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a  b  s  t  r  a  c  t

Materials  based  on titania  directly  modified  with  tungstophosphoric  acid were  prepared  using  titanium
isopropoxide  as titania  precursor  and  urea  as  a low-cost  pore-forming  agent.  The  obtained  mesoporous
solids  presented  an  average  pore  diameter  higher  than  3.1  nm.  The  specific  surface  area  decreased  when
the  TPA  amount  and  the  calcination  temperature  increased.  All the  modified  solids  only  showed  the
anatase  structure  of titania  by X-ray  diffraction,  while  for the  unmodified  sample  this  structure  was
transformed  into  the  rutile  phase  from  600 ◦C on.  The  crystallite  size  increased  with  the  calcination  tem-
perature,  though  the  TPA-modified  samples  presented  lower  values  when  the  TPA amount  was  increased.
The 31P  nuclear  magnetic  resonance  studies  showed  that  the  Keggin  structure  of  the tungstophosphate
anion  was  partially  transformed  when  it  was  thermally  treated  up to 600 ◦C,  though  structure  disruption
took  place  at  higher  temperature.  The  band  gap  values  estimated  from  the  UV–vis-diffuse  reflectance
spectra  did not  show  important  variation,  though  they  slightly  decreased  with  the  TPA  content.  The

4-chlorophenol  degradation  was  studied  in liquid  phase,  with  an  air  flow  continuously  bubbled.  The
degradation  behavior  of  the  catalysts  as  a function  of  time  depended  on the  TPA  amount  and  the  thermal
treatment  temperature,  the  samples  containing  30%  TPA  calcined  at 500–600 ◦C and  20%  TPA  calcined
at  600 ◦C  being  more  effective.  The  apparent  reaction  constant,  estimated  assuming  a  pseudo-first-order
kinetics,  followed  the  same  trend.  The  catalysts  can  be reused  at least  three  times  without  an  important

on  an
decrease  in the degradati

. Introduction

Chlorinated phenols constitute an important class of water and
ir contaminants due to their high toxicity to living organisms,
ioaccumulation, strong odor emission and persistence in the envi-
onment. They are widely used in the industry and cause severe
nvironmental problems, because they are carcinogens and muta-
ens. Among them, 4-chlorophenol (4-CP), a known toxic and
onbiodegradable organic compound, is present in the wastew-
ter of pulp and paper, dyestuff, pharmaceutical and agrochemical
ndustries [1].

4-CP is currently removed from the wastewater by conven-
ional treatment methods such as chlorination, adsorption, and
iological treatment. However, each method has its shortcomings.

or example, chlorination treatments often generate carcinogenic
y-products, the spent activated carbon employed in commercial
dsorption processes needs to be safely disposed [2] and the biolog-

∗ Corresponding author. Fax: +54 221 425 4477.
E-mail address: lrpizzio@quimica.unlp.edu.ar (L. Pizzio).

926-860X/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.07.030
d  mineralization  degrees.
© 2011 Elsevier B.V. All rights reserved.

ical process usually requires a considerably long treatment period
to reduce 4-CP to an acceptable level in the final effluent [3].

Photolytic oxidation processes using semiconductor materials
have been accepted as a promising alternative to the conventional
methods because most of the pollutants can be completely min-
eralized to CO2 with suitable catalysts in the presence of UV  light.
Among the semiconductors employed, TiO2 is considered to be a
good photocatalyst due to its high capacity for degrading toxic and
recalcitrant chemical species via relatively simple and low-cost
procedures, nontoxicity, easy availability, and long-term stability
[4–7].

The photocatalytic degradation of 4-CP has been investigated
by many research groups and has become a standard reaction for
evaluating various experimental parameters in photocatalysis [8].

Titania performance in the photodegradation of contaminants
contained in wastes is influenced by the crystal structure, the crys-
tallinity, the surface area, the porosity, the surface hydroxyl density,

and the band gap energy [8–11], among other factors.

The low surface area and the fast recombination of the photoin-
duced electrons and holes are the main effects that can lead to a
low photocatalytic activity. So, an increase in the surface area and

dx.doi.org/10.1016/j.apcata.2011.07.030
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:lrpizzio@quimica.unlp.edu.ar
dx.doi.org/10.1016/j.apcata.2011.07.030
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he separation of electrons and holes can improve the photocat-
lytic activity of titania. Sol–gel reactions using urea as a low-cost
ore-forming agent were found to be a good method to synthe-
ize mesoporous titania with suitable properties to be used as a
hotocatalyst [12,13].

Transition metals or metal oxides were proved to be electron
rappers, thus avoiding the recombination of the electron–hole
airs of TiO2-based catalysts [14–17] and improving the photo-
atalytic activity. In addition, it has been reported that the light
bsorption is extended to the visible region when large band gap
emiconductors are doped with suitable transition metal ions [18].

