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a  b  s  t  r  a  c  t

The  role  of  WO3 in enhancing  the  photocatalytic  activity  of  TiO2 deposits  has  been  investigated  through
the  oxidation  of  salicylic  acid using  UV and  vis-light  irradiation.  Different  procedures  of semiconductor
loading  and  deposition  were  undertaken:  firstly,  TiO2-Degussa  P25  was  impregnated  with  tungstic  acid
solution  and spread  on the  glass  substrate.  Secondly,  precursor  of  WO3 was  ammonium  paratungstate,
mixed  with  a  monomer  and  spincoated  on  the  glass.  Finally,  a gel  of  WO3–TiO2 was  synthesized  by  sol–gel
method  and  spincoated  on  the  glass,  TiCl4 was  used  as the titanium  dioxide  precursor  and  ammonium
paratungstate  was  introduced  in the  sol before  precipitation  of  TiO2.

The  films  obtained  were  characterized  by  UV–vis  spectrophotometry,  X-ray  powder  diffraction  and
scanning  electron  microscopy  in  order  to better  understanding  the  behavior  and  the  effective  role  of
WO3.

A red-shift  in  the  absorption  edge  wavelength  was  observed  for  coupled  catalysts  prepared  by  the first
procedure,  the  bang  gap  energy  decreased  to  respectively  2.7 and  2.6  eV  for 0.5%  and  2.5  wt.%  of  WO3. A
tendency  to  agglomeration  and  a higher  percentage  of rutile  in  the  catalysts  were  observed  after  WO3

loading.  The  photocatalytic  activity  under  visible  light  increased  consequently  for  catalysts  with  2.5  wt.%
of WO3 and  variable  inhibition  was  observed  for  lower  loadings,  but only  a positive  effect  of WO3 was
observed  under  UV light.  The  inhibition  of  photocatalysis  was  also  observed  under  visible  light  for  some
WO3 loadings  for  coupled  catalysts  prepared  by  the  procedure  2  and  a great  enhancement  was observed
at  the  0.5  wt  %  of  WO3 under  UV  light.

Concerning  the  catalysts  prepared  by  the  sol–gel  method,  a positive  effect  of  the  WO3 introduction
was  noted:  the  coverage  on  the  glass  was  improved,  the  band  gap  energy  decreased  to  2.3  eV  with  4 wt.%
of WO3 and  the  corresponding  photocatalytic  activity  was  remarkably  enhanced  under  visible  light.  A

higher  photocatalytic  activity  and  a better  response  to WO3 introduction  was  also  observed  under  UV
irradiation.  The  introduction  of  tungsten  precursor  before  the  crystallization  of TiO2 seems  to  be  an
appropriate  method  to ensure  good  contact  and  better  charge  transfer  between  the  two  semiconductors.
As  expected,  the  photocatalytic  performances  were  generally  higher  under  UV  light  than  under  visible
light  for all  the  catalysts  and  0.5  wt.%  WO3–TiO2 was  the  common  optimal  loading  for  the  3  procedures
exhibiting  the  best  activity  under  UV  light.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The degradation of organic pollutants in water by photocatal-
sis, using semiconductor powders as photocatalysts has been
xtensively studied during recent years. It has been shown that

itanium dioxide (TiO2) was an excellent photocatalyst because of
ts high activity, chemical stability and low cost [1–5]. However, the
hotocatalytic activity of TiO2 (with band gap of 3.2 eV and excited

∗ Corresponding author. Tel.: +33 3 83 17 51 18; fax: +33 3 83 32 29 75.
E-mail address: Orfan.Zahraa@ensic.inpl-nancy.fr (O. Zahraa).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.07.001
by photons with wavelengths under 387 nm)  is still limited to irra-
diation by UV wavelengths [6],  so that photocatalytic process does
not occur effectively during the irradiation with solar light as only
about 4% of the total radiation of the solar spectrum is in ultraviolet
region [7,11].  Therefore modification of TiO2 in the view to obtain a
higher light absorption by shifting absorbance to the visible wave-
lengths has become the aim of many authors [7–10]. One of the
methods is the coupling of TiO2 with other semiconductors such as

TiO2/CdS [15,16], TiO2/SnO2 [8,17],  TiO2/ZnO [18] and TiO2/WO3
[7–9,12–14,19–21,24].

