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A B S T R A C T

For the first time, Evonik P-25 nanoparticles were impregnated with tungstophosphoric acid (TPA) (30%
w/w) and annealed at two different temperatures, 200 �C (P25-TPA-200) and 500 �C (P25-TPA-500) for
1h. Samples were characterized by different analytical techniques. Their photocatalytic activity was
evaluated in the degradation of malachite green (MG) solutions at pH 5.0 upon three different
irradiations: l1 > 320nm, l2 > 450nm and l3 > 590nm. Only sample P25-TPA-500 showed visible-light
absorption. This absorption could be related to the formation of a surface complex TPAKeggin anion-TiO2.
P25-TPA-500 and P25-TPA-200 samples showed an important dark adsorption of MG dye (�30%);
however, sample P25-TPA-500 exhibited the highest photocatalytic activity either under irradiation l1 or
l2. The presence of tert-butyl alcohol (TBA), an �OH scavenger affected the photocatalytic reaction upon
irradiation l1, but just slightly upon irradiation l2. Finally, P25-TPA-200 exhibited a higher leaching of
TPA than P25-TPA-500 samples.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Evonik P-25, which is a mixture of anatase–rutile crystalline
structures, is the commercial TiO2 powder with highest photo-
catalytic activity and it is the one most widely used as standard
photocatalyst. Its high photocatalytic activity has frequently been
linked to low e�/h+ recombination since photo-produced electrons
in the anatase phase can be transferred to lower energy rutile
electron-trapping sites [1]. Moreover, many studies have proposed
that anatase and rutile crystallites are interwoven, facilitating an
efficient electron transfer at the anatase/rutile interface. Moreover,
electrons may be transferred from the rutile phase to anatase
surface trapping sites [2].

In spite of its high photocatalytic activity, TiO2 Evonik P-25
absorbs only UV-A light, which corresponds to 4%–7% of the total
solar irradiation hitting the planet’s surface, limiting its use in
solar-energy-driven applications where TiO2 materials may absorb

visible light also (�50% of total solar irradiation on the earth
surface). Several approaches such as metal doping [3], non-
metallic doping [3–6] and ultrasound treatment [7] have been
studied in the literature to expand the light absorption of Evonik P-
25 towards the visible region.

Recently, the addition of polyoxometallates (POMs), which are
clusters of transition metals and oxygen often used as catalysts in
thermal catalytic reactions, onto TiO2 has risen as a promising
alternative to prepare TiO2 with visible light absorption and high
photocatalytic activity [8–12]. Some studies have suggested that
polyoxometallates such as tungstophosphoric acid (H3PW12O40)
and tungstosilicic acid (H4SiW12O40) added to sol-gel synthesized
TiO2 might lead to the formation of a surface complex between the
POM and TiO2 [13], P-doping [8] or composite formation [9], all of
them responsible for its visible light absorption. However, so far
there are no studies reporting the modification of Evonik P-25
nanoparticles with POM.

Herein, the impregnation of Evonik P-25 nanoparticles with
tungstophosphoric acid (TPA at 30% w/w) annealed at two
different temperatures, 200 and 500 �C, is explored for the first
time. These materials were characterized by multi-techniques
using FT-Raman, UV–vis DRS, 31P MAS NMR, EDX-SEM, isoelectric
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point, and potentiometric acidity. Their photocatalytic activity was
evaluated in the degradation of aqueous malachite green solutions
under three different irradiations: l1, using a cut-off filter at
l >320nm, l2 with a cut-off filter at l >455nm and l3 with a cut-
off filter at l >590nm. Experiments with an �OH radical scavenger
such as tert-butyl alcohol were also performed.

2. Materials and methods

2.1. Impregnation of tungstophosphoric acid on Evonik P-25
nanoparticles

First, 2.4 g of tungstophosphoric acid (TPA) (H3PW12O40 23H2O,
Fluka, corresponding to 1.83 g of tungsten) was dissolved in 50mL
of a solution (70% absolute ethanol, 30% distilled water) at pH 1.5
(by adding HCl) in order to avoid the partial degradation of TPA
Keggin anion. Then, 4 g of Evonik P-25 nanoparticles was added to
reach a TPA concentration of 30% (w/w). This suspension was left
until the solventwas completely dried. The solid waswashed three
times with distilled water in order to remove weakly bonded TPA,
and the aqueous residues were evaluated by atomic absorption
spectrometry in order to determine the tungsten content in the
solid. These results revealed thatmost part of tungsten (1.79 g from
the 1.83 g initially added) remains in TiO2. Finally, the solid was
annealed at 200 and 500 �C for 1h under air atmosphere, obtaining
the samples named P25-TPA-200 and P25-TPA-500, respectively.

