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Photocatalytic oxidation of butyl acetate in vapor phase
on TiO2, Pt/TiO2 and WO3/TiO2 catalysts
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Abstract

The photocatalytic degradation of butyl acetate in the gas phase was investigated in a fixed-bed continuous annular reactor using
dioxide semiconductor, Pt/TiO2 and WO3/TiO2 catalysts. Platinum was deposited on the titanium by adsorption of PtCl6

2− anions, and
WO3/TiO2 was prepared by a conventional impregnation method using an aqueous solution of ammonium paratungstate. Differen
with different nominal weight loadings in Pt and WO3, were tested. For each catalyst sample studied, air containing butyl aceta
water vapors in various molar ratios was fed at 200 cm3/min to the photoreactor. The roles of the reaction temperature and of2O
in the photocatalytic oxidation of butyl acetate and the influence of the content of TiO2, Pt, and WO3 were investigated. Although a
initial decay in photocatalytic activity was observed, partly issued from an initial deactivation, total mineralization was achieve
all experimental conditions. For relative water humidity between 50 and 75% and for adequate TiO2 covering ratios, the photocatalyt
activity of TiO2 toward the photocatalytic degradation of butyl acetate can be greatly improved by the addition of WO3, mainly due to a
prevention of the initial deactivation and of photogenerated charge recombination. This optimized photocatalyst is very stable on s
no regeneration treatments are needed. The influence of Pt and WO3 on photocatalytic activity are discussed with regard to chemical
electronic modifications of TiO2.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) are an import
class of pollutants usually found in the atmosphere of all
ban and industrial areas. The TiO2-mediated heterogeneou
photocatalysis for the oxidation of these organic compou
at low concentrations has been extensively studied for e
ronmental decontamination purposes [1–3]. Photocata
on TiO2 is advantageous compared to other oxidation m
ods because it takes place at room temperature, so no
mal activation is necessary and only low-intensity UV lig
are needed. Moreover, TiO2 is an inexpensive photocatalys
While most relevant studies have been concerned with
todegradation in the liquid phase, the degradation of gas
organic compounds has gained importance recently [4,5
though some pioneering and earlier studies [6–8] of het
geneous gas phase systems were conducted previously
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o-

tocatalysis requires illumination with photons having ene
greater than the band gap of the semiconductor. For T2,
photoexcitation across the band gap requires wavelen
less than about 385 nm, which corresponds to near-UV
mination. Absorption of UV light will excite electrons from
the valence to the conduction band, creating electron–
pairs. These electron–hole pairs can recombine or diffus
the surface where they can initiate redox reactions with
face species. Unfortunately, surface or volume charge
combinations will hinder the photocatalytic phenomenon

TiO2 shows the highest quantum yield among the p
ular semiconductors [9]. However, in many cases, the p
tocatalytic activity of TiO2 is not enough to be useful fo
industrial purposes. Therefore, several methods to imp
the photocatalytic efficiency of TiO2 such as increasing th
external surface area, modifying the structural and sur
morphological properties, or generating structure defec
TiO2 have been attempted [10,11]. For other purposes, m
studies have been focused on methods to support TiO2 pho-
tocatalysts. Thus attempts to prepare supported TiO2 cata-
eserved.

http://www.elsevier.com/locate/jcat
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lysts using fiber glass [12], honeycomb [13], activated c
bon [14], and zeolites [15] as material support have b
made; in these two last cases, the aim was to associate a
porous and high-adsorption-capacity support to TiO2 to in-
crease the pollutant adsorption capacity.

So far, it has been shown in the literature that modifi
tions of the TiO2 surface with metals [16], metal oxides [17
or other semiconductors [18] are some of the most succ
ful ways to improve photocatalytic activity for the photoo
idation of some organic products mainly in aqueous me
With regard to the loading of metal oxides, a beneficial in
ence of the addition of WO3 or MoO3 [17,19] on TiO2 has
already been observed for the occurrence of some phot
alytic processes, such as photooxidation of methanol
and 1,4-dichlorobenzene [20,21], and photodegradatio
4-nitrophenol [10] in aqueous media. Some examples h
been reported also in gas phase for photooxidation o
propanol and benzene [22].

