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a  b  s  t  r  a  c  t

Visible-light-absorbing  materials  based  on TiO2 modified  with  tungstosilicic  acid  (TSA;  H4SiW12O40)  were
prepared  using  titanium  isopropoxide  as precursor  and  urea  as  a  low-cost  pore-forming  agent.  X-ray
diffraction  (XRD)  measurements  show  evidence  about  the presence  of  anatase  TiO2 in  all  samples  and
shifting  of the  anatase–rutile  transition  temperature  toward  temperatures  higher  than  600 ◦C. The  FT-IR
and  FT-Raman  studies  showed  that  the  main  heteropolyoxometallate  species  present  in  the  composites
annealed  up  to  500 ◦C  is  the  [SiW12O40]4− anion,  which  exhibited  a  strong  interaction  with  TiO2 surface
probably  due  to the  formation  of  TSA–TiO2 complexes  that  should  be responsible  for  its  visible  light
ungstosilicic acid
-Chlorophenol
hotocatalytic degradation

absorption.  The  photocatalytic  activity  of  these  materials  was tested  using  4-chlorophenol  as  model  pol-
lutant.  Results  revealed  that photocatalytic  activity  mainly  depends  on  the TSA  amount  and  the  annealing
temperature.  The  amount  of  degraded  4-CP increased  with  the  increment  of  TSA  content,  with  the  one
calcined  at  600 ◦C  being  more  active.  Finally,  it was found  that  these  photocatalysts  can  be  reused  at  least
three  times  without  an  important  decrease  in  the  degradation  and  mineralization  degrees.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

In the last twenty years, photocatalytic oxidation processes
sing TiO2 have been considered as a promising alternative to
estroy a wide range of waterborne pollutants and microorgan-

sms [1–3]. However, TiO2 photocatalysis still today has two  big
rawbacks to overcome. The first one is the high recombination of
hoto-induced electron–hole pairs, since around 90% of charge car-
iers undergo fast recombination in the range of nanoseconds [4];
he second one is related to the light absorption of TiO2 since it is
ell known that this semiconductor absorbs only UV light limiting

ts application in solar-driven processes [5].
Different strategies have been reported in the literature to

vercome these limitations. For instance, to decrease the fast
lectron–hole recombination, the addition of noble metals such as
latinum and silver has been successfully explored. Noble metals
ct as a sink of conduction band photo-induced electrons avoiding

heir recombination and enhancing the photocatalytic process [6].
n the other hand, to increase the TiO2 light absorption toward

he visible region (the wavelengths more abundant on the planet’s

∗ Corresponding authors. Tel.: +54 221 421 1353; fax: +54 221 425 4477.
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010-6030/© 2014 Elsevier B.V. All rights reserved.
surface), different efforts have been made. Doping with metal and
nonmetal elements has risen as a successful strategy to prepare
visible-light-absorbing TiO2 [5,7–9]; however, the photocatalytic
activity of these materials in the degradation of waterborne pollut-
ants, especially N-doped TiO2, is not high since during visible light
irradiation these materials could yield reactive oxygen species with
lower power oxidation [10,11].

Heteropolyoxometallates (POMs) are clusters of transition
metals and oxygen that are widely used as oxidation as well as acid
catalysts [12–14]. POMs such as tungstosilicic acid (TSA) have often
been used as effective homogeneous photocatalysts in the oxida-
tion of organic compounds [15] and in the degradation of organic
pollutants in water [16]. It has been demonstrated that the incorpo-
ration of POMs such as tungstophosphoric acid (H3PW12O40, TPA)
into TiO2 leads to visible-light-absorbing materials with high pho-
tocatalytic activity [17–20]. The latter is due to the fact that TPA
on the TiO2 surface acts as an effective trap of photo induced elec-
trons decreasing the fast e−/h+ recombination [21]. Visible light
absorption of TiO2 modified with TPA could be due to the forma-
tion of a surface complex between the Keggin structure of TPA and
the TiO2 surface or to the formation of Keggin–TPA/TiO2 compos-

ites [17,19]. To our knowledge, there are only two  studies reported
in the literature about the modification of TiO2 by tungstosilicic
acid (TSA) and its application to the destruction of waterborne
pollutants [22,23].