2.2. Sample characterization

2.2.1. Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX)

The secondary electron micrographs of the samples were
obtained by scanning electronmicroscopy (SEM) using Phillips 505
Model equipment and EDAX 9100 analyser at a working potential
of 15 kV and graphite-supported samples metallized with gold.

2.2.2. Diffuse reflectance spectroscopy (DRS)
The diffuse reflectance spectra of samples were recorded using

a UV–vis Lambda 35, Perkin-Elmer spectrophotometer equipped
with a diffuse reflectance chamber Labsphere RSA-PE-20 which
contains an integrating sphere of 50mm diameter and internal
Spectralon coating is attached, in the 250–800nm wavelength
range.

2.2.3. Fourier transform Raman spectroscopy (FT-Raman)
Raman scattering spectra were recorded on a Raman Horiba-

Jobin-Yvon T64000 instrument with an Ar+ laser source of 488nm
wavelength in a macroscopic configuration.

2.2.4. Nuclear magnetic resonance spectroscopy (NMR)
The 31P magic angle spinning-nuclear magnetic resonance (31P

MAS NMR) spectra were recorded on Bruker Avance II equipment,
using the CPA/MAS 1H-31P technique. A sample holder 4mm in
diameter and 10mm in height was employed, using 5ms pulses, a
repetition time of 4 s, and working at a frequency of 121.496MHz
for 31P at room temperature. The spin rate was 8 KHz, and several
hundred pulse responses were collected. Phosphoric acid 85% was
used as external reference.

2.2.5. Acidity measurements by potentiometric titration
The acidity of the solid samples was measured by means of

potentiometric titration. The solid (0.05 g) was suspended in
acetonitrile (Merck) and stirred for 3h. Then, the suspension was
titratedwith 0.05N n-butylamine (Carlo Erba) in acetonitrile, using
Metrohm 794 Basic Titrino apparatus with a double junction
electrode.

2.2.6. Isoelectric point (IP)
The isoelectric point was calculated from zeta potential

measurements at different pH values. Laser Doppler velocimetry
was applied to characterize the electrophoretic mobility (EPM) of
the particles using a Malvern Zetasizer Nano ZS. Measured EPMs
were converted to zeta potential using the Smoluchowski
equation:

U= ez/m

where U is the electrophoretic mobility, e is the dielectric constant
of the solution, m is its viscosity, and z is the zeta potential.

Disposable folded capillary cells were employed. Initially, 0.05 g
of solid was suspended in 15mL of Milli-Q water, and the solution
pH was modified by adding HCl or NaOH.

2.2.7. Atomic absorption spectrometry (AAS)
Tungsten (W) determination was carried out using an atomic

absorption spectrophotometer Varian AA model 240. The calibra-
tion method was used with standards prepared in the laboratory.
Analyseswere carried out at awavelength of 254.9 nm; bandwidth,
0.3 nm; lamp current, 15mA; phototube amplification, 800mV;
burner height, 4mm; and acetylene-nitrous oxide flame (11:4).

2.2.8. Photocatalytic activity
The photocatalytic activity was evaluated using a 300W Xe-Arc

lamp (Newport, USA) as light source, which emits an estimated
average irradiance of 3.6mWm�2 nm�1 in the range 380–430nm.
This system was equipped with glass cut-off filters (Newport,
USA): irradiation l1: cut-off filter l >320nm, irradiation l2: cut-
off filter l >450nm, and irradiation l3: cut-off filter l >590nm.
Lamp emission spectrum and transmittance of cut-off filters are
available in supplementary material (Fig. S1).