The increment of the photoactivity of titania samples modified
ith W has been mainly explained by considering the formation of

ntermediate W(V) species by means of a transfer of photogener-
ted electrons [19,20]. This reduced W species could be oxidized to
(VI) by transferring electrons to oxygen [21].
Indeed, several transition metal ions lead to a band gap shift to

he visible region when they are impregnated on large band gap
emiconductors, allowing the use of light from the visible region of
he spectrum.

Heteropolyoxometallates (POM) are widely used as oxidation as
ell as acid catalysts [22–24]. They are also employed as effective
omogeneous photocatalysts in the degradation of organic pollu-
ants in water [25–27].

POM absorb strongly in the near visible and UV region of the
ight spectrum (� < 400 nm). This absorption corresponds to the
igand-to-metal charge-transfer band and it can generate strongly
xidizing excited state POM* (reaction (1)). They are able to carry
ut the oxidation of organic substrates (S) (reaction (2))  directly via
harge transfer or H-atom abstraction, or indirectly through the
ntermediacy of solvent-derived radicals [27]. After that, the cor-
esponding reduced POM are usually reoxidized to their original
xidation state by an electron acceptor such as dioxygen (reaction
3)).

OM + h� → POM∗ (1)

OM∗ + S → POM− + S+ (2)

OM− + O2 → POM + O2
− (3)

OM have been added to TiO2 suspensions [28], incorporated into
iO2 colloids [29], or anchored to TiO2 by chemical interactions
30] with the purpose of reducing the charge recombination in UV-
lluminated TiO2. The capacity of POM as acceptors (reaction (5))
f the electrons, generated in the conduction band (ecb

−) together
ith holes in the valence band (hvb

+), of UV-irradiated TiO2 suspen-
ions (reaction (4))  was demonstrated by Park and Choi [31] using

 photoelectrochemical method. The reduced POM react with O2 to
enerate superoxides (reaction (3)).

iO2 + h� → ecb
− + hvb

+ (4)

OM + ecb
− → POM− (5)

nlike these researchers, who have modified the surface of
reviously prepared TiO2 with POMs [28–31],  we  studied the

ncorporation of tungstosilicic and tungstophosphoric acid into the
itania matrix during the TiO2 gel synthesis, in a similar way  to Li
t al. [32], but using urea as low-cost template with the purpose of
btaining mesoporous materials [33,34]. We  also studied the cat-
lytic activity in the methyl orange photodegradation of the solids
nnealed in the temperature range 100–600 ◦C and correlated it
ith their physicochemical properties [35,36].

As a continuation of this previous work, in the present

aper we have extended the temperature range of treatment

n order to explore the effect on the crystal structure, tex-
ural and physicochemical properties of the tungstophosphoric
cid (TPA)/mesoporous titania composites synthesized via HCl
s A: General 405 (2011) 69– 78

catalyzed sol–gel reactions, where urea is used as a low-cost pore-
forming agent.

The aim of our research is to correlate the catalytic activity in
the 4-chlorophenol photodegradation with the structural and tex-
tural characteristics of the solids, and to discuss the effect of the
preparation variables on the pollutant degradation.

2. Experimental

2.1. Synthesis of TPA-modified mesoporous titania

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

of a 0.28 M HCl aqueous solution was slowly added in order to cat-
alyze 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
solution of tungstophosphoric acid (H3PW12O40·23H2O, Fluka p.a.)
under vigorous stirring. The amount of TPA was varied with the
purpose of obtaining a TPA concentration of 0%, 10%, 20% and 30%
by weight in the final solid (named TiTPA00, TiTPA10, TiTPA20, and
TiTPA30, respectively). The gels were dried at room temperature,
and the solids were ground into powder and extracted with distilled
water for three periods of 24 h, in order to remove the urea.

Finally, the solids were thermally treated at 100, 500, 600,
700 and 800 ◦C for 2 h (TiTPAXXT100, TiTPAXXT500, TiTPAXXT600,
TiTPAXXT700, and TiTPAXXT800, respectively, where XX is the TPA
concentration).

2.2. Sample characterization

The specific surface area, the pore volume and the mean
pore diameter of the solids were determined from the N2
adsorption–desorption isotherms at the liquid-nitrogen temper-
ature, obtained using Micromeritics ASAP 2020 equipment. The
solids were previously degassed at 100 ◦C for 2 h.

The X-ray diffraction (XRD) patterns were recorded with Philips
PW-1732 equipment with a built-in recorder, using Cu K  ̨ radia-
tion, nickel filter, 20 mA and 40 kV in the high voltage source, and
scanning angle between 5 and 60◦2� at a scanning rate of 1◦ per
minute.