dx.doi.org/10.1016/j.jphotochem.2014.05.014
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2014.05.014&domain=pdf
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In the present work, we synthesized, by the sol–gel method,
esoporous TiO2 nanospheres modified with different amounts of

ungstosilicic acid (10, 20, and 30% w/w) and extended the temper-
ture range of treatment of the materials to temperatures higher
han 600 ◦C. The photocatalytic activity of these materials toward
he oxidation of 4-chlorophenol was evaluated. Finally, we discuss
he effect of the preparation variables on the structural and textural
haracteristics of the solids and correlate them with the pollutant
egradation activity.

. Materials and methods

.1. Synthesis of TSA/titania composites

A titanium isopropoxide (Aldrich, 26.7 g) solution was prepared
n absolute ethanol (Merck, 186.6 g) under N2 atmosphere and at
oom temperature, continuously stirring for 10 min. Then, 0.33 cm3

f a 0.28 M HCl aqueous solution was slowly added in order to cat-
lyze the sol–gel reaction. After 3 h, 120 g of a urea–ethanol–water
1:5:1 weight ratio) solution was added, together with an ethanol
olution of tungstosilicic acid (H4SiW12O40·23H2O, Fluka p.a.)
nder vigorous stirring. The amount of TSA was  varied with the
urpose of obtaining a TSA concentration of 0%, 10%, 20% and 30%
y weight in the final solid (named TiTSA00, TiTSA10, TiTSA20, and
iTSA30, respectively). The gels were dried at room temperature,
nd the solids were ground into powder and extracted with distilled
ater for three periods of 24 h, in order to remove the urea. Finally,

he solids were thermally treated at 100, 500, 600, 700 and 800 ◦C
or 2 h (TiTSAXXT100, TiTSAXXT500, TiTSAXXT600, TiTSAXXT700, and
iTSAXXT800, respectively, where XX is the TSA concentration).

The W content on the TiTSAXX samples was estimated as the dif-
erence between the W amount contained in the tungstosilicic acid
thanol solution originally added and the amount of W released
uring urea extraction. The amount of W in the water solutions
btained after the ground solids were extracted was determined
y atomic absorption spectrometry using a Varian AA Model 240
pectro-photometer. The calibration curve method was used with
tandards prepared in the laboratory. The analyses were carried
ut at a wavelength of 254.9 nm,  bandwidth 0.3 nm,  lamp current
5 mA,  phototube amplification 800 V, burner height 4 mm,  and
cetylene–nitrous oxide flame (11:14). The results obtained reveal
hat the W contents in the samples were 9.8%, 19.7% and 29.5%
w/w) for TiTSA10, TiTSA20, and TiTSA30, respectively.

.2. Sample characterization

The specific surface area, the pore volume and the mean
ore diameter of the solids were determined from the N2
dsorption–desorption isotherms at the liquid-nitrogen temper-
ture, obtained using Micromeritics ASAP 2020 equipment. The
olids were previously degassed at 100 ◦C for 2 h. The specific sur-
ace area (SBET) of the samples was determined using the BET

ethod, the specific surface area of micropores (Smicro) was  esti-
ated by the t-plot method, and the average pore diameter (Dp)
as obtained using the Barret–Joyner–Halenda (BJH) method.

The X-ray diffraction (XRD) patterns were recorded with Philips
W-1732 equipment with a built-in recorder, using Cu K� radia-
ion, nickel filter, 20 mA  and 40 kV in the high voltage source, and
canning angle between 5◦ and 60◦ 2� at a scanning rate of 1◦/min.
he crystallite size (DC) of the samples was estimated from the XRD
esults using the Scherrer equation and silicon as standard for the

orrection of the instrumental broadening.