Malachite green (MG) (Sigma-Aldrich) solutions 1�10�5M
were used as organic target. First, 0.05 g of photocatalyst was
added to 50mL of MG solutions with initial pH 5.0 in a 100mL
Pyrex bottle and kept in the dark under constant stirring for 30min
in order to ensure that MG/TiO2 adsorption/desorption equilibri-
um was reached. Then, suspensions were illuminated with
irradiation l1, l2 or l3 for 60min. Samples were taken at different
irradiation times, and the discoloration of MG solutions was
followed using a Perkin-Elmer Lambda 35 spectrophotometer at
618nm. All experiments were carried out in triplicate, and an
average was calculated, obtaining standard deviations below 8%.

Leaching experiments were performed in the absence of
malachite green by adding 0.05 g of sample to 50mL of distilled
water, which was irradiated with irradiation l1, for 2 h. The solid
was separated by centrifugation and the supernatant was analysed
by AAS.

3. Results

3.1. Characterization of Degussa P-25 nanoparticles modified with TPA

SEM micrographs (Fig. 1) revealed that Evonik P-25 consists of
small particles and agglomerates. It is well known that Evonik P-25
consists of nanoparticles and agglomerates with an average
diameter of 20nm and 1mm, respectively [1,14]. Furthermore,
EDX measurements revealed the presence of Ti and O on the
surface. On the other hand, SEM images of TPA-impregnated P-25
TiO2 samples exhibited a size increase in the agglomerates when
the annealing temperature rose from 200 to 500 �C. The EDX
measurements revealed the existence ofW La1 andMa1 signals at
8.396 and 1.779KeV, respectively, in P25-TPA samples. They do not
overlap the Au Ma1 signal at 2.126 eV which comes from the
sample metallization process.
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Fig. 2 shows the light-harvesting ability of all samples. Evonik-
P25 and P25-TPA-200 samples present the typical light absorption
of anatase or rutile nanoparticles in the UV region (l<400nm),
attributed to electron transitions from the valence band to the
conduction band [1,14]. However, in addition to the UV absorption
due to TiO2, the P25-TPA-500 sample presented an interesting
absorption in the blue region of the spectra between 400 and

500nm. Impregnated TPA samples of TiO2 P25 did not show any
absorption features related to bulk TPA.

The Raman spectra of bulk TPA, P25-TPA-200, P25-TPA-500 and
non-annealed P25-TPA (P25-TPA-NA) samples are shown in Fig. 3.
The spectrum of bulk TPA exhibited Raman bands at 1080, 990, 930
and 890 cm�1 corresponding to the asymmetric vibrations of P��O,
W¼O, W��O��W bonds in the Keggin anion [15,16]. In the P25-

[(Fig._1)TD$FIG]

Fig. 1. SEM micrographs and EDX measurements of Degussa P-25, P25-TPA-200 and P25-TPA-500 samples.
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TPA-NA sample, the anatase phase peaks at 141, 394, 514 cm�1 are
observed,which agreeswell with Raman vibrations of anatase TiO2

indicating that it is the predominant crystalline structure in TiO2

P25 (Fig. 3a) [17]. Moreover, in this sample, two intense bands also
appeared at 987 and 1028 cm�1, which are attributed to the
presence of the Keggin anion of TPA (Fig. 3b). The P25-TPA-200
sample showed the same Raman characteristics of either TiO2 or
TPA, except for a slight blue shift of the most intense Raman band
attributed toTi��O bonds of anatase TiO2 that shifts from 141 cm�1

to 144 cm�1 (Fig. 3c). Fig. 3c shows that the P25-TPA-500 sample
underwent a strong blue shift of Ti��ORaman band (148 cm�1) and
moreover, this sample exhibited a broad shoulder between 950
and 1000 cm�1 (Fig. 3b).

The 31PMASNMR spectra are shown in Fig. 4. In the literature, it
is reported that bulk hydrated TPA exhibits only one peak at about

�15ppm with a small linewidth [18]. Herein, bulk TPA was
annealed at two temperatures, 200 and 500 �C, in order to study
the effect of temperature on TPA stability and its 31P signal. Bulk
TPA dehydrated at 200 �C exhibits a narrow peak at �15.3 ppm,
whichmatches very well the hydrated TPA peak. At 500 �C, there is
a broader main peak at �13.2 ppm and a shoulder at �15.5 ppm.
The former could be assigned to dimeric anion ([P2W21O71]6�) and
the latter to Keggin anion [13,15].