The solids were studied by transmission electron microscopy
(TEM) in a JEOL 100 CXII microscope, working at 100 kV and at a
magnification of 80,000×. The samples were crushed in an agate
mortar, ultrasonically dispersed in isobutanol, and deposited on a
carbon-coated copper grid. The particle size distribution of the sam-
ples was determined by manual image analysis of a few hundred
particles.

The secondary electron micrographs of the samples were
obtained by scanning electron microscopy (SEM), using Philips
Model 505 equipment.

The 31P magic angle spinning-nuclear magnetic resonance (31P
MAS-NMR) spectra were recorded with Bruker Avance II equip-
ment, using the CP/MAS 1H–31P technique. A sample holder of
4 mm diameter and 10 mm in height was  employed, using 5 �s
pulses, a repetition time of 4 s, and working at a frequency of
121.496 MHz  for 31P at room temperature. The spin rate was 8 kHz
and several hundred pulse responses were collected. Phosphoric
acid 85% was employed as external reference.

The Fourier transform infrared (FT-IR) spectra of the solids were
obtained using a Bruker IFS 66 FT-IR spectrometer and pellets in KBr

in the 400–4000 cm−1 wavenumber range.

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
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SA-PE-20 with an integrating sphere of 50 mm  diameter and inter-
al Spectralon coating is attached, in the 200–800 nm wavelength
ange.

.3. Photodegradation reaction

The catalytic activity of the materials was evaluated in the pho-
odegradation of 4-chlorophenol (Fluka) in water, at 25 ◦C. The tests
ere carried out employing a 125 W high-pressure mercury lamp

with a maximum emission at about 365 nm)  placed inside a Pyrex
lass jacket, thermostated by water circulation, and immersed in
he 4-chlorophenol (4-CP) solution contained in a 300 ml  cylindri-
al Pyrex glass reactor. The catalyst is maintained in suspension by
tirring, and air is continuously bubbled. Previously, the 4-CP solu-
ion (200 ml,  1.5 × 10−4 mol/l) containing 100 mg  of catalyst was

agnetically stirred in the absence of light for 60 min  to ensure
hat the adsorption–desorption equilibrium of 4-CP on the surface
f the materials is attained. During the course of the experiments,
amples (3 ml)  were periodically withdrawn, filtered using a Mil-
ipore syringe adapter (porosity, 0.45 �m)  and then analyzed. The
ariation of the 4-CP concentration as a function of the reaction time

as determined by a UV-visible LAMBDA 35 Perkin Elmer double-

eam spectrophotometer, measuring the absorbance at 225 nm.
he concentration of released chloride ions was measured by a
elective Cl− electrode (pHoenix CLO1508) with an ion meter (Con-
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Fig. 1. XRD patterns of TiTPA00 (a), TiTPA10 (b), TiTPA20 (c), and TiTPA30 (d
s A: General 405 (2011) 69– 78 71

sort P903). 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 mineraliza-
tion was determined using the Total Organic Carbon, Method 10129
DR/4000 (HACH).

In order to evaluate the possibility of TPA 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
Varian AA Model 240 spectrophotometer. The calibration curve
method was used, with standards prepared in the laboratory. The
analyses were carried out at a wavelength of 254.9 nm, bandwidth
0.3 nm,  lamp current 15 mA,  phototube amplification 800 V, burner
height 4 mm and acetylene–nitrous oxide flame (11:14).

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

3. Results and discussion
The specific surface area (SBET) of the modified titania was
determined using the Brunauer–Emmett–Teller (BET) method, the
specific surface area of micropores (Smicro) was estimated by the
t-plot method, and the total pore volume and the average pore

605040302010
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V
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) samples, treated at 100 (I), 500 (II), 600 (III), 700 (IV), and 800 ◦C (V).
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Table 1
Physicochemical properties of the TiTPA00 sample treated at different temperatures.

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

b (nm) Total pore volumec (cm3/g) Dc
d (nm) Eg (eV) pHPZC

e

Anatase Rutile

TiTPA00T100 372 35 3.1 0.195 5.9 – 3.20 6.5
TiTPA00T500 56 – 6.1 0.184 13.3 – 3.10 5.9
TiTPA00T600 21 – 13.1 0.088 20.9 6.1 2.99 5.7
TiTPA00T700 5 – 13.9 0.016 – 22.3 3.00 5.6
TiTPA00T800 3 – 14.2 0.007 – 23.4 2.99 5.6

a Specific surface area of micropores obtained from t-plot analysis.
b Average pore diameter calculated using the BJH formula from the desorption branch.
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by Carriazo et al. [45] for commercial titania samples impreg-
nated with tungstophosphoric acid. The size of the agglomerates
increased when both the TPA concentration in the solid and the
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 TiTPA20
 TiTPA30
c Total pore volume calculated by the BJH method.
d Scherrer crystallite size estimated using the characteristic anatase (1 0 1) and ru
e Ref. [33].

iameter (Dp) were obtained using the Barret–Joyner–Halenda
BJH) method. The results for the TiTPA00 sample calcined at dif-
erent temperatures are shown in Table 1.

