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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 3P 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
decrease in the degradation and mineralization degrees.
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1. Introduction

Chlorinated phenols constitute an important class of water and
air contaminants due to their high toxicity to living organisms,
bioaccumulation, strong odor emission and persistence in the envi-
ronment. They are widely used in the industry and cause severe
environmental problems, because they are carcinogens and muta-
gens. Among them, 4-chlorophenol (4-CP), a known toxic and
nonbiodegradable organic compound, is present in the wastew-
ater of pulp and paper, dyestuff, pharmaceutical and agrochemical
industries [1].

4-CP is currently removed from the wastewater by conven-
tional treatment methods such as chlorination, adsorption, and
biological treatment. However, each method has its shortcomings.
For example, chlorination treatments often generate carcinogenic
by-products, the spent activated carbon employed in commercial
adsorption processes needs to be safely disposed [2] and the biolog-
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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 CO, with suitable catalysts in the presence of UV light.
Among the semiconductors employed, TiO, 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
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the separation of electrons and holes can improve the photocat-
alytic activity of titania. Sol-gel reactions using urea as a low-cost
pore-forming agent were found to be a good method to synthe-
size mesoporous titania with suitable properties to be used as a
photocatalyst [12,13].

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

The increment of the photoactivity of titania samples modified
with W has been mainly explained by considering the formation of
intermediate W(V) species by means of a transfer of photogener-
ated electrons [19,20]. This reduced W species could be oxidized to
W(VI) by transferring electrons to oxygen [21].

Indeed, several transition metal ions lead to a band gap shift to
the visible region when they are impregnated on large band gap
semiconductors, allowing the use of light from the visible region of
the spectrum.

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

POM absorb strongly in the near visible and UV region of the
light spectrum (A <400nm). This absorption corresponds to the
ligand-to-metal charge-transfer band and it can generate strongly
oxidizing excited state POM™ (reaction (1)). They are able to carry
out the oxidation of organic substrates (S) (reaction (2)) directly via
charge transfer or H-atom abstraction, or indirectly through the
intermediacy of solvent-derived radicals [27]. After that, the cor-
responding reduced POM are usually reoxidized to their original
oxidation state by an electron acceptor such as dioxygen (reaction

(3

POM + hv — POM* (1)
POM* +S — POM™ +S™* (2)
POM~ + 0, — POM + O,~ (3)

POM have been added to TiO, suspensions [28], incorporated into
TiO, colloids [29], or anchored to TiO, by chemical interactions
[30] with the purpose of reducing the charge recombination in UV-
illuminated TiO,. The capacity of POM as acceptors (reaction (5))
of the electrons, generated in the conduction band (e, ™) together
with holes in the valence band (hy,*), of UV-irradiated TiO, suspen-
sions (reaction (4)) was demonstrated by Park and Choi [31] using
a photoelectrochemical method. The reduced POM react with O, to
generate superoxides (reaction (3)).

TiOy +hv— e~ +hyp ™ (4)
POM + e~ — POM~™ (5)

Unlike these researchers, who have modified the surface of
previously prepared TiO, with POMs [28-31], we studied the
incorporation of tungstosilicic and tungstophosphoric acid into the
titania matrix during the TiO, gel synthesis, in a similar way to Li
et al. [32], but using urea as low-cost template with the purpose of
obtaining mesoporous materials [33,34]. We also studied the cat-
alytic activity in the methyl orange photodegradation of the solids
annealed in the temperature range 100-600°C and correlated it
with their physicochemical properties [35,36].

As a continuation of this previous work, in the present
paper we have extended the temperature range of treatment
in order to explore the effect on the crystal structure, tex-
tural and physicochemical properties of the tungstophosphoric
acid (TPA)/mesoporous titania composites synthesized via HCI

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 N, 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 (H3PW15049-23H,0, 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 TiTPAOQO, 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 2h (TiTPAXX‘noo, TiTPAXXT500, TiTPAXX'moo,
TiTPAXXr1700, and TiTPAXXtggg, 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 N,
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 Ko radia-
tion, nickel filter, 20 mA and 40KkV in the high voltage source, and
scanning angle between 5 and 60°26 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 100kV and at a
magnification of 80,000x. 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 3P magic angle spinning-nuclear magnetic resonance (3P
MAS-NMR) spectra were recorded with Bruker Avance II equip-
ment, using the CP/MAS 'H-31P technique. A sample holder of
4mm diameter and 10 mm in height was employed, using 5 s
pulses, a repetition time of 4s, and working at a frequency of
121.496 MHz for 3P 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~! 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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RSA-PE-20 with anintegrating sphere of 50 mm diameter and inter-
nal Spectralon coating is attached, in the 200-800 nm wavelength
range.

