra of samples. (a) SBA-15; (b) 30% TiO2/SBA-15-700 ◦C;
c) 40% TiO2/SBA-15-700 ◦C; (d) 80% TiO2/SBA-15-700.

nd 1636 cm−1 can be attributed to the stretching vibration
f hydroxyl and water, respectively [26]. It has been reported
hat adsorbed water, which is probably due to humid KBr
nd incorporated humidity in the process of sample prepara-
ion, has two bands around 3400 and 1630 cm−1 [27,28], while
i–OH bonding presents three bands around 3563, 3172 and
600 cm−1 [29]. Moreover, silanol bonds show absorption at
450 and 1595 cm−1 [30], and small crystallites could result
n two broad peaks around 3400 and 1650 cm−1 [29]. Ti–O–Ti
ibration appeared in the range of 400–600 cm−1. The peak at
104 cm−1 corresponded to the asymmetric stretching vibra-
ion of Si–O–Si and the bands at 800 and 470 cm−1 can be
ssigned to the symmetric stretching and deformation modes of
i–O–Si [31], respectively. Theoretically, the IR band observed
t 910–960 cm−1 might be assigned to the Ti–O–Si stretching
ibration [32,33]. As shown in the spectra, a weak band at about
60 cm−1 was observed for all samples. For parent SBA-15 sil-
ca, this peak was attributed to the Si–OH stretching vibration
34,35]. For TiO2/SBA-15 samples, this peak indicated the pos-
ibility of formation of bonds of Ti–O–Si, and the peak intensity
f 30% TiO2/SBA-15 was obviously higher than that of parent
BA-15.

.4. Diffusive reflective UV–vis spectroscopy

The UV–vis spectra for TiO2/SBA-15 samples with different
iO2 loading are shown in Fig. 4. It can be clearly seen that there

s a blue shift in the absorption band edge with the decreasing
f TiO2 content, which can be contributed to the well-known
uantum size effect [36]. This is consistent with the results of
verage crystal size (Table 1). Compared with P-25, absorption

and edges of all TiO2/SBA-15 samples are significantly blue-
hifted from the band edge of 380 nm for P-25, which implies a
maller anatase crystallite size for TiO2/SBA-15 samples. This
esult strongly suggests that the addition of SBA-15 can effec-
ively suppress the growth of TiO2 particles.

F
d

ig. 4. Diffused reflectance UV–vis spectra of P-25 and TiO2/SBA-15 compos-
tes with different TiO2 loading. (All samples were calcined at 700 ◦C.)

.5. Photodegradation activity

Methylene blue (MB), a basic dye and aromatic pollutants
ike phenol and toluene, was employed to evaluate the photocat-
lytic activity of prepared titania/silica materials.

MB could be mineralized into harmless gaseous CO2, inor-
anic SO4

2−, NH4
+ and NO3

−. First, the central imino-group
ndergoes a N C double bond deavage induced by the cleavage
f the double bond of –S+ group in para position in the central
romatic ring. Then the saturation of the two amino bonds yields
ubstituted aniline. Benzene monosulfonic acid and phenol were
ielded with the oxidizing reaction going. These masses were
nally oxidized into carbon dioxide, inorganic ion and water.
ore detailed studies on the MB reaction mechanism have been

ublished by several authors, for example, Houas et al. [37] and
ig. 5. The photocatalytic activity of the 30% TiO2/SiO2 samples calcined at
ifferent temperatures.
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ig. 6. The photocatalytic performance of the TiO2/SBA-15 samples with diff
0% TiO2; (f) 30% TiO2/SBA without photo irradiation; (g) P-25; and without

ation of MB. Fig. 5 shows the degradation curves of MB
y the 30% TiO2/SBA-15 samples calcined at different tem-
eratures. Fig. 6 shows the degradation curves of MB by the
iO2/SBA-15 samples with different content of TiO2 and com-
ercial TiO2 P-25. For 30% TiO2/SBA-15-700 ◦C without UV

rradiation (Fig. 6), during the initial 15 min the concentra-
ion of MB rapidly decreased and 37.8% of MB decolored,
hich was due to the adsorption of MB on catalyst surface.
fter that, the concentration of MB remains almost unchanged,

ndicating that the adsorption of MB reaches equilibrium. In
he absence of irradiation (Figs. 5 and 6) the TiO2/SBA-15
amples exhibit a much higher adsorption capability of MB
han P-25 titania, which is attributed to their much higher
pecific surface area and pore volumes than pure titania. Fur-
hermore, the TiO2/SBA-15 samples which have higher surface
rea exhibit better adsorption capability to MB. Catalyst 20%
iO2/SBA-15-700 ◦C has the highest specific surface area of
99.4 m2/g and the highest adsorption capacity of 67.8% for
B.
In order to get the accurate kinetic data, kinetic experi-

ent were carried out after 15 min dark reaction to assure the
dsorption equilibrium was reached. It is well-known that pho-
ocatalytic oxidation of organic pollutants follows Langmuir–
inshelwood kinetics [39,40]. This kind of reaction can be rep-
esented as follows:

dC

dt
= kt

c
p
c
a

able 2
ate constant of TiO2/SBA-15 samples and P-25 for MB photodegradation

atalyst Rate constant (min−1)

0% TiO2/SBA-15-500 0.0249
0% TiO2/SBA-15-600 0.0531
0% TiO2/SBA-15-700 0.0637
0% TiO2/SBA-15-800 0.0573
0% TiO2/SBA-15-900 0.0321
TiO2 content: (a) 20% TiO2; (b) 30% TiO2; (c) 40% TiO2; (d) 60% TiO2; (e)
st.