Regarding TPA impregnated on TiO2 Evonik P25, the sample
annealed at 200 �C shows a narrow peak localized at �15.4 ppm
corresponding a Keggin anion, while the sample annealed at 500 �C
exhibits a broader main peak at �14.6 ppm with an important
shoulder at ca. �11.2 ppm.

Acid strength measurements by potentiometric titration with
n-butylamine were also carried out on the samples (Fig. 5). The
initial electrode potential (Ei) indicates themaximumacid strength
of the sites and the value of meq amine g�1 solid where the plateau
is reached indicates the total number of acid sites. Thus, the acid
strength of these sites can be classified according to the following
scale: Ei > 100mV (very strong sites), 0<Ei<100mV (strong sites),
�100mV<Ei<0 (weak sites), Ei<�100mV (very weak sites)
[19,20].

Often, anatase and rutile nanoparticles show an acid strength
around Ei = 100mV due to the presence of terminal and bridge
Ti��OH groups on the surface [21]. Bulk TPA (H3PW12O40)
exhibited a higher acid strength (Ei = 800mV) due to the presence
of 3 very acid protons. However, this parameter increased for P25
impregnated samples. P25-TPA-NA and P25-TPA-200 samples
showed stronger acid strength (Ei = 450mV) than P25-TPA-500
(Ei = 393mV).

The isoelectric point (IP) of Evonik-P-5 (Table 1) matches very
well those from anatase TiO2 (IP =6.0). The samples P25-TPA-200
and P25-TPA-500 exhibited acid IPs (1.4 and 2.0, respectively),
which indicates the presence of acid sites on the TiO2 surface.

[(Fig._2)TD$FIG]
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3.2. Photocatalytic activity of samples under UVand visible irradiation

The photocatalytic activity of the samples upon irradiation l1

(cut-off filter l >320nm) is shown in Fig. 6. Dark experiments
revealed that malachite green undergoes an important adsorption
on TiO2 P-25 materials impregnated with TPA, while in naked P25,
this adsorption can be neglected. Under irradiation, the P25-TPA-
500 sample exhibited the highest photocatalytic activity, even
higher than that of Degussa P25, while the P25-TPA-200 sample
showed the lowest one.

When irradiation l2 was used (cut-off filter l >450nm) (Fig. 7),
where UV light is eliminated, only the P25-TPA-500 sample
showed photocatalytic activity since malachite green was almost
totally degraded after 60min of light irradiation. A decrease in MG
concentrationwas detected for the P25-TPA-200 sample, but it was
produced by dark adsorption.

Under irradiation l3 (filter cut-off l >590nm), there was no
photocatalytic bleaching of malachite green solutions (data not
shown).

The effect of the addition of tert-butyl alcohol (TBA), an �OH
radical scavenger (k = 6.0�108M�1 s�1) [22,23], was evaluated in
the photocatalytic bleaching of malachite green aqueous solutions
in the presence of sample P25-TPA-500 (Fig. 8). Under irradiation
l1 (Fig. 8a), the photocatalytic activity was slightly affected by the

presence of TBA. However, under irradiation l2 (Fig. 8b), the
photocatalytic activity did not undergo any change.

Finally, the leaching of TPA was evaluated in the samples P25-
TPA-200 and P25-TPA-500 suspended in water in the absence of
MG upon irradiation l1 (cut-off filter atl >320nm),measuring the
tungsten content in aqueous media by atomic absorption
spectroscopy. Analyses demonstrated that the P25-TPA-200
sample underwent a 6.0% of tungsten leaching, while the P25-
TPA-500 sample exhibited only 0.046%.

4. Discussion

31P MAS NMR measurements revealed that at low annealing
temperatures, bulk TPA did not undergo strong changes in its

Table 1
Isoelectric point of samples.