With regard to the influence of the addition of meta
some authors demonstrated that a few metals, such a
Pd, Au, and Pt, could improve the photocatalytic activ
of TiO2. However, the case of Pt is much more deba
According to some authors, addition of Pt in the liquid ph
has been found to improve photocatalytic efficiencies [
in many oxidation reactions, demonstrating the electr
trapping effect of noble metals. Nevertheless, the add
of Pt was scarcely used for gaseous stream treatment
in these cases, the influence of Pt is much more su
and delicate [24,25], depending mainly on experime
conditions.

The present paper reports and compares the phot
alytic activity of TiO2, Pt/TiO2, and WO3/TiO2 systems
toward butyl acetate degradation in vapor phase. Diffe
catalysts, varying by their TiO2 covering ratios and Pt an
WO3 loading, have been tested and compared at room
perature and at 100◦C for various humidity ratios. The aim
of this study was to improve the photocatalytic activity
TiO2 in gas phase, focusing only on chemical and electr
modifications through the addition of Pt and WO3, which
until now have remained scarcely used for gaseous st
treatment. The effect of WO3 and Pt modifications of photo
catalytic activity will also be discussed.

2. Experimentals

2.1. Experimental device and procedure

The photocatalytic reactor used is a cylindrical conc
tric Pyrex-quartz tubular reactor (length 300 mm, inter
diameter 35 mm), as represented in Fig. 1. The reactant
ture flows between the first internal (quartz) and the sec
external (Pyrex) concentric tubes, set 4 mm apart. The
light source is a commercial 8-W black-light tube with
spectral peak at around 350 nm. As represented in Fi
the initial air flow is separated into three path ways, e
y

-

-

,

,

-

-

,

Fig. 1. Photocatalytic annular concentric reactor.

Fig. 2. Photocatalytic device. (1) Air arrival, (2) mixing system, (3) dry
(4) air+H2O, (5) air+VOC, (6) VOC saturator, (7) H2O saturator, (8) mix-
ing system, (9) photocatalytic reactor, (10) UV lamp, (11) microchroma
raphy.

one controlled by a separate mass flow controller. Ai
continuously bubbled through two saturators, one cont
ing the organic compound and the other one containing
water. The butyl acetate/air/water mixture in various con
centrations flowed at 200 cm3/min. After reaction, the prod
ucts were analyzed by a thermal conductivity detector (
crochromatograph HP microCG M200H) equipped for H2O
and CO2 quantification.

The catalyst was treated initially under 200 cm3/min dry
air at room temperature for 30 min and then irradiated
reaction temperature for 15 min before the reaction mix
was switched on. Relative humidity of 100% is defin
as the saturated vapor pressure of water at 25◦C, which
corresponds to about 24 Torr (about 3% relative to the t
atmospheric pressure).

The carbon deficit (expressed in ppm) has been defi
as the amount of carbon remaining adsorbed on the cat
surface. It is expressed as:

Carbon deficit(t) (ppm) = pi −
∑

j

αj × pj (t),

wherepi is the initial acetate butyl pressure,j is the car-
bonaceous compound in the gas phase,αj is the stoichiom-
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etry factor of thej compound, andpj (t) is the partial pres
sure (or concentration) of each compound in the gas pha

2.2. Materials and catalyst preparation

The reactant, butyl acetate (� 99%) was purchased from
Aldrich and used without further purification. The tit
nia support is a P-25 from Degussa: 85% anatase,
rutile, SBET = 50 m2/g. Uniform TiO2 film deposition
was achieved by evenly distributing a TiO2 slurry inside
the Pyrex reactor and evaporating the slurry to dryn
while continuously spinning the glass tube. Pt/TiO2 and
WO3/TiO2 were prepared by adding subsequently app
priate amounts of H2PtCl6 · 6H2O and (NH4)10H2(W2O7)6,
respectively, and evaporating the solvent until dryness.
ter that, both types of samples were heated overnigh
120 ◦C and calcined at air at 420◦C for 1 h. In the case o
Pt/TiO2 catalysts, preparation continued with a thermal
duction treatment of 1 h at 420◦C. Different Pt/TiO2 and
WO3/TiO2 samples were prepared with contents vary
from 1 to 10% (weight).