Another challenge concerns the authors: catalyst powders used
in suspended state in water, especially the nanometer-scale TiO2

dx.doi.org/10.1016/j.jphotochem.2011.07.001
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:Orfan.Zahraa@ensic.inpl-nancy.fr
dx.doi.org/10.1016/j.jphotochem.2011.07.001
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Degussa P25), require a supplementary separation step which
imits their practical reuse. Immobilization of catalysts on a
ubstrate may  be an appropriate solution to avoid such post treat-
ents.
In recent years, numerous works have been done on the cou-

ling of TiO2 by WO3 and preparation methods were very different,
uch as wet impregnation [8,12–14,19,21],  sol–gel [9,20],  ball
illing [7] and grafting of tungsten alkoxides [24]. Many deposi-

ion techniques were also used to obtain the catalyst deposits such
s simple deposition, spin coating, electrospinnig and dip coat-
ng. All these preparation procedures influence the dispersibility
f WO3 particles in the titanium dioxide powder, their cover-
ge on the surface of TiO2, their size and their exposure to
he light source and may  induce consequently differences in
uthors’ results, which are also function of the light source (UV,
is). Actually, under a visible light, a better performance using
O3–TiO2 system was found by the majority of reviewed papers

7–9,13,14,19,21]. However, under UV light, the effect of WO3 addi-
ion lead to contradictory results: a better efficiency of WO3–TiO2
as found for the photocatalytic degradation of monocrotophos

7],  acid Red [19], stearic acid [20] and toluene [21], but inhi-
ition was observed for the degradation of 4-chlorophenol [8],
henol [15], 2-naphthol and gaseous CH3CHO [28] and formic acid
29].

Our contribution in this work is to give more insights on the
ehavior of TiO2–WO3 is a function of preparation procedures, pre-
ursors and light sources. Accordingly, three different procedures
ere followed to prepare coupled catalysts that offer a higher pho-

ocatalytic performance than unloaded TiO2 toward the oxidation
f salicylic acid (SA) in aqueous solution. Home manufactured and
ommercial TiO2, loaded by WO3 produced from two  different pre-
ursors as well as two deposition techniques (simple deposition
nd spin coating) were combined, which allows us in an original
ork to find the most suitable preparation procedure and to try to

ink photocatalytic performances to the characteristics of the cat-
lysts. The SA was selected to act as a model compound since it
s widely used in pharmaceutical and cosmetic preparations (e.g.,
kin-care products and cosmetic emulsions) and in food industries
generally as a preservative), and this product may  be found in
astewaters and have possible effects on health and environment

25].

. Materials and methods

.1. Materials

TiO2 (P25, Degussa), titanium tetrachloride [TiCl4] (98%,
luka), tungstic acid [H2WO4] (99%, Aldrich) and ammonium
aratungstate [(NH4)10H2W12O424H2O, commercially called APT]
>99%, Riedel de Haën) were used as purchased without fur-
her purification. The pollutant model was the salicylic acid (SA)
C7H6O3] (≥98%, Fluka).

.2. Analysis

The absorption of catalysts over the entire spectrum
200–700 nm)  was monitored in a UV-Vis spectrophotometer
Shimadzu UV-3600) equipped with an integrating sphere (diam-
ter: 150 mm,  type: LISR-2100). The structure of catalysts was
haracterized by X-ray diffraction technique (XRD) using the “Pan-
lytical” instrument (X’Pert Pro MPD). The SEM diagrams were

btained from Jeol T330 equipped with a XRD Synergy system.
alicylic acid concentration was monitored by HPLC on a chro-
atograph equipped with a Shimadzu SPD-6A spectrophotometric

etector adjusted to the wavelength of 295 nm, corresponding to
tobiology A: Chemistry 222 (2011) 314– 322 315

the maximal absorption of SA. A Lichrosob column was used and
elution was  carried out by a mixture of methanol (70%) and water
(30%) [27].