2.3. Photodegradation reaction

The catalytic activity of the materials was evaluated in the pho-
todegradation of 4-chlorophenol (Fluka) in water, at 25 °C. The tests
were carried out employing a 125 W high-pressure mercury 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 cylindri-
cal Pyrex glass reactor. The catalyst is maintained in suspension by
stirring, and air is continuously bubbled. Previously, the 4-CP solu-
tion (200ml, 1.5 x 104 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 is attained. During the course of the experiments,
samples (3 ml) were periodically withdrawn, filtered using a Mil-
lipore syringe adapter (porosity, 0.45 wm) and then analyzed. The
variation of the 4-CP concentration as a function of the reaction time
was determined by a UV-visible LAMBDA 35 Perkin Elmer double-
beam spectrophotometer, measuring the absorbance at 225 nm.
The concentration of released chloride ions was measured by a
selective Cl~ electrode (pHoenix CLO1508) with an ion meter (Con-
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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 800V, 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 (Sggr) of the modified titania was
determined using the Brunauer-Emmett-Teller (BET) method, the
specific surface area of micropores (Spicro) Was estimated by the
t-plot method, and the total pore volume and the average pore

20
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Fig. 1. XRD patterns of TiTPAOO (a), TiTPA10 (b), TiTPA20 (c), and TiTPA30 (d) 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 TITPAOO sample treated at different temperatures.
Sample Sger (M?/g) Smicro® (M?/g) DpP (nm) Total pore volume (cm?3/g) D4 (nm) Eg (eV) pHpzc®

Anatase Rutile

TiTPAOOT100 372 35 3.1 0.195 5.9 - 3.20 6.5
TiTPAOOTs500 56 - 6.1 0.184 133 - 3.10 5.9
TiTPAOO1600 21 - 131 0.088 209 6.1 2.99 5.7
TiTPAOOr700 5 - 13.9 0.016 - 223 3.00 5.6
TiTPAOO1s00 3 - 14.2 0.007 - 234 2.99 5.6

2 Specific surface area of micropores obtained from t-plot analysis.

b Average pore diameter calculated using the BJH formula from the desorption branch.

¢ Total pore volume calculated by the BJH method.

d Scherrer crystallite size estimated using the characteristic anatase (10 1) and rutile (1 10) diffraction planes.

e Ref. [33].

diameter (Dp) were obtained using the Barret-Joyner-Halenda
(BJH) method. The results for the TiTPAOO sample calcined at dif-
ferent temperatures are shown in Table 1.

As can be observed, all the samples are mesoporous materials
with a Dy, higher than 3.1 nm. The specific surface area (Sggr) dra-
matically decreased and the mean pore radius increased when the
calcination temperature was raised from 100 to 800 °C. According
to the Spicro Values, only the TiTPAOOT; o9 Sample presents microp-
ores, though less than 10% of the total specific surface area is due
to a microporous structure.

The TPA-modified samples treated at 100 °C present lower Sggt
values than the TiTPA0O11gg9 sample, and Sger decreases in the fol-
lowing order: TiTPA101;gg > TiTPA2011gg > TITPA307100 (Table 2),
which may be due to a decrease in the cross-linking degree when
the acid concentration increases. This result is in agreement with
reports in the literature that indicates a similar behavior for the
specific surface area of mesoporous titania obtained via a sol-gel
process without the addition of any modifying compound [37,38].

The Sger of TPA-modified samples also decreased when the calci-
nation temperature was increased (Table 2), although the decrease
of Sggr is lower for the samples with higher TPA content. This could
be due to a strong interaction of the TPA incorporated into titania,
which reduces the surface diffusion of titania, and inhibits sintering
[39-41]. In addition, similar values of Sger were found when 20%
and 30% TPA was added, which would indicate a limiting value for
the strong interaction mentioned above.