As can be observed, all the samples are mesoporous materials
ith a Dp higher than 3.1 nm.  The specific surface area (SBET) dra-
atically decreased and the mean pore radius increased when the

alcination temperature was raised from 100 to 800 ◦C. According
o the Smicro values, only the TiTPA00T100 sample presents microp-
res, though less than 10% of the total specific surface area is due
o a microporous structure.

The TPA-modified samples treated at 100 ◦C present lower SBET
alues than the TiTPA00T100 sample, and SBET decreases in the fol-
owing order: TiTPA10T100 > TiTPA20T100 > TiTPA30T100 (Table 2),

hich may  be due to a decrease in the cross-linking degree when
he acid concentration increases. This result is in agreement with
eports in the literature that indicates a similar behavior for the
pecific surface area of mesoporous titania obtained via a sol–gel
rocess without the addition of any modifying compound [37,38].

The SBET of TPA-modified samples also decreased when the calci-
ation temperature was increased (Table 2), although the decrease
f SBET is lower for the samples with higher TPA content. This could
e due to a strong interaction of the TPA incorporated into titania,
hich reduces the surface diffusion of titania, and inhibits sintering

39–41]. In addition, similar values of SBET were found when 20%
nd 30% TPA was added, which would indicate a limiting value for
he strong interaction mentioned above.

The XRD patterns of TiTPA00T100, TiTPA10T100, TiTPA20T100, and
iTPA30T100 samples (Fig. 1a) showed weak broad peaks in the
ame position where the characteristic peaks of the anatase phase
re placed: 25.3◦ (1 0 1), 37.9◦ (0 0 4), 47.8◦ (2 0 0), and 54.3◦ 2�. This
s indicative of solids poorly crystallized and mostly amorphous.
he crystallinity increased and the peak at 54.3◦ is split into two
eaks at 54.0◦ and 54.9◦, corresponding to the (1 0 5) and (2 1 1)
eflections of the anatase phase, for the samples calcined at 500 ◦C.

The XRD pattern of the TiTPA00T600 sample exhibited three
ew peaks at 2� = 27.4◦, 36.1◦, and 54.2◦, indicating that a par-
ial transformation of anatase into rutile phase took place. The
ransformation was complete for the TiTPA00 sample treated at
igher temperatures, because only the characteristic peaks of the
utile phase are present in the XRD pattern of TiTPA00T700 and
iTPA00T800.

On the other hand, the XRD patterns of TiTPA10, TiTPA20, and
iTPA30 samples calcined at 600, 700, and 800 ◦C (Fig. 1b, c, and
, respectively) 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 TPA.
dditionally, the crystallinity increased when the calcination tem-

erature was raised. However, the increment was  lower for the
amples with a higher TPA content.

The TiTPA20 and TiTPA30 samples calcined at 800 ◦C also dis-
lay two new broad peaks at 2� = 23.5◦ and 33.5◦, which could be
 1 0) diffraction planes.

assigned to the presence of small crystals resulting from the ther-
mal  decomposition of TPA [42] that takes place at temperatures
higher than 600 ◦C.

The results showed that the presence of TPA retarded the crys-
tallization of titania and stabilized TiO2 in the anatase phase, in
agreement with literature reports of titania modified with tungsten
oxide [40,43].

The crystallite size (DC) of the samples, estimated from the
XRD results using the Scherrer equation and silicon as stan-
dard for the correction of the instrumental broadening, are listed
in Tables 1 and 2. As is generally reported, it was  observed
that DC increases with the increment of the calcination tem-
perature, the increase being lower for the samples with higher
TPA content. This behavior may  be attributed to crystal growth
delay, which is very common in materials containing both a
crystalline and an amorphous phase [44]. However, at each calci-
nation temperature, the DC values decrease in the following order
TiTPA00 > TiTPA10 > TiTPA20 > TiTPA30 (Fig. 2).

The particle size distribution obtained from TEM for the
TiTPA00T100, TiTPA10T100, TiTPA20T100, and TiTPA30T100 samples
is shown in Fig. 3. As can be seen, the mean particle size (DM) and
the standard deviation (�) increase with the increment of the TPA
content. The particles displayed a size distribution between 5 and
45 nm.

These particles seem to be formed by the agglomeration of small
primary particles (approximately 5 nm in size), as was  reported
9008007006005004003002001000
Temperature (ºC)

Fig. 2. Variation of DC as a function of calcination temperature.
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Table 2
Physicochemical properties of TPA-modified mesoporous titania treated at different temperatures.