2.3. Film preparation procedures

All the coupled titania samples were deposited on a substrate
which consisted in a flat plate of ordinary glass 4 cm × 48 cm
purchased from “Leroymerlin”. The substrate was pre-treated
with dilute nitric acid and washed with NaOH solution in
order to increase the density of OH groups on the surface of
the glass which enhances the binding of TiO2, then rinsed by
distilled water and finally dried. Coupling TiO2 by WO3 and
deposition were carried out according three different proce-
dures:

Procedure 1: this is the incipient wetness method of Lin and
Kwon et al. [8,13],  it consists briefly on the following steps: TiO2-
powder (P25 Degussa, 4 g L−1) was suspended under vigorous
stirring in a dilute ammonia solution, which was  allowed to dis-
solved with a stoichiometric amount of tungstic acid (H2WO4),
the suspension was  then deposited on the glass substrate, dried
in the air and fired at 450 ◦C during 4 h. The same deposition pro-
cedure was  repeated three times so as to obtain a thick layer
with deposed specific mass of about 0.2 mg  cm−2 (±0.05 mg  cm−2),
above this value it was  demonstrated that the rate of photo-
catalytic degradation of SA with TiO2-P25 deposit was  constant
[22].

Procedures 2 and 3: these two  procedures consisted in spin
coating deposition of the catalysts on the same glass sub-
strate by a spin coater machine, a speed set to 1500 rotations
per minute. A viscous form was needed in order to use this
deposition method; for this reason a powder of TiO2-P25 with
paratungstate (NH4)10H2W12O424H2O was  mixed with a monomer
(C12H10O4 called HDDA) in the second procedure, and a viscous
gel of WO3/TiO2 was  prepared via sol–gel method in the third
procedure according the following step: a 0.05 mol  TiCl4 was dis-
solved in 100 ml  absolute ethanol under vigorous stirring, then
diluted by 150 ml  of water. The ammonium paratungstate pow-
der was introduced at this step according to the choosing molar
ratio. Afterwards, the ammonia solution was dropped into the
TiCl4/ethanol/water/APT solution and the titanic acid gel precip-
itated. The gel was  rinsed and separated by centrifugation until
the Cl− ions could not be detected. Then a H2O2 solution (30 wt.%)
was  added drop-wise to the gel under vigorous stirring until a yel-
low and viscous solution was  obtained, which was suitable for spin
coating deposition.

Only one deposition was done with spin coating method and
deposed specific mass was  about 0.07 mg  cm−2 (±0.02 mg  cm−2)
and 0.2 mg  cm−2 (±0.05 mg  cm−2) respectively for films pre-
pared by the second and the third procedure. All cata-
lyst deposits were dried and fired in air at 450 ◦C during
4 h, annealing temperatures in the same range (400–500 ◦C)
were used for the preparation of coupled WO3/TiO2 catalysts
[8,12–14,19,20].

2.4. Photocatalytic tests

The photocatalytic reactor (Fig. 1) consisted in a parallepiped
vesselwith the catalyst fixed on a flat glass Plate 4 cm × 48 cm
placed on the bottom, as detailed elsewhere [22]. Photocatalytic
activities of prepared samples were tested for decomposition of
250 ml  salicylic acid (SA) aqueous solution running freely on the

plate with a debit of 220 ml  min−1. The initial concentration of SA
was  fixed to 10 mg L−1 (arbitrary value) and monitored by HPLC
chromatography. Two different light sources were used for pho-
tocatalytic tests: UV and white lamps. The UV lamp (Philips-TLD,
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Fig. 1. Scheme of experimental setup for the photocatalytic degradation.
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Fig. 2. The UV–vis spectrum of coupled WO3/TiO2 catalysts prepared by Procedure
1.
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8 W,  56 cm long) emits in the range of 350-390 nm with a max-
mum at around 365 nm having an intensity of 2.83 W m−2. The

hite lamp (Osram-L, 18 W,  56 cm long) provides mainly visible

ight in the range of 400–600 nm and insignificant amount of UV at
65 nm (0.13 W m−2).
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. Results and discussion

.1. Characterization of the catalysts

Since the coupled catalysts prepared by Procedure 1 were man-
ally deposed on the glass substrate in a suspension state, the visual
ppearance of the films was as not uniform with non homoge-
eous thickness: no difference was observed between loaded and
nloaded TiO2 which was still creamy white and opaque after cal-
ination. The catalyst was hardly removed by the hand from the
lass substrate which indicated a good adhesion.