The XRD patterns OfTiTPAOOT] 00, TiTPA1 Orq 00, TiTPA20T100, and
TiTPA3071090 samples (Fig. 1a) showed weak broad peaks in the
same position where the characteristic peaks of the anatase phase
are placed: 25.3°(101),37.9°(004),47.8° (2 00), and 54.3° 26. This
is indicative of solids poorly crystallized and mostly amorphous.
The crystallinity increased and the peak at 54.3° is split into two
peaks at 54.0° and 54.9°, corresponding to the (105) and (211)
reflections of the anatase phase, for the samples calcined at 500 °C.

The XRD pattern of the TiTPAOOrggy sample exhibited three
new peaks at 20=27.4°, 36.1°, and 54.2°, indicating that a par-
tial transformation of anatase into rutile phase took place. The
transformation was complete for the TITPAOO sample treated at
higher temperatures, because only the characteristic peaks of the
rutile phase are present in the XRD pattern of TiTPAOOT799 and
TiTPAOOTgq0.

On the other hand, the XRD patterns of TiTPA10, TiTPA20, and
TiTPA30 samples calcined at 600, 700, and 800°C (Fig. 1b, ¢, and
d, respectively) showed only the presence of titania in an anatase-
type structure, suggesting that the phase transition of anatase into
rutile is shifted to higher temperatures in the presence of TPA.
Additionally, the crystallinity increased when the calcination tem-
perature was raised. However, the increment was lower for the
samples with a higher TPA content.

The TiTPA20 and TiTPA30 samples calcined at 800°C also dis-
play two new broad peaks at 26 =23.5° and 33.5°, which could be

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 TiO, 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 D¢ 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 D¢ values decrease in the following order
TiTPAOO > TiTPA10 > TiTPA20 > TiTPA30 (Fig. 2).

The particle size distribution obtained from TEM for the
TiTPAOOT]Oo, TiTPA1 0T100, TiTPAZOT]Oo, and TiTPA3OT100 samples
is shown in Fig. 3. As can be seen, the mean particle size (Dy;) and
the standard deviation (o) 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 5nm in size), as was reported
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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Fig. 2. Variation of D¢ as a function of calcination temperature.
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Table 2

Physicochemical properties of TPA-modified mesoporous titania treated at different temperatures.
Sample Sper (M2/g) Dp? (nm) Total pore volume® (cm3/g) D¢ (nm) Eg (eV) pHpzcd

Anatase

TiTPA10r100 296 34 0.208 5.4 3.05 6.2
TiTPA207100 276 3.6 0.175 5.7 3.02 6.0
TiTPA307100 247 3.9 0.143 5.6 2.99 5.5
TiTPA101s500 78 52 0.180 104 2.95 53
TiTPA201s500 106 4.1 0.150 8.4 2.90 4.6
TiTPA307s500 116 42 0.159 8.0 2.88 2.8
TiTPA107600 58 8.2 0.157 12.5 2.95 52
TiTPA201600 69 5.8 0.135 9.5 2.89 4.6
TiTPA307600 93 5.4 0.155 8.9 2.87 2.9
TiTPA107700 34 10.4 0.109 209 2.94 5.2
TiTPA207700 46 8.9 0.104 13.7 2.89 4.6
TiTPA307700 75 6.4 0.151 9.5 2.86 2.8
TiTPA101s00 20 12.7 0.072 223 2.94 5.1
TiTPA201800 31 12.6 0.077 189 2.88 4.5
TiTPA301s00 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.
¢ Scherrer crystallite sizes estimated using the characteristic anatase (10 1) diffraction plane.

d Ref. [33].

thermal treatment temperature were higher, in the same way
reported for titania samples modified with tungstosilicic acid [36].