The Fourier transform infrared (FT-IR) spectra of the solids were
btained using a Bruker IFS 66 FT-IR spectrometer and pellets in
Br in the 400–4000 cm−1 wavenumber range. Fourier transform
nd Photobiology A: Chemistry 289 (2014) 22–30 23

Raman scattering (FT-Raman) spectra were recorded on a Raman
Horiba Jobin-Yvon T 64000 instrument with an Ar+ laser source of
488 nm wavelength in a macroscopic configuration.

The diffuse reflectance spectra (DRS) of the materials were
recorded using a UV-visible Lambda 35, Perkin Elmer spec-
trophotometer, to which a diffuse reflectance chamber Labsphere
RSA-PE-20 with an integrating sphere of 50 mm diameter and inter-
nal Spectralon coating is attached, in the 200–800 nm wavelength
range. The band gap values (Eg) were estimated from the corre-
sponding Kubelka–Munk remission functions, calculated from the
absorbance values of the DRS spectra.

2.3. Photodegradation reaction

The catalytic activity of the mesoporous TiO2 spherical nanopar-
ticles modified with tungstosilicic acid was evaluated in the
photodegradation of 4-chlorophenol (Fluka) in water, at 25 ◦C. The
tests were carried out employing a 125 W high-pressure mer-
cury lamp (with a maximum emission at about 365 nm) placed
inside a Pyrex glass jacket, thermostated by water circulation,
and immersed in the 4-chlorophenol (4-CP) solution contained in
a 300 ml cylindrical Pyrex glass reactor. The catalyst was main-
tained in suspension by stirring, and air was  continuously bubbled.
Previously, the 4-CP solution (200 ml,  1.5 × 10−4 mol/l) containing
100 mg  of catalyst was magnetically stirred in the absence of light
for 60 min  to ensure that the adsorption–desorption equilibrium of
4-CP on the surface of the materials was attained. The pH of the
experiments was  6.9.

Samples (3 ml)  taken at different illumination times were fil-
tered through membranes of 0.45 �m pore size, and measured by
UV–vis spectrophotometry (Lambda 35-Perkin-Elmer) monitoring
the absorbance at 255 nm.  All the measurements were carried out
three times.

The filtrates were extracted three times with ethyl ether, the
organic layers were collected, dried with sodium sulfate, and
concentrated for the determination of the intermediates using a
Hewlett Packard 6890N GC/MSD.

The extent of 4-CP mineralization was  determined using the
Total Organic Carbon, Method 10129 DR/4000 (HACH).

In order to evaluate the possibility of TSA leaching during the
photocatalytic degradation of 4-CP, at the end of each experiment,
the catalyst was  separated by decantation, and W was determined
in the liquid phase by atomic absorption spectrometry using a Var-
ian AA Model 240 spectrophotometer and the above-mentioned
technique.

The catalytic activity of the materials was compared with com-
mercially available titania P25 Degussa measured under the same
experimental conditions.

3. Results and discussion

3.1. Sample characterization

3.1.1. X-ray diffraction (XRD)
According to the XRD patterns of TiTSA00T100, TiTSA10T100,

TiTSA20T100, and TiTSA30T100 samples (data no shown), the solids
are poorly crystallized and mostly amorphous.

In the XRD pattern of the TiTSA00T500 samples, the peak at 54.3◦

is split into two peaks at 54.0◦ and 54.9◦, corresponding to the (1 0 5)
and (2 1 1) reflections of the anatase phase [24]. The XRD pattern of

the TiTSA00T600 sample exhibited three new peaks at 2� = 27.4◦,
36.1◦, and 54.2◦, as a result of the partial transformation of
anatase into rutile phase. The transformation was  complete for the
TiTSA00 sample treated at higher temperatures, because only the
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Fig. 1. XRD patterns of TiTSA10 (a), TiTSA20 (b), and TiT

haracteristic peaks of the rutile phase are present in the XRD pat-
ern of TiTSA00T700 and TiTSA00T800.