Catalysts prepared by Procedure 2 and 3 presented a good visual
niformity with homogeneity in thickness, white color, and more
ransparence compared to ones of Procedure 1 but the adhesion on
he glass substrate was not excellent.

The UV–vis spectra of coupled catalysts prepared by the Proce-
ure 1 (Fig. 2) showed a high optical absorbance in the region of
00–700 nm owing to the thick layer of the deposits, absorption
eaks were observed in the region of 320–400 nm corresponding
o the usual region of TiO2 absorption. The absorption edge wave-
engths can hardly be determined as shown in Fig. 2 but their shift
o the red direction is clearly observed after WO3 loading.

Tauc’s expression for a direct optical transition,
h� = C(h� − Eg)1/2 [30] was used to measure the optical energy
and gap (Eg), where  ̨ is the absorption coefficient, C is a constant
nd h� is the photon energy. Assuming a direct optical transition
nd considering the proportionality between the absorbance (A)
nd the absorption coefficient (˛) [30], (Ah�)2 was  plotted as a
unction of the photon energy (h�) and the linear part of those
raphs was extrapolated to the energy axis, allowing to determine
g (Fig. 3) [20,23,30–32]. The values of Eg are obviously approxi-
ate since extrapolation of the linear part may  not be accurate in

ome cases.
The estimated band gap energy of unloaded TiO2 (2.95 eV) could

ot be right since it is slightly lower than the value cited in literature
between 3.12 eV and 3.2 eV) [8,9,23].

Eg evolution with WO3 loading for catalysts prepared by the
rocedure 1 is presented in Fig. 4a, a decrease of band gap energy
as generally observed. By coupling the TiO2 nanoparticles with
O3, we were able to lower the band gap energy of unloaded TiO2

rom 2.95 eV to respectively 2.7 and 2.6 eV for 0.5% and 2.5 wt.% of
O3. The value of band gap energy at 2.5 wt.% loading (2.6 eV) is

qual to one reported by Lin [8] who has measured the band gap
nergy of 3 wt.%-WO3/TiO2 prepared in similar conditions (fired at
00 ◦C and same precursors).

The UV–vis spectra of coupled catalysts prepared by the Proce-
ure 2 were similar to those of the unloaded TiO2 (not shown) and
he band gap energy did not change consequently (about 3.1 eV).
owever, the band gap energy decreased considerably until the
alue of 2.3 eV with 4 wt.% of WO3 for catalysts prepared by the
rocedure 3 (Fig. 4b). It should be noticed that the band gap energy
f unloaded TiO2 prepared by sol–gel method was found to be equal
o 2.8 eV, less than the regular value: this result is expected since a
igher density of defects is usually found in the sol–gel manufac-
ured TiO2 [33].

The SEM images of the coupled semiconductors prepared by
rocedure 1 were compared to the ones of unloaded TiO2. The cat-
lysts having lower band gap energies were chosen to investigate
he morphology. The 2.5 wt.%-WO3 loaded TiO2 exhibits a larger
gglomeration size and more uniform morphology than unloaded
iO2. The appearance of unloaded TiO2 and 0.5 wt.%-WO3 loaded
iO2 is nearly similar (Fig. 5). Lin et al. and Kwon et al. [8,13] have

lso reported uniform morphology for coupled 3 wt.%-WO3/TiO2
ystem, their preparation method was similar to one used in this
ork (Procedure1). Lin also observed larger particles size of cou-
led catalysts (about 300 nm [8])  than of pure TiO2 (20–30 nm
(coupled catalysts prepared by procedure 1), (b) evolution of estimated band gap
energy with different WO3 loadings (coupled catalysts prepared by procedure 3).

[4,8,13]) but that observation was  not found by Kwon who did
not noticed any change in lattice fringes of WO3/TiO2 particles
[13].

Only the SEM analysis of the coupled semiconductors prepared
by Procedure 3 was investigated and compared to ones of Procedure
1, since the method was completely different (sol–gel method) and
TiO2 was  produced from TiCl4 which is different from P25 samples
used in Procedures 1 and 2.