Sample SBET (m2/g) Dp
a (nm) Total pore volumeb (cm3/g) Dc

c (nm) Eg (eV) pHPZC
d

Anatase

TiTPA10T100 296 3.4 0.208 5.4 3.05 6.2
TiTPA20T100 276 3.6 0.175 5.7 3.02 6.0
TiTPA30T100 247 3.9 0.143 5.6 2.99 5.5
TiTPA10T500 78 5.2 0.180 10.4 2.95 5.3
TiTPA20T500 106 4.1 0.150 8.4 2.90 4.6
TiTPA30T500 116 4.2 0.159 8.0 2.88 2.8
TiTPA10T600 58 8.2 0.157 12.5 2.95 5.2
TiTPA20T600 69 5.8 0.135 9.5 2.89 4.6
TiTPA30T600 93 5.4 0.155 8.9 2.87 2.9
TiTPA10T700 34 10.4 0.109 20.9 2.94 5.2
TiTPA20T700 46 8.9 0.104 13.7 2.89 4.6
TiTPA30T700 75 6.4 0.151 9.5 2.86 2.8
TiTPA10T800 20 12.7 0.072 22.3 2.94 5.1
TiTPA20T800 31 12.6 0.077 18.9 2.88 4.5
TiTPA30T800 44 9.3 0.131 13.9 2.84 2.8

a Average pore diameter calculated using the BJH formula from the desorption branch.
b Total pore volume calculated by the BJH method.

ction

t
r

c
8

c Scherrer crystallite sizes estimated using the characteristic anatase (1 0 1) diffra
d Ref. [33].

hermal treatment temperature were higher, in the same way
eported for titania samples modified with tungstosilicic acid [36].
According to the secondary electron micrographs, the samples
onsist of spherical particles, whose size increased from 200 to
00 nm when the TPA content was raised and remained practically
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Fig. 3. Particle size distribution histograms based on TEM images of TiTPA00T1
 plane.

unchanged during the calcination step. These spherical particles
seem to be formed by aggregation of the nanoparticle agglomer-

ates, as was  reported by Bakardjieva et al. [46] for titania samples
obtained by the hydrolysis of TiOSO4 aqueous solution using urea
as the precipitation agent. Additionally, the spherical particles are
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Fig. 4. 31P NMR  spectra of TiTPA30T60

resent as clusters, whose size either slightly increased when the
alcination temperature was raised (TiTPA00 and TiTPA10 samples)
r remained practically unchanged (TiTPA20 and TiTPA30 samples).

From the FT-IR and 31P MAS-NMR studies previously reported
33], we established that the main species present in the
itania modified with TPA is the [PW12O40]3− anion that
uring the synthesis and subsequent thermal treatment up
o 600 ◦C was partially transformed into the [P2W21O71]6−

nd [PW11O39]7− species. The following transformation scheme
PW12O40]3− ⇔ [P2W21O71]6− ⇔ [PW11O39]7− was proposed by
ope [47] when the pH is increased in solution. A similar change
ould partly take place in our samples as a result of localized pH
ncrease during the synthesis.

The characteristic lines assigned to the presence of the
PW12O40]3−, [P2W21O71]6−, and [PW11O39]7− anions at −14.5,
12.1, and −10.8 ppm, respectively, [48] are not present in the 31P
AS-NMR spectra of TiTPA10, TiTPA20, and TiTPA30 samples cal-

ined at 700 and 800 ◦C, as shown in Fig. 4 for the TiTPA30 sample.
The spectra of the samples treated at 700 ◦C display two  wide

ines with maximum at −6.2 and −3.0 ppm regarded as belong-
ng to some species of unknown composition [49], as a result of
he structure degradation of the [PW12O40]3−, [P2W21O71]6−, and
PW11O39]7− anions during the calcination.

The spectra of TiTPA10T800 and TiTPA20T800 samples presented
imilar features to those calcined at 700 ◦C; however, the spectrum
f the TiTPA30T800 sample displays a new small line at 0.1 ppm
ssigned to phosphate species [50].

The UV–Vis-DRS spectra of TiTPA00 samples presented an
ntense absorption in the range 200–390 nm,  corresponding to

harge transfer from the valence band (O 2p) to the conduction
and (Ti 3d) [51]. Bulk TPA displayed two absorption bands in the
ange 200–450 nm assigned to the charge transfer from bridging or
erminal O 2p to W 5d (W–O–W and W–Od, respectively) [24].
PA30T700, and TiTPA30T800 samples.

The UV–Vis-DRS spectra of TiTPA10, TiTPA20, and TiTPA30 sam-
ples displayed the shift of the charge transfer band to wavelength
values closer to that of bulk TPA.