On the other hand, the XRD patterns of TiTSA10, TiTSA20, and
iTSA30 samples calcined at 600, 700, and 800 ◦C (Fig. 1a, b, c,
espectively) showed only the presence of titania in an anatase-
ype structure, suggesting that the phase transition of anatase into
utile is shifted to higher temperatures in the presence of TSA.
dditionally, the crystallinity increased when the calcination tem-
erature was raised. However, the increment was  lower for the
amples with higher TSA content.

The samples with higher TSA content calcined at 800 ◦C
TiTSA20T800 and TiTSA30T800) also display two new broad peaks
t 2� = 23.5◦ and 33.5◦, which could be assigned to the presence
f small crystals resulting from the thermal decomposition of TSA
23] that takes place at temperatures higher than 500 ◦C.

The results showed that the presence of TSA retarded the crys-
allization of titania and stabilized TiO2 in the anatase phase, in
greement with literature reports of titania modified with tungsten
xide [25,26].

As is generally reported, we observed that the crystallite size
DC) of the samples (Tables 1 and 2) increases with the increment
f the calcination temperature. However, the increment was lower

or the samples with higher TSA content. This is a common behavior
n materials containing both a crystalline and an amorphous phase
27] and it may  be attributed to crystal growth delay.

able 1
hysicochemical properties of the TiTSA00 sample treated at different temperatures.

Sample SBET (m2/g) Smicro
a (m2/g) Dp

b (nm) 

TiTSA00T100 372 35 3.1 

TiTSA00T500 56 – 6.1 

TiTSA00T600 21 – 13.1 

TiTSA00T700 5 – 13.9 

TiTSA00T800 3 – 14.2 

a Specific surface area of micropores obtained from t-plot analysis.
b Average pore diameter calculated using the BJH formula from the desorption branch.
c Scherrer crystallite size estimated using the characteristic anatase (1 0 1) and rutile (1
d From Ref. [28].
 (c) samples calcined at 600 (I), 700 (II), and 800 ◦C (III).

3.1.2. Brunauer–Emmett–Teller (BET) specific surface area and
textural features

The results for the TiTSA00 sample calcined at different temper-
atures are shown in Table 1.

From the average pore diameter (Dp) we  can conclude that all
the samples are mesoporous materials with a Dp higher than 3.1 nm
(Tables 1 and 2). Their specific surface area (SBET) decreased and the
mean pore radius increased when the calcination temperature was
raised from 100 to 800 ◦C.

According to the SBET and Smicro values (Tables 1 and 2), only the
TiTSAXXT100 samples display micropores, though less than 10% of
the total specific surface area is due to a microporous structure.

The SBET values of the TSA-modified samples treated at
100 ◦C decrease in the following order: TiTSA10T100 > TiTSA20T100 >
TiTSA30T100 (Table 2), and are lower than the TiTSA00T100 value.
According to the literature, the lower SBET values may  be due to a
decrease in the cross-linking degree when the acid concentration
increases [28,29]. They are also in agreement with our previous
reports on the specific surface area of mesoporous titania modified
by the addition of TPA [30].

The SBET of TSA-modified samples also decreased when the calci-
nation temperature was  increased (Table 2). However, the decrease

of SBET is lower for the samples with higher TSA content as a result of
the strong interaction of TSA and the titania matrix, which reduces
the surface diffusion of titania, and inhibits sintering [31–33].

Dc
c (nm) Eg (eV) pHPZC

d

Anatase Rutile

5.9 – 3.20 6.5
13.3 – 3.10 5.9
20.9 6.1 2.99 5.7

– 22.3 3.00 5.6
– 23.4 2.99 5.6

 1 0) diffraction planes.
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Table  2
Physicochemical properties of TSA/titania composites treated at different temperatures.