In Fig. 6a, it can be observed that the TiO2 particles prepared by
sol–gel method exhibit non uniformity in shape and have no homo-
geneous coverage of the glass support. The coverage of the substrate
was  easily obtained in the Procedure 1, since manual deposition
was  employed. In addition, loading by WO3 seems to improve the
coverage (Fig. 6b and c) with a higher agglomeration size obtained
for 4 wt.%-WO3/TiO2 loaded catalysts.

XRD analysis (not shown) of catalysts prepared by the Proce-
dure 1 revealed that unloaded TiO2 consisted of mostly the anatase
phase (about 91%) and that the rest was  rutile, but a higher amount
of rutile (between 20% and 26%) was found for all coupled cata-
lysts (see Table 1). XRD diagrams of TiO2 and coupled WO3/TiO2

were exactly the same; the diffraction peaks of WO3 could not
be found, and this result may  be explained by the high disper-
sion of the few WO3 particles in the bulk phase of the catalyst [7]
and/or their incorporation into the TiO2 in the WO3/TiO2 system
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Fig. 5. (a) SEM diagrams for coupled WO3/TiO2 catalysts prepared by Procedure
1:  unloaded TiO2, (b) SEM diagrams for coupled WO3/TiO2 catalysts prepared by
Procedure 1: 0.5% – WO3 loaded TiO2 and (c) 2.5% – WO3 loaded TiO2, and (c) SEM
diagrams for coupled WO3/TiO2 catalysts prepared by Procedure 1: 2.5% – WO3

loaded TiO2.

Fig. 6. (a) SEM diagrams for coupled WO3/TiO2 catalysts prepared by Procedure
3:  unloaded TiO2, (b) SEM diagrams for coupled WO3/TiO2 catalysts prepared by
procedure 1: 0.5% – WO3 loaded TiO2 and (c) 2.5% – WO3 loaded TiO2, (c) SEM
diagrams for coupled WO3/TiO2 catalysts prepared by Procedure 1: 4% – WO3 loaded
TiO2.
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Table 1
Percentage of anatase and rutile estimated from XRD software in the coupled
TiO2/WO3 powders.

Percent of WO3 Crystalline phases

0 91% anatase; 9% rutile
0.5  80% anatase; 20% rutile
0.75 79% anatase; 21% rutile
1  74% anatase; 26% rutile
1.25 74% anatase; 26% rutile
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Fig. 7. (a) Photodegradation of SA under white light for catalysts prepared by
Procedure 1 Linear transform ln(C0/C) versus irradiation time (WO3 loadings are
indicated), (b) photodegradation of SA under white light for catalysts prepared by
2  77% anatase; 23% rutile
2.5  79% anatase; 21% rutile

8].  Similar observations were found for coupled WO3/TiO2 sys-
ems where the monoclinic phase expected to be formed at 400 ◦C
19] was not detected by XRD analysis with small amounts of WO3
7,8,19,20].

Since no new crystal phases were found and no shift was
bserved in the anatase and rutile peaks position, It can be supposed
hat no new solid was formed [7,20].  Also firing of the TiO2/WO3
amples at only 450 ◦C is known to be not sufficient to obtain solid
olution between TiO2 and WO3 which is achieved above 1000 ◦C
13]. WO3 is consequently not doping the TiO2 lattice but is clus-
ered on the surface of TiO2. Similar results were reported in ref [7].
he impregnated WO3 was spread on the surface of TiO2 for the
oupled catalysts heat treated at 400 ◦C for 2 h such as in Ref. [20],
here the coupled TiO2/WO3 films prepared via sol–gel method

nd annealed at 500 ◦C, are shown to be a mixture of two  phases
20]. Even for other TiO2 doping element (the ITO semiconductor),
TO particles surrounded the TiO2 without entering its lattice [23].