The band gap values (Eg) were estimated from the corre-
sponding Kubelka–Munk remission functions, calculated from the
absorbance values of the DRS spectra [52]. The band gap energy
of TiTPA00 samples 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 [53]. The Eg values of the modified titania sam-
ples slightly decreased with the TPA content (Table 2), but they
remained almost constant with the temperature increase.

The point of zero charge of the solids treated at 100 ◦C decreased
in parallel with the increment of tungstophosphoric acid in the
samples (Tables 1 and 2). The pHPZC diminished when the calci-
nation temperature was  raised from 100 to 500 ◦C and remained
almost constant for higher temperatures.

The prepared materials were tested in the photocatalytic degra-
dation of 4-chlorophenol (4-CP) at the pH of the suspension
obtained by the addition of 100 mg  of catalyst to 200 ml of a 4-
CP water solution (1.5 × 10−4 mol/l). The initial and the final pH of
the solutions were in the range 7.0–5.5. The 4-CP (a weak acid of
pKa = 9.41) under this experimental condition was  mainly present
in the non ionized form, and the surface of the catalysts was mostly
negatively charged. As a result, an important adsorption of 4-CP on
the catalyst surface does not take place.

The variation of 4-CP concentration as a function of time
using the TiTPA00T100, TiTPA10T100, TiTPA20T100, and TiTPA30T100
samples is shown in Fig. 5a. The reduction in the 4-CP con-

centration was  lower than 9% for the TiTPA00T100 sample at
240 min  under reaction. However, for the TPA-modified samples,
the 4-CP degradation at the same time is significantly higher,
and the 4-CP concentration decline increases in parallel with the
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explain the continuous enhancement of the photocatalytic activity
egraded 4-CP and the amount of released chloride ions as a function of the irradi-
tion time (b) for the TiTPA samples treated at 100 ◦C.

ncrement of tungstophosphoric acid in the samples: TiTPA10T100
25%) < TiTPA20T100 (45%) < TiTPA30T100 (51%).

The amount of 4-CP degraded after 240 min  of irradiation but
ithout catalyst was only of 6%, and it is mainly due to a photolytic
rocess [54]. 4-CP degradation was not detected under the same
xperimental conditions but with the mercury lamp turned off.

The ratio between the amount of degraded 4-CP (CD4C−P) and the
mount of released chloride ions (CCl

−) as a function of the irradi-
tion time is shown in Fig 5b. As can be observed, both amounts
emain basically equal during the course of the photodegradation.
hese results are in agreement with previous reports that indicate
hat the cleavage of the Cl-aryl bond, releasing inorganic chloride
o the reacting medium, is the first step during the photocatalytic
egradation of 4-CP. 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 [55–57].  However, their nature and
mount depend on the catalyst and the experimental conditions.

Mylonas and Papaconstantinou [25] and Yue et al. [58] 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. [59], some of the intermedi-

tes detected during the 4-CP photodegradation catalyzed by
PW12O40]3− were not found or were present as traces (HQ and
-CC respectively) when TiO2 was used. They suggest that this fact
s A: General 405 (2011) 69– 78 75

is due to the photodegradation catalyzed by [PW12O40]3− essen-
tially operates via •OH radicals, while holes and •OH radicals take
part in the case of TiO2 photocatalysis. In our experimental con-
ditions, we  found that BQ was the predominant intermediate and
only traces of HQ and 4-CC were detected.

The 4-CP degradation profiles using TiTPA00, TiTPA10, TiTPA20,
and TiTPA30 samples annealed at temperatures higher than 100 ◦C
are shown in Fig. 6. The data indicate that for the TiTPA00 and
TPA-modified samples, the 4-CP degradation rates increased when
the calcination temperature was raised up to 500 and 600 ◦C
respectively, and decreased at higher temperature values. Addi-
tionally, when a particular temperature is considered, the amount
of degraded 4-CP increased with the increment of the TPA content.
On the other hand, all the samples presented higher degradation
rates than those treated at 100 ◦C.

The degradation profiles of 4-CP using TiO2 Degussa P25 (Fig. 6),
shown as reference, are very similar to those of the TiTPA00500 and
TiTPA10500 samples.

The photocatalytic degradation of 4-CP in aqueous systems can
be described by a pseudo-first-order kinetics with respect to the
dye concentration [60–62],  which results from considering that the
reaction rate follows the Langmuir–Hinshelwood model

r4-CP = −dC4-CP

dt
= krKC4-CP

1 + KC4-CP

where r4-CP is the degradation rate, C4-CP is the 4-CP concentration,
and kr and K are the reaction and the adsorption constants, respec-
tively. When C4-CP is low, KC4-CP is generally negligible and the
reaction rate can be assumed as of pseudo-first-order with respect
to the dye concentration. The resultant equation can be integrated
considering that C4-CP0 is the 4-CP concentration at time equal zero,
so

ln
(

C4CP0

C4-CP

)
= krK t

From the plots of ln(C4-CP0/C4-CP) as a function of time, the values of
the apparent reaction constant kap = kr × K were obtained, and are
shown in Fig. 7.