Sample SBET (m2/g) Smicro
a (m2/g) Dp

b (nm) Dc
c (nm) Eg (eV) pHPZC

d

Anatase

TiTSA10T100 238 18 4.2 5.5 3.00 6.1
TiTSA20T100 208 15 4.8 5.5 2.97 6.0
TiTSA30T100 160 12 5.0 5.6 2.95 5.4
TiTSA10T500 87 – 4.9 9.8 2.95 5.2
TiTSA20T500 115 – 4.1 8.1 2.93 4.2
TiTSA30T500 118 – 4.3 7.9 2.90 2.9
TiTSA10T600 63 – 9.4 12.3 2.90 5.1
TiTSA20T600 82 – 7.6 9.2 2.86 4.1
TiTSA30T600 83 – 7.3 8.8 2.85 2.9
TiTSA10T700 29 – 15.1 20.7 2.90 5.1
TiTSA20T700 42 – 16.3 13.5 2.88 4.0
TiTSA30T700 47 – 13.5 9.2 2.86 2.8
TiTSA10T800 22 – 16.7 21.8 2.90 5.0
TiTSA20T800 31 – 17.9 18.6 2.88 4.0
TiTPA30T800 35 – 14.6 12.0 2.87 2.8

a Specific surface area of micropores obtained from t-plot analysis.
b ch.
c ion pl
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Average pore diameter calculated using the BJH formula from the desorption bran
Scherrer crystallite sizes estimated using the characteristic anatase (1 0 1) diffract
From Ref. [22].

.1.3. FT-IR and FT-Raman characterization
From the FT-IR studies previously reported [34], we  established

hat the main species present in TiO2 modified with TSA is the
SiW12O40]4− anion that remains unchanged during the subse-
uent thermal treatment up to 500 ◦C. However, the spectra of
he samples treated at 600 ◦C and higher temperatures display a
ecrease in the intensity of the bands assigned to the anion (Fig. 2),
ossibly as a result of a partial degradation of the Keggin-type struc-
ure.

FT-Raman spectra of pristine TiO2, bulk TSA, and TiTSA20-30500,
iTSA20-30600 were recorded and are shown in Fig. 3a. Anatase
iO2 belongs to the tetragonal space group D4h

1g (I4l/amd), which
xhibits six Raman active modes (A1g + 2B1g + 3Eg) at 141.3 cm−1

Eg), 394.4 cm−1 (B1g), 516.1 cm−1, (A1g, B1g), and 636.7 cm−1 (Eg)
35,36]. Fig. 3a shows the Raman spectrum of pristine TiO2 revea-
ing four bands at 141, 393, 515 and 636 cm−1 that agree very

ell with anatase TiO2 phase. On the other hand, the FT-Raman
pectrum of bulk TSA showed Raman vibration bands typically
ssigned to the Keggin anion at 1002, 980, 922, 881, and 787 cm−1,

hich are attributed to antisymmetric and symmetric vibrations

f W–O  and W–O–W bonds [37,38]. Figs. 3a and 4b also show
he Raman spectra of TiTSA20-30500 and TiTSA20-30600 samples

ig. 2. FT-IR spectra of TiTSA00T100 (I), TiTSA30T100 (II), TiTSA30T600 (III), TiTSA30T700

IV), and TiTSA30T800 (V) samples; bulk TSA (VI).
ane.

revealing a broad peak at 950–1000 cm−1; this broadening has also
been reported for TiO2 materials modified with tungstophosphoric
acid and could be due to strong interactions between the Keggin
anion of the heteropolyoxometallate [20,38]. In addition, Fig. 3c
shows that the main Raman band of anatase TiO2 at 141 cm−1

underwent an intensity decrease, broadening and strong blue shif-
ting (shifting to higher wavenumber) in the samples containing
TSA. This blue shifting is often related to phonon confinement,
particle size reduction, deviations from stoichiometry, presence
of oxygen vacancies or disorders induced by minority phases
[35,36,39–41]. However, some authors have suggested that this
blue shifting should be related to a strong interaction of the Keggin
anion of the heteropolyoxometallate and TiO2 surfaces producing
composites or surface complexes [20,38].