.2. Photocatalytic degradation under visible light

.2.1. Films prepared by Procedure 1
Photodegradation of SA under white light, using films pre-

ared by Procedure 1 with WO3 loadings up to 2.5 wt.%, followed
 first order kinetics (Fig. 7a). The loadings up to 2 wt.% exhib-
ted a negative effect on the photocatalytic activity. However,
t 2.5 wt.% of WO3 loading, a noticeable improvement of the
inetic was observed with an apparent first order kinetics con-
tant of 25 × 10−4 min−1 against 18 × 10−4 min−1 for unloaded TiO2
Fig. 7b). SA removal after 300 min  of irradiation had a similar trend:
1% of SA removal was observed using 2.5 wt.%-WO3/TiO2 against
2% for unloaded TiO2 (Fig. 7c). At higher WO3 loading and par-
icularly for 3 wt.% of WO3, there is no remarkable variation in
he photocatalytic activity which slightly decreases in comparison
ith 2.5 wt.% (Fig. 7a). Authors have reported an adverse effect of
igh WO3 loading mainly due to the decrease in the rate of oxygen
eduction on the TiO2 surface [8,12].

The first key reason for the enhancement of the photocatalytic
ctivity at 2.5 wt.% of WO3 is the red-shift of absorption wavelength
ange for coupled WO3/TiO2, which induces lower Eg of the system
upposed to be easily excited by the visible light (Fig. 3c).

The absence of tungsten oxide peaks in the XRD spectra of the
ost active film 2.5 wt.%-WO3/TiO2 suggests that the increased

hotoactivity, with respect to TiO2, is not due to the formation of
rystalline tungsten oxide but is probably due to WO3 acting as a
eparation centre for the electrons and holes.

Theoretically, the energy coming from the white light can both
xcite the semiconductor WO3, which absorb wavelengths under
50 nm [8],  and the rutile-TiO2 (band edge 412 nm; 3 eV [21]). Elec-
rons are then promoted to their conduction bands and holes are
reated in their valence bands, while anatase–TiO2 particles are still

ot excited with electrons accumulated in their valence band only.
oading TiO2 by WO3 consists in the juxtaposition of particles of
he two semiconductors which have different energy levels of the
alence and conduction bands: this contributes to a charge transfer
Procedure 1, apparent first order constants, and (c) photodegradation of SA under
white light for catalysts prepared by Procedure 1, removal of SA after 300 min  of
irradiation.

between the particles. According to the literature, the conduction
and valence bands of WO3 are lower in energy than those of TiO2,
the flat band potentials of TiO2 and WO3 are −0.1 and +0.5 V (vs.
normal hydrogen electrode at pH 0) [15,20,26].
Then, two  phenomena may  occur simultaneously depending on
the contact of WO3 with the allotropic phases of TiO2.

The first one is a double way  charge transfer between WO3 and
rutile-TiO2, where photogenerated electrons are transferred from
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Fig. 8. (a) Photocatalytic performances of WO3-loaded TiO2 films prepared by dif-
ferent procedures for the SA photocatalysis under visible light, apparent first order
constants; (b): Photocatalytic performances of WO3-loaded TiO2 films prepared by
20 M. Ismail et al. / Journal of Photochemistry an

he conduction band of illuminated rutile-TiO2 down to the lower-
ying conduction band of WO3 [8],  whereas photogenerated holes
emained on WO3 or are transferred to the valence band of rutile-
iO2 [8,20].  The second phenomenon is a one way charge transfer
etween WO3 and anatase–TiO2, where photogenerated holes in
he valence band of WO3 only can be transferred to the upper-lying
alence band of non illuminated anatase–TiO2.

This charge transfer results in a better electron/hole separation
nd is the second key reason for the observed higher efficiency of
.5 wt.%-WO3/TiO2 system.

If we consider that unloaded TiO2 is hardly activated by the
hite lamp since only 10% of the system corresponding to the

mount of rutile phase can be photoexcited, logically the intro-
uction of WO3 which increased the amount of rutile could only
nhance the photocatalytic activity, but experiments show inhibi-
ion at some loading amounts. The exact reason(s) for the observed
nhibition remains unclear, especially when the supposed negative
ffect of WO3 presented by some authors occurs only with exces-
ively loaded TiO2/WO3 which was not the case in our experience
21]. considering at the observed decrease in photocatalytic activ-
ty, one should put the emphasis on the importance of the contact
etween the WO3 and TiO2 particles.

It should be noted that literature is replete with a better photo-
atalytic performance in coupled WO3/TiO2 systems using a visible
ight source [7–9,13,14,19,21].