Sample Isoelectric point (IP)

Evonik-P-25 5.8
P25-TPA-200 1.6
P25-TPA-500 2.0
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structure since only the signal at �15.3 ppm, correlated with the
presence of the hydrated Keggin anion [18], was detected. Often,
the 31P MAS-NMR signal of TPA depends on the hydration degree
and varies from �10 to �16ppm [24]. In the spectrum of bulk TPA
calcined at 500 �C, two signals appeared: one at �15.5, and the
other at �13.2 ppm, which could be assigned to PW12O40

3� and
HPW12O40

2� Keggin anions, respectively [24,25]. The broadening
observed is possibly due to dehydration of the Keggin structure
[26].

Regarding the samples of Evonik P25 impregnated with TPA,
those annealed at 200 �C (P25-TPA-200) exhibited a narrow 31P
MAS-NMR signal at �15.5 ppm, which is related to the hydrated
Keggin anion of TPA. However, the sample annealed at 500 �C (P25-
TPA-500) exhibited a main peak at �14.6 ppm with a shoulder at
�11.2 ppm,which can be attributed to the presence of Keggin anion
and lacunar species ([PW11O39]7�) [12,25,27], respectively, the
latter coming from a partial TPA thermal degradation. The shift
observed for the Keggin anion signal (from �15 to �14.6 ppm) in
the sample P25-TPA-500 could be due to an interaction between
the TiO2 surface and TPA. Edwards et al. [27] have argued that
signals of 31P MAS NMR at �14 and �13ppm could be due to the
presence of intact Keggin units interacting with surface hydroxyl
groups from TiO2 to form species such as (TiOH2

+)(H2PW12O40
�)

and (TiOH2
+)2(HPW12O40

2�).
The Raman spectrum should confirm this interaction, since the

main anatase Raman peak of the P25-TPA-500 sample at 141 cm�1

underwent a strong shift (ca. 8 cm�1). Some authors have claimed
that the shift of this Raman band, which arises from O��Ti��O
band-bending-type vibrations, could be due to oxygen deficiencies
or disorders induced by minority phases [28,29]. Moreover, the
signals of TPA Keggin anion between 980 and 1020 cm�1 also
showed a high broadening. Previous studies reported that these
spectral changes could be related to strong interactions between
the Keggin anion of TPA and the TiO2 surface [13,30]. On the other
hand, the interaction of TPA and the TiO2 surface in P25-TPA-200
samples could be weaker than in the P25-TPA-500 samples since
the blue shift of the Ti-O band was lower and the TPA signals
between 980 and 1020 cm�1 did not exhibit spectral changes.
Moreover, this fact could also explain the high leaching observed in
the P25-TPA-200 sample, since in the P25-TPA-500 sample, TPA is
probably more strongly anchored forming surface complexes than
in the P25-TPA-200 sample.

The results of potentiometric titration also showed interesting
features. Either P25-TPA-NA or P25-TPA-200 samples showed a
higher acid strength than P25-TPA-500. It is often accepted that
TPA should interact with TiO2 surfaces through protonation of
surface Ti��OH groups by very acid protons from TPA yielding
(RTi��(OH)2+)(H2PW12O40

�) or (RTiOH2
+)2 (HPW12O40

2�) spe-
cies [27,31]. This should generate acid sites on the TiO2 surface,
which should be responsible for the initial high potential (Ei)
observed. However, when the sample is annealed at high
temperatures (500 �C), the acid strength decreases slightly. It is
suggested that this decrease could be related to the formation of
surface complexes between TPA and TiO2.

Inspired by the study reported by Legagneux et al. [32], who
have proposed that at temperatures beyond 300 �C, TPA could lead
to the formation of Si��O��Wbonds in silica, herein it is suggested
that at high temperatures (T = 500 �C), the acid proton linked toTPA
in (RTiOH2

+)2(HPW12O40
2�) species, which is highly reactive,

could react with a protonated titanol (TiOH2
+) groups, leading to

water production and the formation of Ti��O��W bonds and,
concomitantly, a TPA-TiO2 surface complex, which could be
responsible for the visible light absorption and spectroscopic
changes observed. Keggin anion of TPA ([PW12O40]�3) exhibits two
intense bands in the range 200–250nm [33], attributed to the
charge transfer from bridging or terminal O 2p toW 5d (W��O��W
and W��Od). The Kegging structure consists of a central PO4

tetrahedron surrounded by twelve WO6 octahedra. Due to the
formation of Ti��O��Wbonds between Ti-OH groups and bridging
or terminal O groups from the WO6 octahedral units that conform
the TPA Keggin structure, the lengths of ��W��O��Wor ��W��Od

bonds could change leading to the distortion of the Keggin
structure. Taking into account the work of Rodríguez-González
et al. [34], it is suggested that visible light absorption takes place as
result of this distortion.