3.1.4. Diffuse reflectance UV–vis spectroscopy (DRS)
The UV–vis-DRS spectra of TiTSA00 samples presented intense

absorption in the range 200–390 nm,  corresponding to charge
transfer from the valence band (O 2p) to the conduction band (Ti 3d)
[42]. On the other hand, bulk TSA displayed two  absorption bands in
the range 200–450 nm,  assigned to the charge transfer from bridg-
ing or terminal O 2p to W 5d (W–O–W and W–Od, respectively)
[43].

We  have previously reported that modification the TiO2 matrix
with TPA leads to the materials with visible light absorption in the
region 400–500 nm [17,38]. Herein DRS results revealed that the
incorporation of TSA into TiO2 also leads to visible light absorp-
tion; this light absorption was dependent on the temperature and
TSA content. The TiTSA20 and TiTSA30 samples calcined at 500 and
600 ◦C showed high visible light absorption (Fig. 4). However, small
changes in the 400–500 nm regions of the UV–vis-DRS spectra for
the samples treated at 700 and 800 ◦C were detected and hence,
the visible light absorption of these materials decreased.

The band gap energy of TiTSA00 samples calculated from
the absorbance values of the DRS spectra was in the range
3.20–2.99 eV (Table 1). The values decreased when the calcination
temperature increased, probably as a result of a higher crystallinity
and the appearance of the rutile phase. For the TSA-modified
titania samples, the Eg values slightly decreased in the following
order: TiTSA10T100 > TiTSA20T100 > TiTSA30T100 (Table 2), and they

remained almost constant with the temperature increase.

In summary, the characterization of TiO2 samples modified
with TSA revealed that [SiW12O40]4− Keggin anion is the main
species present in materials annealed at 500 and 600 ◦C. This
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Fig. 3. Raman spectra of TSA ( ), TiTSA00600 (—), TiTSA20500 ( 

ncorporation induced visible light absorption probably caused

y a strong interaction of TSA Keggin anion and TiO2 through
he formation of composites or surface complexes. Moreover,
he presence of TSA in TiO2 increased the anatase–rutile phase
ransition temperature.

Fig. 4. UV–Vis-DRS spectra of TiTSA10 (a), TiTSA20 (b), and T
ft (c m-1)

), TiTSA30500 ( ), TiTSA20600 ( ), TiTSA30600 ( ).

3.2. Photocatalytic activity
The photocatalytic activity of synthesized materials was tested
in the photocatalytic degradation of 4-chlorophenol (4-CP) at pH
6.9. Under these experimental conditions, 4-CP (a weak acid,

iTSA30 (c) samples treated at 100, 500, 600, and 800 ◦C.
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anatase TiO2 is the crystalline phase with higher photocatalytic
activity [1,2,4]. On the other hand, increasing the TSA content might
produce two main effects: high absorption of visible light and low
e−/h+ recombination. The light source used in this study emits UV
Fig. 5. Photocatalytic degradation of 4-CP as a function of the irradiation ti

Ka = 9.41) was mainly present in the non-ionized form, and the
urface of the catalysts was mostly negatively charged (pHpzc of all
iTSA samples ranging between 2.8 and 5.2, see Table 2). As a result,
-CP is not significantly adsorbed on the catalyst surface.

Photolysis experiments showed negligible 4-CP degradation
fter 240 min  of irradiation. The reduction in the 4-CP concentra-
ion was lower than 9% at 240 min  under reaction when TiTSAxxT100
as used as catalyst.