In addition, it can be integrated as follows:

t = ln

(
C0

C

)

here C0 is the initial concentration of the MB solution and
is a rate constant. The apparent rate constants of different

hotocatalysts were calculated and listed in Table 2. It can be
learly seen that the addition of SBA-15 significantly improve
he photodegradation activity of the catalysts. Catalyst 30%
iO2/SBA-15-700 has the highest rate constant of 0.0637 min−1,
hich is much higher than that of P-25 (0.0297 min−1), whereas,
00% TiO2-700 has the lowest rate constant of 0.0184 min−1. It
s generally accepted that for effective degradation, the organic

aterial should be concentrated at the TiO2 surface firstly,
nd the large surface area of TiO2/SBA-15 samples also can
dsorb significant amounts of water and hydroxyl groups, which
ould react with photoexcited holes on the catalyst surface and
roduce hydroxyl radicals [41]. Furthermore, stable mesostruc-
ures and long range ordered with a microporous network of
he SBA-15 structure [42] can promote diffusion of reactants
nd products, enhancing the activity by facilitating access to
eactive sites of TiO2 [43]. In present work, the photoactiv-
ty of TiO2/SBA-15 samples decreased as the following order:
00 ◦C > 800 ◦C > 600 ◦C > 900 ◦C > 500 ◦C. TiO2/SBA-15 cal-

ined at 500 ◦C has the highest adsorption ability for MB, but its
hotodegradation ability for MB was much lower than those cal-
ined at 600–800 ◦C. It is well-known that besides the adsorption
bility of catalyst, other factors, such as crystal phase, surface

Catalyst Rate constant (min−1)

20% TiO2/SBA-15-700 0.0476
40% TiO2/SBA-15-700 0.0592
60% TiO2/SBA-15-700 0.0341
80% TiO2/SBA-15-700 0.0243
100% TiO2-700 0.0184
P-25 0.0297
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by the sol–gel method and their photocatalytic reactivity for the liquid-
ig. 7. The UV–vis spectrum of MB by photocatalysis under UV-irradiation
fter 60 min: (a) 40 mg/l MB; (b) P-25; (c) 30% TiO2/SBA-15-700 ◦C.

rea, crystallite size and crystallinity, etc. also play an impor-
ant role in influencing photoactivity. As above results shown
Fig. 1; Table 1), the sample calcined at 500 ◦C has the highest
ET surface area and smallest particle size, but its crystallinity

s worse than those calcined at higher temperature, leading to
ow photoactivity.

For x% TiO2/SBA-15-700 ◦C photocatalysts with different
ontent, their photocatalytic activities obey the following order:
0% TiO2 > 40% TiO2 > 20% TiO2 > 60% TiO2 > P-25 > 80%
iO2 > 100% TiO2. It is observed that the 30% TiO2/SBA-15-
00 ◦C sample exhibits the most excellent photocatalytic activ-
ty, whereas 20% TiO2/SBA-15-700 ◦C sample shows much
ower activity even if it has the highest adsorption ability (67.8%

B). The results indicate that the photocatalytic activity of tita-
ia/silica mixed materials depends on the adsorption ability of
omposite and the photocatalytic activity of the titania. There is
n optimal ratio of Ti:Si, when the mass ratio of Ti:Si is large, the
mall TiO2 particles on the mesoporous silica will easily aggre-
ate to form larger particles (Fig. 2), leading to decrease the
hotocatalytic activity. On the other hand, when the mass ratio of
i:Si is small, each nano TiO2 particle is surrounded by a larger
mount of mesoporous silica, which leads to the increase of the
verage distance from the photoactive sites to the adsorption
ites. This situation decreases the efficiency of the photogener-
ted oxidizing radicals move to the adsorbed pollutants, which
eads to decrease of the photocatalytic activity. These results
trongly suggest that in order to synthesize the high photocat-
lytic activity TiO2/silica composites, there are several factors
o be considered, the surface area, the mesoporous structure, the
egree of the crystallinity of the titania and the ratio of Ti/Si.

In order to compare the degradation ability of 30%
iO2/SBA-15 with that of P-25, the UV–vis spectra of 40 mg/l
B solution were measured after 60 min UV radiation in the

resence of catalysts, and results are shown in Fig. 7. It can

e clearly seen that the degradation ability of titania modified
BA-15 samples prepared by this study were higher than that of
ommercial pure TiO2 nanopaticles P-25. There is no absorp-
ion band is observed for 30% TiO2/SBA-15 in the region of
aterials B137 (2006) 952–958 957

50–700 nm, while P-25 has two broad absorption bands at 280
nd 630 nm, respectively. This may be due to several advan-
ages: firstly, the much higher specific surface area and pore
olume of the TiO2/SBA-15 composites than pure titania, which
esults in high adsorption capability of organic pollutants; sec-
ndly, the nice mesoporous structure and more accessible photo-
xidative sites than pure titania, which improves the efficiency
f the adsorbed pollutants diffusing to the photo-oxidative sites;
hirdly, the smaller particle size of titania with higher crystalliza-
ion, which leads to improvement of its photocatalytic activity.

. Conclusion

Nanocrystalline TiO2/SBA-15 materails had been prepared
y a post-synthesis step via Ti-alkoxide hydrolysis in the
upport-isopropanol suspension and characterized by several
hysical techniques. The dispersion effect promoted by meso-
orous SBA-15 prevents the anatase to rutile phase transforma-
ion and the growth of crystal grain. Moreover, the crystalline
ize of the samples changes slightly upon calcinations treatment,
ndicating that the anatase TiO2 grains in the mesostructures
ave a relatively high thermal stability and proper pore diame-
er allows controlling the size of obtained titania particles. The
itania modified SBA-15 samples prepared by this study showed

uch higher photodegradation ability for MB than commercial
ure TiO2 P-25.
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