The loading amount of 2.5 wt.% WO3 used in this study is close
o the optimal value found by many authors (3 wt.% [9,13,14]), but
etermining of such an optimal value was not a priority in this
ork since many different values of this optimum can be seen in

he literature. We  can only confirm from the bibliographic research
hat the enhancement of photocatalytic performance occurs only
ith adding low amounts of WO3 (between 0.5 wt.% and 5 wt.%)

7,9,12–14,19,20].

.2.2. Films prepared by Procedures 2 and 3
As it can be seen in Fig. 8, the films of coupled catalysts prepared

y spin coating machine (Procedures 2 and 3) generally exhibits a
igher photocatalytic performance with visible light than the one
repared by simple deposition of catalyst (Procedure 1) in spite
f the less important deposed mass for films prepared with Proce-
ures 2. This result can be explained by the enhanced light exposure
f the semiconductor particles and/or the effective charge trans-
er related to a better dispersion of WO3 in the TiO2–WO3 system,
btained by spin coating deposition.

Furthermore, behavior with WO3 loading is different from that
f Procedure 1: the same photocatalytic inhibition was  observed for
oadings from 0.5 wt.% to 2.5 wt.% for Procedure 2, but a continuous
nhancement of photocatalytic performance was found for films
repared by sol–gel method (Procedure 3). The loading amount of
O3 was extended consequently to 5 wt.% to find the optimum.

 wt.% was the optimal loading, where the SA removal after 300 min
f irradiation was more than 70%, which was 1.5 times higher than
nloaded TiO2 and represented the highest removal obtained under
hite lamp for the three procedures (Fig. 8b). This high activity may

e directly linked to the lower band gap energy (2.3 eV) measured
or catalyst at the same WO3 loading.

The remarkable improvement of photocatalytic performance
t 4 wt.% and 5 wt.% and the absence of the negative effect of
O3 observed in the two first procedures, let us suppose that

rocedure3, consisting in the introduction of tungsten precur-
or before sol–gel precipitation of TiO2, is an interesting method

o obtain the researched positive effect of WO3: the introduc-
ion of the WO3 precursor before the formation of TiO2 crystals

ay  be the best way to ensure good contact between the two
emiconductors.
different procedures for the SA photocatalysis under visible light, % of SA removal
after 300 min  of irradiation.

3.3. Photocatalytic degradation under UV light

3.3.1. Films prepared by Procedure 1
The photo-oxidative transformation of SA followed first-order

kinetics. The performances were generally higher under UV light
than under white light (see Figs. 7 and 9). It is regular result since
UV light is more powerful and excites TiO2 which is the major com-
pound present in the WO3/TiO2 system, and a lot of studies have
also reported similar result [7,19].

The positive effect of WO3 was  observed especially at 0.5 wt.%
WO3 loading with more than 97% of SA removal after 300 min of
irradiation (against 64.7% for unloaded TiO2) and an apparent first
order kinetics constant four times higher (k = 120 × 10−4 min−1)
than the one for unloaded TiO2 (k = 33 × 10−4 min−1) (Fig. 9).
An enhancement of photocatalytic activity was also observed at
2.5 wt.% WO3 loading, which confirms the result of the decrease in
band gap energy at this loading to 2.6 eV (see Fig. 4a).

The advantage of using 365 nm is that light energy could excite
both TiO2 and WO3, simultaneous electron transfer occurs then
from TiO2 to WO3 and hole transfer in the opposite direction
[7,8,15,20].  WO3 acts consequently as an effective separation cen-
tre and enhancement of photocatalytic activity is expected. This
trend was clearly observed in the SA photodegradation under UV
light (Fig. 9) and 0.5 wt.% was  the optimal value of WO3 loading.