The kap values of the TiTPA00 sample increased when the cal-
cination temperature was  raised up to 500 ◦C, and then decreased
continuously when the sample was  calcined at higher temperatures
(Fig. 7). The increase of kap is attributed to the higher crystallinity
of the TiTPA00T500 sample compared with that treated at 100 ◦C,
and is slightly lower than the value estimated for TiO2 Degussa P25
(kap = 1.05 × 10−2 min−1).

As a result of the higher crystallinity, the number of defects,
which act as recombination centers for the photogenerated
electrons and holes, decreased and kap increased [63–66].  The
transformation of anatase into rutile phase and the drop of SBET
are ascribed to be responsible for the decrease of kap observed for
the samples calcined at higher temperatures [67].

The kap values of the samples annealed at 100 ◦C slightly
increase in the following order: TiTPA00T100 < TiTPA10T100 <
TiTPA20T100 < TiTPA30T100, showing the positive effect of the mod-
ification with TPA in the catalytic activity of titania. Taking into
account that all the samples are poorly crystallized solids and that
the SBET values decreases in the reverse order, the increase of kap

values with the TPA content may  be considered as indicative of the
participation of TPA in the decrease of the recombination degree
of photogenerated charges, as was suggested by Park and Choi
[31]. A similar explanation was  proposed by Fuerte et al. [68] to
in the degradation of toluene when increasing the percentage of
W present in the anatase structure of TiO2 doped with ammonium
tungstate solutions.
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Additionally, the increment of the catalytic activity could be due
to the direct participation of TPA in the degradation of the organic
substrate (reactions (1)–(3))  and/or in the production of •OH reac-
tive species (reaction (6)) that participates in the degradation of the
organic substrate (reaction (7))  [69].

POM∗ + H2O → POM− + •OH + H+ (6)

•OH + S → oxidationproducts (7)

Regardless the thermal treatment temperature employed, kap val-
ues of the TPA-modified samples are higher than those of TiTPA00.
They increased with the rise of TPA content, though the increase
is small for TiTPA10 samples. Additionally, the kap values also
increased with the increment of the calcination temperature from
100 up to 600 ◦C and then decreased. The diminution in kap could
be assigned to both the SBET drop and the structure disruption of
the [PW12O40]3−, [P2W21O71]6−, and [PW11O39]7− anions during
the thermal treatment, as was revealed by 31P MAS-NMR.

Regardless the TPA content, all the TPA-modified samples cal-

cined at 500 and 600 ◦C present the highest kap values, which are
also higher than that of TiO2 Degussa P25.

In sum, the addition of TPA to titania prepared by the sol–gel
type reaction, using urea as a low-cost pore-forming agent, led to
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aterials with a good behavior as catalysts for 4-CP photodegra-
ation. It is clearly observed that the reaction rate was affected not
nly by the TPA amount but also by the thermal treatment, and that
ifferent factors are involved in the catalytic performance. Taking

nto account the obtained results, the highest activity with the low-
st preparation cost resulted from the catalyst prepared by adding
0% TPA calcined at 600 ◦C.

Nevertheless, the three samples that showed better catalytic
erformance (TiTPA20T600, TiTPA30T500, and TiTPA30T600) were
hosen to test their reusability, because they have a similar
pparent reaction constant. To this end, after each photocatalytic
xperiment, the catalysts were easily separated from the resulting
uspension by decantation, washed with distilled water, dried at
0 ◦C and reused.

The percentage of degraded 4-CP after each cycle of usage,
ogether with the mineralization degree, is shown in Fig. 8. The

ineralization degree was slightly lower than the amount of
egraded 4-CP as a result of the formation of organic intermedi-
tes previously mentioned. The results indicated that both remain
ractically unchanged for the TiTPA20T600 sample. In the case of
he TiTPA30T500 and TiTPA30T600 samples, both the percentage
f 4-CP degraded and the mineralization degree decrease slightly
uring the first reuse, and then keep constant. The decrease was
ssigned to the solubilization of TPA (less than 1% of the TPA con-
ent) from the fresh samples during the first catalytic test, as was
stablished by atomic absorption spectrometry. On the other hand,

hese results show that after the third use the catalytic perfor-

ance of the selected samples is the same. So, adequate reusable
hotocatalysts to degrade a toxic chlorinated phenol have been
eveloped.
4. Conclusions

Mesoporous titania directly modified with TPA was synthe-
sized by sol–gel type reactions using urea as a pore-forming agent,
obtaining solids with an average pore diameter higher than 3.1 nm
and the anatase structure of titania. The specific surface area
decreased when both the TPA amount and the calcination temper-
ature increased.