The 4-CP degradation profiles using TiTSA00, TiTSA10, TiTSA20,
nd TiTSA30 samples calcined at temperatures in the range
00–800 ◦C are shown in Fig. 5. The results show that for TiTSA00
nd TiTSAXX samples, the amount of 4-CP degraded after 240 min
f light irradiation increased when the calcination temperature was
aised up to 500 and 600 ◦C, respectively, and decreased at higher
emperature values. Furthermore, when a particular temperature
s considered, the amount of degraded 4-CP increased with the
ncrement of the TSA content. Besides, for all the samples the 4-CP
ercentage degraded after 240 min  was higher than those obtained
sing samples treated at 100 ◦C. The degradation profile of 4-CP
sing TiO2 Degussa P25 (commonly used as reference) was very
imilar to those of the TiTPA00500 and TiTPA10500 samples.

As was reported in previous studies [44–46], results of photocat-
lytic activity were fitted using a pseudo-first-order kinetic model
ith respect to the 4-chlorophenol concentration considering that

he reaction rate follows the Langmuir–Hinshelwood model:

4-CP = −dC4-CP

dt
= krKC4-CP

1 + KC4-CP
(1)

here r4-CP is the degradation rate, C4-CP is the 4-CP concentration,
nd kr and K are the reaction and the adsorption constants, respec-
ively. When C4-CP is low, KC4-CP is generally negligible and the
eaction rate can be assumed as of pseudo-first-order with respect
o the pollutant concentration. The resultant equation (2) can be
ntegrated considering that C4-CP0 is the 4-CP concentration at time

qual zero.

n
(

C4CP0

C4-CP

)
= krKt (2)
 the TiTSA samples treated at 500, 600, 700, 800 ◦C, and TiO2 Degussa P25.

Apparent reaction constant kap = krK values were obtained from
the plots of ln(C4-CP0/C4-CP) as a function of time. As we  can see in
Fig. 6, the kap values of the TiTSA00 sample increased when the
calcination temperature was raised up to 500 ◦C, as a result of the
higher crystallinity of the TiTSA00T500 sample compared with that
treated at 100 ◦C, and are slightly lower than the value estimated
for TiO2 Degussa P25 (kap = 1.05 × 10−2 min−1). The transformation
of anatase into rutile phase and the drop of SBET are responsible
for the decrease of kap observed for TiTSA00T600, TiTSA00T700, and
TiTSA00T800 samples [47] (Fig. 6).

Fig. 6 shows that the highest kap value was  displayed by the sam-
ple with the highest TSA content calcined at 600 ◦C. These results
can be explained by the fact that at 600 ◦C the samples mainly
contain well-crystallized anatase phase and it is well known that
Fig. 6. Apparent reaction constant, kap, of 4-CP photocatalytic degradation as a
function of the thermal treatment temperature.
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Fig. 7. 4-CP degradation and mineralization degree as a function of the nu

nd visible light, thus these photons could be exploited to yield
harge carriers and participate in oxidation reactions. However the
egradation of 4-chlorophenol may  be mainly carried by UV light
bsorption, taking into account that when TiTSA30T500 was irradi-
ted using only blue light (wavelength in the range 400–500 nm;
ee supplementary data), 4-CP underwent a slight degradation
around 20%). Moreover, TSA Keggin anion ([SiW12O40]4−) could
asily accept photo-induced eCB

− from TiO2. The first redox poten-
ial of [SiW12O40]4− is −0.055 V vs. NHE [48] and at pH 6.9 the
edox potential of TiO2 eCB

− is −0.52 V (vs. NHE) [2], thus electronic
ransfer from TiO2 to [SiW12O40]4− would be thermodynamically
avorable and the Keggin anion should behave as an electron sink
ecreasing the e−/h+ recombination and enhancing the photocat-
lytic activity of these materials.

The diminution in kap shown for the samples annealed at 700
nd 800 ◦C could be assigned to the structure disruption of the
SiW12O40]4− anion during the thermal treatment, as was sug-
ested based on FT-IR studies.