Others have also noticed a positive effect of coupling WO3 to TiO2
under UV light [7,12,19–21], but the value of the optimal molar
ratio of WO3 differed between the authors, which can be expected
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Fig. 9. (a) Photodegradation of SA under UV light for catalysts prepared by Procedure
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Fig. 10. (a) Photocatalytic performances of WO3-loaded TiO2 films prepared by dif-
ferent procedures for the SA photocatalysis under UV light, apparent first order
constants, (b) photocatalytic performances of WO3-loaded TiO2 films prepared by
different procedures for the SA photocatalysis under UV light, % of SA removal after
pparent first order constants, and (c) photodegradation of SA under UV light for
atalysts prepared by Procedure 1, removal of SA after 300 min  of irradiation.

s the operating conditions during the coupling procedure were
ifferent.

.3.2. Films prepared by Procedures 2 and 3
The main observation from the comparison between the behav-

ors of loaded films prepared by the three procedures is that films
f Procedure1 exhibits the best photocatalytic performance under

V light. It can also be seen from Fig. 10 that 0.5 wt.%WO3 load-

ng is the common optimal ratio for the three procedures with the
ighest activity with a drastic decrease in the activity just beyond
his loading value. Finally, it can be noticed that the increase in the
300  min  of irradiation.

photocatalytic activity observed for 4 and 5 wt.% loaded catalysts
prepared by Procedure 3 is in accordance with the decrease in their
band gap energy already observed in Fig. 4b.

4. Conclusions

Novelty of this work consists in the production by different
methods of new photocatalysts able to obtain a relevant removal
rates of salicylic acid particularly in the visible light, coupled
WO3/TiO2 photocatalysts were prepared by three different proce-
dures: simple deposition on glass substrate of suspended catalysts
loaded by incipient wetness method, spincoating deposition of TiO2
P25 in viscous solution and finally spincoating deposition of TiO2
prepared by sol–gel method, whereas WO3 was introduced using
different precursors. The important findings of this study are pre-
sented below.

• The absorbance edge shifted to the visible wavelengths after
WO3 loading for catalysts prepared by Procedure 1, the gap
energy decreasing accordingly to 2.6 eV for 2.5 wt.% WO3/TiO2
loaded catalysts, while coupled catalysts prepared by Procedure
2 exhibited similar UV spectra to those of unloaded TiO2 and no

change was found in the band gap (3.1 eV). However, a drastic
decrease of the band gap energy was  measured for catalysts pre-
pared by sol–gel method for 4 wt.% and 5 wt.% WO3 loading, this
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observation was in agreement with the observed photocatalytic
enhancement at these loadings.
A more transparent aspect was obtained for catalysts prepared
by spincoating method, but adhesion on the glass substrate was
not excellent compared to ones prepared by Procedure 1.
A more uniform morphology and bigger agglomeration size was
observed at 2.5 wt.% loading for catalysts prepared by Procedure
1, but the crystal phase of TiO2 was not changed and new crystal
phases were not found. XRD analysis demonstrated that WO3 was
not doped into the TiO2 lattice but was clustered on the surface
of TiO2.
Loading by WO3 increased the amount of rutile in the WO3/TiO2
catalysts prepared by Procedure 1, which can be activated by
the white lamp. In spite of that, an inhibition in photocatalytic
activity was noted for some loading amounts. The photocatalytic
performance cannot be linked to the amount of rutile.
Under white lamp irradiation, an initial inhibition followed by
an enhancement of the photocatalytic performances at 2.5 wt.%
of WO3 was observed for coupled catalysts prepared by Pro-
cedure 1; a one way (WO3 ⇒ anatase–TiO2) and/or two  ways
(rutile-TiO2 ⇔ WO3) charge transfer occurs resulting in a better
electron/hole separation. Contrarily a continuous enhancement
of photocatalytic performance was observed for films prepared
by sol–gel method (Procedure 3) after WO3 addition until 4 wt.%,
which represented the optimal loading. Films of coupled catalysts
deposited by spincoating machine (Procedures 2 and 3) exhibited
generally higher photocatalytic performance than ones prepared
by simple deposition method with visible light, it can be sup-
posed that this method enhances the accessibility of photons to
the catalyst particles.
Photocatalytic performances were generally higher under UV
light than under white lamp for all the coupled catalysts pre-
pared by the different procedures. The positive effect of loading
by WO3 was also noted under UV irradiation, where a two  ways
charge transfer occurs between the two activated semiconduc-
tors. 0.5 wt.% WO3 was the common optimal ratio for the catalysts
prepared by the three different procedures.
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