Previous studies reported in the literature have suggested that
the surface charge transfer complex formation between TiO2 and
organic or inorganic adsorbates such as phenolic compounds and
EDTA could take place inducing visible light absorption [35,36].

However, not all the (RTiOH2
+)2(HPW12O40

2�) and (RTi��
(OH)2+)(H2PW12O40

�) species can be eliminated during the
annealing step by forming surface complexes, since the P25-
TPA-500 sample still exhibited an important acid strength (Fig. 9).
This fact would also explain the decrease in acid strength observed
in samples annealed at 500 �C.

The dark adsorption of malachite green on TPA-P25 samples
could be due to a strong interaction between negatively charged
nanoparticles (IP of P25-TPA-200 and P25-TPA-500 are 1.6 and 2.0,
respectively) and positively charged dye molecules. On the other
hand, a previous study reported the interaction betweenmalachite
green molecules and TPA through electrostatic interactions [37].
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Initial pH: 5.0.
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Photocatalytic activity under irradiation l1, which contains UV-
A light, revealed that the P25-TPA-500 sample exhibited the
highest photocatalytic activity. This fact is explained since the TPA
present on the TiO2 surface may behave like an efficient electron
acceptor since its redox potential ismore positive (ETPA =�0.01V vs
EeCB (pH 5) =�0.27V) than the redox potential of the conduction
band electron (EeCB) [33,38]. Thus, the UV-photo-excited electron
transfer from the conduction band of TiO2 to TPA should be
thermodynamically favoured, decreasing the e�/h+ recombination.
Experiments using tert-butyl alcohol as �OH radical scavenger also
revealed that malachite green oxidation could be carried out by h+

and/or �OH radicals since a decrease in the photocatalytic activity
took placewhen 1�10�5M of TBAwas added. Thus, it is possible to

suggest that the mechanism of malachite green oxidation by P25-
TPA-500 may involve the excitation of electrons from the valence
band to the conduction band. These photo-promoted electrons
could be easily transferred to the Keggin anion of TPA present
either as a surface complex or as (RTi��(OH)2+)(H2PW12O40

�) or
(RTiOH2

+)2 (HPW12O40
2�) species on the TiO2 surface (Fig. 9).

Thus, the e�/h+ recombination would decrease, leaving more h+

available in the valence band of TiO2 to react either with previously
adsorbed malachite green molecules or H2O molecules, the latter
leading to �OH radical production. Under irradiation l2, which
contains visible irradiation able to excite the visible-light-
absorbing P25-TPA-500 sample and the malachite green molecule
(lmax =618nm), one more time, sample P25-TPA-500 showed the
best photocatalytic activity. Moreover, experiments using tert-
butyl alcohol did not reveal a negative effect on the photocatalytic
activity. The suggested mechanism to explain these results seems
to be more complicated. It is well known that photo-excited POMs
such as TPA can lead to the oxidation of organic compounds by
electron transfer, resulting in its reduction through photosensi-
tized reactions. This oxidation is favoured when the organic
molecule is preassociated with the POM [33] (Fig. 10).

The visible-light-absorbing surface complex of TPA Keggin
anion with TiO2 could participate in the observed malachite green
oxidation. Malachite green, which was previously interacting with
TPA species on TiO2 (strong dark adsorption), could be directly
oxidized by the visible-light-excited TPA-TiO2 surface complex,
since the excited state of redox molecules is both a better oxidant
and better reductant than the ground state, producing a photo-
sensitized reaction. Reduced TPA (TPA�) could be re-oxidized
taking into account that POM tungstates are easily re-oxidized by
oxygen (Fig. 11a) [33].