According to the secondary electron micrographs, the samples
consist of spherical particles, whose size increased from 200 to
800 nm when the TPA content was raised and remained practically

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

20 | a 20 | b
15 - >Hr TiTPA10
g TITPAOO, | g D,= 14.1 nm
[} — o M
S 0 D,=108nm| 3 -
g L85 8 =92
L 10 °=o i 10
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0 0
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Fig. 3. Particle size distribution histograms based on TEM images of TITPAOOT100 (a), TITPA10T100 (b), TiTPA20T100 (c), TiTPA30T100 and (d) samples.
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Fig. 4. 31P NMR spectra of TiTPA30T600, TiTPA30T700, and TiTPA30T800 samples.

present as clusters, whose size either slightly increased when the
calcination temperature was raised (TiTPAOO and TiTPA10 samples)
or remained practically unchanged (TiTPA20 and TiTPA30 samples).

From the FT-IR and 3P MAS-NMR studies previously reported
[33], we established that the main species present in the
titania modified with TPA is the [PWi3049]?~ anion that
during the synthesis and subsequent thermal treatment up
to 600°C was partially transformed into the [P,W,;071]%~
and [PW;;039]7~ species. The following transformation scheme
[PW12040]%~ ¢ [P2W21071]%~ < [PW11039]”~ was proposed by
Pope [47] when the pH is increased in solution. A similar change
could partly take place in our samples as a result of localized pH
increase during the synthesis.

The characteristic lines assigned to the presence of the
[PW12040]37, [P2W21071 ]67, and [PW11039]77 anions at —14.5,
—12.1, and —10.8 ppm, respectively, [48] are not present in the 31P
MAS-NMR spectra of TiTPA10, TiTPA20, and TiTPA30 samples cal-
cined 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
lines with maximum at —6.2 and —3.0 ppm regarded as belong-
ing to some species of unknown composition [49], as a result of
the structure degradation of the [PW;,040]3~, [P2W>1071]5~, and
[PW11039]7~ anions during the calcination.

The spectra of TiTPA10rggg and TiTPA20tggp Samples presented
similar features to those calcined at 700 °C; however, the spectrum
of the TiTPA301ggp sample displays a new small line at 0.1 ppm
assigned to phosphate species [50].

The UV-Vis-DRS spectra of TiTPAOO samples presented an
intense absorption in the range 200-390nm, corresponding to
charge transfer from the valence band (O 2p) to the conduction
band (Ti 3d) [51]. Bulk TPA displayed two absorption bands in the
range 200-450 nm assigned to the charge transfer from bridging or
terminal O 2p to W 5d (W-0-W and W-0y, respectively) [24].

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 TiTPAOO samples was in the range 3.20-2.99eV (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 E; 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 x 104 mol/1). 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 TiTPAOOT1 9, TITPA1071190, TiTPA207100, and TiTPA307100
samples is shown in Fig. 5a. The reduction in the 4-CP con-
centration was lower than 9% for the TiTPAOOrip990 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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Fig. 5. Photocatalytic degradation of 4-CP (a) and ratio between the amount of
degraded 4-CP and the amount of released chloride ions as a function of the irradi-
ation time (b) for the TiTPA samples treated at 100 °C.

increment of tungstophosphoric acid in the samples: TiTPA10710g
(25%) < TiTPA207100 (45%) < TITPA307100 (51%).

The amount of 4-CP degraded after 240 min of irradiation but
without catalyst was only of 6%, and it is mainly due to a photolytic
process [54]. 4-CP degradation was not detected under the same
experimental conditions but with the mercury lamp turned off.

The ratio between the amount of degraded 4-CP (Cpyc_p) and the
amount of released chloride ions (Cg ™) as a function of the irradi-
ation time is shown in Fig 5b. As can be observed, both amounts
remain basically equal during the course of the photodegradation.
These results are in agreement with previous reports that indicate
that the cleavage of the Cl-aryl bond, releasing inorganic chloride
to the reacting medium, is the first step during the photocatalytic
degradation of 4-CP. Many studies have reported the appearance
of benzoquinone (BQ), hydroquinone (HQ) and 4-chlorocatechol
(4-CC) as the predominant aromatic reaction intermediates during
the photodegradation of 4-CP [55-57]. However, their nature and
amount depend on the catalyst and the experimental conditions.

Mylonas and Papaconstantinou [25] and Yue et al. [58] found
that hydroquinone and benzoquinone were the major intermedi-
aries when 4-CP was photodegraded using polyoxometallates and
silica-immobilized polyoxometallates, respectively.