The crystallite size increased with the calcination temperature,
but lower values were obtained for higher TPA content. The Keggin
structure of the tungstophosphate anion is partially transformed
when the samples are thermally treated up to 600 ◦C and, at higher
temperature, the structure is degraded.

The direct modification of titania with TPA is a good method
to obtain catalysts with higher photocatalytic activity in the
4-chlorophenol degradation. The apparent reaction constant, esti-
mated assuming a pseudo-first-order kinetics, showed that the
catalyst behavior depended on the TPA amount and the ther-
mal  treatment temperature, the solid containing 30% TPA calcined
at 600 ◦C being more effective. In addition, the reused catalysts
showed only a slight decrease in the degradation and miner-
alization degree, thus being promissory materials to aid in the
photocatalytic treatment of wastewater that contain chlorinated
phenols.
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46] S. Bakardjieva, J. Šubrt, V. Štengl, V. Balek, M.J. Dianez, M.J. Sayagues, Appl. Catal.

B:  Environ. 58 (2005) 193.
47] T. Pope, Heteropoly and Isopoly Oxometalates, Springer-Verlag, Heidelberg,

1983, p. 58.
48] R. Massart, R. Contant, J. Fruchart, J. Ciabrini, M.  Fournier, Inorg. Chem. 16 (1977)

2916.
49] L.R. Pizzio, C.V. Cáceres, M.N. Blanco, Appl. Surf. Sci. 151 (1999) 91.
50] J.A.R. van Veen, O. Sudmeijer, C.A. Emeis, H. de Wit, J. Chem. Soc., Dalton Trans.

(1986) 1825.
51] R.D. Shannon, Acta Crystallogr. A 32 (1976) 751.
52] E. Joselevich, I. Willner, J. Phys. Chem. 98 (1994) 7628.
53] S.P. Tandom, J.P. Gupta, Phys. State Solids 38 (1970) 363.
54] M.A. Barakat, H. Schaeffer, G. Hayes, S. Ismat-Shah, Appl. Catal. B: Environ. 57

(2005) 23.
55] M.G. Kang, H.E. Han, K.J. Kim, J. Photochem. Photobiol. A: Chem. 125 (1999)

119.
56] H.H. Oua, S.L. Loa, C.H. Wu,  J. Hazard. Mater. B 137 (2006) 1362.
57] N. Venkatachalam, M.  Palanichamy, B. Arabindoo, V. Murugesan, J. Mol. Catal.

A: Chem. 266 (2007) 158.
58] B. Yue, Y. Zhou, J. Yuxu, Z. Wu,  X. Zhang, Y. Zou, S. Jin, Environ. Sci. Technol. 36

(2002) 1325.
59] P. Kormali, A. Troupis, T. Triantis, A. Hiskia, E. Papaconstatinou, Catal. Today

124 (2007) 149.
60] C. Lettmann, K. Hindenbrand, H. Kisch, W.  Macyk, W.F. Maier, Appl. Catal. B:

Environ. 32 (2001) 215.
61] G. Sivalingam, M.H. Priya, G. Madras, Appl. Catal. B: Environ. 51 (2004) 67.
62] Y. Cheng, H. Sun, W.  Jin, N. Xu, Chem. Eng. J. 128 (2007) 127.
63] K.J. Jung, S.B. Park, Appl. Catal. B: Environ. 25 (2000) 249.
64] H. Kominami, J. Kato, S. Murakami, Y. Ishii, M.  Kohno, K. Yabutani, T. Yamamoto,

Y.  Kera, M. Inoue, T. Inui, B. Ohtani, Catal. Today 84 (2003) 181.
65] J.G. Yu, H.G. Yu, B. Cheng, X.J. Zhao, J.C. Yu, W.K. Ho, J. Phys. Chem. B 107 (2003)

13871.
66] C. Guillard, J. Disdier, J.M. Herrmann, C. Lehaut, T. Chopin, S. Malato, J. Blanco,

Catal. Today 54 (1999) 217.

67] C. Su, B.-Y. Hong, C.-M. Tseng, Catal. Today 96 (2004) 119.
68] A. Fuerte, M.D. Hernández-Alonso, A.J. Maira, A. Martínez-Arias, M.  Fernández-

García, J.C. Conesa, J. Soria, G. Munuera, J. Catal. 212 (2002) 1.
69] S. Antonaraki, T.M. Triantis, E. Papaconstantinou, A. Hiskia, Catal. Today 151

(2010) 119.


	Influence of the thermal treatment on the physicochemical properties and photocatalytic degradation of 4-chlorophenol in a...
	1 Introduction
	2 Experimental
	2.1 Synthesis of TPA-modified mesoporous titania
	2.2 Sample characterization
	2.3 Photodegradation reaction

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