Another mechanism (Fig. 11b) that could be involved in the
photocatalytic activity observed may lead to the electron transfer
from the TPA excited state (TPA*) to the conduction band of TiO2.
This electron may be able to reduce molecular oxygen previously
adsorbed on the TiO2 surface, leading to the generation of H2O2,
which could also be reduced by CB electrons yielding �OH radicals
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Fig. 8. Photocatalytic activity of the P25-TPA-500 sample upon (a) irradiation l1

(cut-off filter l >320nm) (b) irradiation l2 (cut-off filter l>450nm) in the absence
( [TD$INLINE]) and in the presence ( [TD$INLINE]) of tert-butyl alcohol (TBA). Initial pH: 5.0.
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Fig. 9. Possible TPA-TiO2 surface interactions.
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that may oxidize the dye molecules. The oxidized TPA+ species
could be reduced by malachite green molecules, leading to dye
oxidation and the regeneration of TPA. This should explain the
small reduction of the photocatalytic activity in the presence of
TBA.

Finally, in order to discard the participation of MG molecules
(involving MG excited states) in the photosensitized reactions that
would be responsible for dye solution photobleaching, experi-
ments carried out under irradiation l3, which could only produce
excitation of MG, revealed that dye oxidation does not involve
photochemical reactions of MG excited states.

5. Conclusions

It is concluded that Evonik P-25 TiO2 powders containing 30%
(w/w) of tungstophosphoric acid (TPA) and annealed at 500 �C
exhibited visible light absorption and high photocatalytic activity
upon UV (l1) and visible light irradiation (l2). At high temper-
atures (ca. 500 �C), the Keggin anion of TPA should interactwith the
TiO2 surface by forming TPA-TiO2 complexes and two kinds of
electrostatic species: (RTi��(OH)2+)(H2PW12O40

�) or
(RTiOH2

+)2 (HPW12O40
2�). The former should be responsible

for visible light absorption and FT-Raman and 31P MAS NMR
spectral changes and the latter, for the high acid strength and low
IP observed. At low annealing temperatures (200 �C), P25-TPA
materials did not exhibit visible light absorption but high acid
strength, revealing that temperature played an important role in
the interaction between TPA Keggin anion and the TiO2 surface.
Samples annealed at 500 �C exhibited lower tungsten (W) leaching
than those annealed at 200 �C.

Malachite green (MG) molecules underwent strong dark
adsorption on the surface of TPA-impregnated TiO2 P-25 samples

(P25-TPA-200 and P25-TPA-500). This should be due to the fact
that at pH 5.0 (at which the photocatalytic experiments were
performed), TPA-impregnated TiO2 P-25 samples are negatively
charged (the isoelectric points of P25-TPA-200 and P25-TPA-500
are 1.4 and 2.0, respectively), allowing an electrostatic interaction
with cationic malachite greenmolecules. Upon UV irradiation (l1),
complexed or noncomplexed TPA in P25-TPA-500 sample should
be responsible for the high photocatalytic activity, since the
polyoxometallate should act as a sink of photoinduced conduction
band electrons, decreasing the e�/h+ recombination and leaving
more valence band holes available to either directly oxidize
malachite green molecules or produce �OH radicals by water
oxidation. Furthermore, the sample annealed at 500 �C showed the
highest photocatalytic activity, even higher than that of the
unmodified Evonik P-25 sample. The photocatalytic activity of
P25-TPA-500 sample was affected by the addition of tert-butyl
alcohol (TBA), an �OH scavenger, evidencing the participation of
photoinduced valence band holes (h+) and/or �OH radicals in the
degradation of MG.

Upon visible light irradiation (l2), P25-TPA-500 sample was the
only one that showed an interesting photocatalytic activity. This
correlated well with the ability of this sample to absorb visible
light. However, the presence of TBA slightly affected its photo-
catalytic activity, suggesting that the photocatalytic mechanism
should be different. Indeed complexed TPA on the TiO2 surface
should be responsible for this photocatalytic activity, since
photosensitized reactions involving excited states of the TPA-
TiO2 complex could directly oxidize theMGmolecules or could also
inject electrons into the TiO2 conduction band, leading to the
indirect formation of �OH radicals.
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Fig. 10. Photocatalytic mechanism suggested for MG degradation on P25-TPA-500 samples upon UV irradiation.
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Fig. 11. Photocatalytic mechanism suggested for MG degradation on P25-TPA-500 samples upon visible irradiation.
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