According to Kormali et al. [59], some of the intermedi-
ates detected during the 4-CP photodegradation catalyzed by
[PW1,040]3~ were not found or were present as traces (HQ and
4-CC respectively) when TiO, was used. They suggest that this fact

is due to the photodegradation catalyzed by [PW1,049]3~ essen-
tially operates via *OH radicals, while holes and *OH radicals take
part in the case of TiO, 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 TiTPAOO, TiTPA10, TiTPA20,
and TiTPA30 samples annealed at temperatures higher than 100 °C
are shown in Fig. 6. The data indicate that for the TiTPAOO 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 TiO, Degussa P25 (Fig. 6),
shown as reference, are very similar to those of the TiTPA0O5¢g and
TiTPA105¢0 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

o dCqcp  krKCycp
P T T T9 T 1+ KCacp

where r4_cp is the degradation rate, C4_cp is the 4-CP concentration,
and k; and K are the reaction and the adsorption constants, respec-
tively. When Cy_cp is low, KCy_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_cpg is the 4-CP concentration at time equal zero,
S0

In <@> =k Kt
Cacp

From the plots of In(C4_cpg/C4-cp) as a function of time, the values of
the apparent reaction constant kap =k x K were obtained, and are
shown in Fig. 7.

The kap values of the TiTPAOO 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 kjp, is attributed to the higher crystallinity
of the TiTPAOOy509 sample compared with that treated at 100°C,
and is slightly lower than the value estimated for TiO, Degussa P25
(kap =1.05 x 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 k,p increased [63-66]. The
transformation of anatase into rutile phase and the drop of Sggr
are ascribed to be responsible for the decrease of ka, 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: TiTPAOOTigg < TiTPA1071qg <
TiTPA2071109 < TITPA307190, 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 Sger 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
explain the continuous enhancement of the photocatalytic activity
in the degradation of toluene when increasing the percentage of
W present in the anatase structure of TiO, doped with ammonium
tungstate solutions.
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Fig. 6. Photocatalytic degradation of 4-CP as a function of the irradiation time for the TiTPA samples treated at 500, 600, 700, 800 °C, and TiO2 Degussa P25.
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Fig. 7. Apparent reaction constant kap of the 4-CP photocatalytic degradation as a
function of the thermal treatment temperature.

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* +H;0 — 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 TITPAOO.
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 Sggr drop and the structure disruption of
the [PW12040]3~, [P2W>1071]%~, and [PW;;039]”~ 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 TiO, 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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Fig. 8. 4-CP degradation and mineralization degree as a function of the number cycle of usage for the TITPA20T600, TiTPA30T500, and TiTPA30T600 catalysts.

materials with a good behavior as catalysts for 4-CP photodegra-
dation. It is clearly observed that the reaction rate was affected not
only by the TPA amount but also by the thermal treatment, and that
different factors are involved in the catalytic performance. Taking
into account the obtained results, the highest activity with the low-
est preparation cost resulted from the catalyst prepared by adding
30% TPA calcined at 600 °C.

Nevertheless, the three samples that showed better catalytic
performance (TiTPA20tg0g, TiTPA307500, and TiTPA30rggp) Were
chosen to test their reusability, because they have a similar
apparent reaction constant. To this end, after each photocatalytic
experiment, the catalysts were easily separated from the resulting
suspension by decantation, washed with distilled water, dried at
70°C and reused.

The percentage of degraded 4-CP after each cycle of usage,
together with the mineralization degree, is shown in Fig. 8. The
mineralization degree was slightly lower than the amount of
degraded 4-CP as a result of the formation of organic intermedi-
ates previously mentioned. The results indicated that both remain
practically unchanged for the TiTPA207g09 sample. In the case of
the TiTPA30r599 and TiTPA30rgp9 samples, both the percentage
of 4-CP degraded and the mineralization degree decrease slightly
during the first reuse, and then keep constant. The decrease was
assigned to the solubilization of TPA (less than 1% of the TPA con-
tent) from the fresh samples during the first catalytic test, as was
established by atomic absorption spectrometry. On the other hand,
these results show that after the third use the catalytic perfor-
mance of the selected samples is the same. So, adequate reusable
photocatalysts to degrade a toxic chlorinated phenol have been
developed.

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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