GC/MS measurements using TiTSA30T600 as photocatalyst
evealed that benzoquinone (BQ) was the predominant intermedi-
te and only traces of hydroquinone (HQ) and 4-chloro-cathechol
4-CC) were detected. Many studies have reported the appearance
f benzoquinone (BQ), hydroquinone (HQ) and 4-chlorocatechol
4-CC) as the predominant aromatic reaction intermediates during
he photodegradation of 4-CP [49–51].

Mylonas and Papaconstantinou [52] and Yue et al. [53] found
hat hydroquinone and benzoquinone were the major intermedi-
ries when 4-CP was photodegraded using polyoxometallates and
ilica-immobilized polyoxometallates, respectively.

According to Kormali et al. [54], some of the intermedi-

tes detected during the 4-CP photodegradation catalyzed by
PW12O40]3− were not found or were present as traces (HQ
nd 4-CC respectively) when TiO2 was used. They suggest
hat this happens due to the photodegradation catalyzed by
cycle of usage for the TiTSA10T600, TiTSA20T600, and TiTSA30T600 catalysts.

[PW12O40]3− essentially operated via •OH radicals, while holes
and •OH radicals take part in the case of TiO2 photocatalysis.

Taking into account the obtained results, the samples that
showed the highest activity (TiTSA10T600, TiTSA20T600, and
TiTSA30T600) were chosen to do reuse tests. After each photo-
catalytic experiment, the solids were easily separated from the
resulting suspension by decantation, washed with distilled water,
dried at 70 ◦C and reused. It is important to note that separation
of TiTSA materials was easier than with P25 offering an important
advantage. It is well known that separation of TiO2 nanoparticles
from aqueous solutions is one of the main drawbacks of heteroge-
neous photocatalysis to eliminate waterborne pollutants.

The percentage of degraded 4-CP after each cycle of usage
(Fig. 7) remains practically unchanged for the TiTSA10T600 and
TiTSA20T600 samples. However, in the case of the TiTSA30T600 sam-
ple, it decreases slightly during the first reuse, and then keeps
constant. For all the tested samples, the mineralization degree is
lower than the amount of degraded 4-CP, due to the formation of
organic intermediates previously mentioned. It also decreases in
the same way  as the degradation of 4-CP after each cycle of usage.
This decrease in photocatalytic activity was attributed to leaching
of TSA from the fresh samples during the first photocatalytic test,
which was established by atomic absorption spectrometry as less
than 1% of the TSA content. According to these results, after the third
use the catalytic performance of the TiTSA20T600 and TiTSA30T600
samples is practically the same.

4. Conclusions

Mesoporous anatase TiO2 modified with tungstosilicic acid

(TSA) was  synthesized by sol–gel-type reactions using urea as
a pore-forming agent. The specific surface area of the materials
decreased when both the TSA amount and the calcination temper-
ature increased. Incorporation of TSA increased the anatase–rutile
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ransition temperature. Furthermore, crystallite size increased
ith the calcination temperature, but lower values were obtained

or higher TSA content. The Keggin structure of the [SiW12O40]4−

nion remained intact only in the samples thermally treated until
00 ◦C. A partial degradation of the Keggin-type structure took
lace at higher temperatures. The presence of Keggin anion on
iO2 led to visible light absorption possibly due to the formation
f TSA–TiO2 surface complexes or TSA/TiO2 composites.

Materials containing TSA exhibited higher photocatalytic activ-
ty in the 4-chlorophenol degradation than neat TiO2. According
o the apparent reaction constant, estimated assuming pseudo-
rst-order kinetics, the photocatalytic activity depends on the
SA amount and the thermal treatment temperature. The solid
ontaining 30% TSA and annealed at 600 ◦C showed higher photo-
atalytic activity. On the other hand, reused photocatalysts showed
nly a slight decrease in the degradation and mineralization of
-chlorophenol, thus TiO2 materials modified with tungstosilicic
cid seem to be promising photocatalysts to destroy waterborne
ollutants.
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