3. Results

3.1. Optimization of TiO2 recovering ratio on the Pyrex
support

Optimization of TiO2 content toward photocatalytic de
gradation of butyl acetate was carried out at room temp
ture at 200 cm3/min at a relative humidity ratio of 25% an
a reactant concentration of 500 ppm. Fig. 3 represents
evolution of total conversion in function of TiO2 content,
i.e., the recovering ratio of the coating on the inside wal
the external Pyrex tube. It can be observed that the m
mum photoactivity for the oxidation of butyl acetate was o
tained for a weight loading of TiO2 on the Pyrex glass su
face of 0.23 mg/cm2. Below this value, it can be suppos
that the Pyrex support is not completely covered by TiO2. On
the other hand, higher values result in a slight diminution
total conversion. All the other experiments on Pt/TiO2 and
WO3/TiO2 described in this paper were carried out in
same manner, in each case after optimization of the re
ering ratio of the catalyst, which of course was specific
each catalyst.

3.2. Photocatalytic oxidation of butyl acetate on TiO2

3.2.1. Influence of relative humidity on catalytic activity
and on deactivation

Fig. 4 shows the evolution of the total conversion a
function of time on stream at room temperature star
from 500 ppm of pollutant with relative humidities of
25, 50, 75, and 95%. Whatever the water content, it m
be noted, that, photocatalytic oxidation of butyl acet
leads to a complete mineralization into CO2 and H2O
Fig. 3. Evolution of the total conversion (%) versus TiO2 coating recovering
ratio (mg/cm2 Pyrex).

without formation of by-products, according to the followi
equation:

C6H12O2 + 8O2 → 6CO2 + 6H2O.

A curve representing an example of CO2 formation
during the photooxidation of 500 ppm of butyl acetate
TiO2 at room temperature and 25% relative humidity
given in Fig. 5.

The initial conversion is very high (near 100%) a
a rapid decay of activity occurs in the first minutes
stream to reach a stable value for conversion under st
state conditions. This initial decrease of activity can
due either to an initial conditioning or to a poisoni
of the surface. More detailed studies have revealed
this initial loss of total activity is conditioned mainly b
two factors, the relative humidity ratio and an inhibitio
effect due to carbonaceous species. Concerning the re
humidity ratio, it can be observed in Fig. 6, which is
enlargement of Fig. 4 during the first minutes on stream,
the initial diminution in activity decreases while the wa
content increases from 0 to 75%. The second assump
about poisoning by carbonaceous species is confirme
Fig. 7a, showing the carbon deficit related to the experim
corresponding to Fig. 4c, in which an initial carbon defi

Fig. 4. Evolution of the total conversion (%) for the photooxidation
500 ppm butyl acetate on TiO2 at room temperature versus time o
stream (s).
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Fig. 5. Evolution of the CO2 formation during the photooxidation o
500 ppm butyl acetate on TiO2 at room temperature versus time on stre
(s) at 25% relative humidity.

Fig. 6. Comparison of the decay of initial activity for the photooxidation
500 ppm butyl acetate at room temperature on TiO2 during the first minutes
on stream (s).

has been detected; this carbon deficit falls in with
initial decay in photocatalytic activity. At this stage,
can be supposed that the effect could be due either
strong adsorption of the reactant or one of the prod
CO2, formed in high amounts at the very beginning of
photocatalytic reaction, or to an adsorption of carboxy
or other carbonaceous species yielding a blocking of a
of the surface sites. Fig. 7b, showing the diminution
catalytic activity after addition of 1150 ppm CO2 in the
reactant mixture, suggests that CO2 has an inhibition effec
on photocatalytic activity of butyl acetate oxidation on TiO2.
This is confirmed in Fig. 7c, representing the desorp
profiles obtained during heating from room temperatur
200 ◦C in the dark (UV off) under dry air and carrie
out after the photocatalytic test. During this desorpt
(a)

(b)

(c)

Fig. 7. (a) Evolution of the total carbon deficit (ppm) during the photo
idation of 500 ppm butyl acetate at room temperature (50% humidity
TiO2 versus time on stream (s). (b) Evolution of the total conversion
for the photooxidation of 500 ppm butyl acetate at room temperature (
humidity) on TiO2 in the presence of 1150 ppm CO2 in the reactant feed
versus time on stream (s). (c) Desorption profiles on TiO2 in the dark (UV
off) during heating from room temperature to 200◦C under dry air after
photocatalytic test.

phase, essentially only a CO2 desorption peak and negligib
amounts of butyle acetate and H2O are observed.

It must be noted that the very high initial activi
of TiO2, approaching 100% (before the activity deca
could be restored after regeneration under dry air in
illumination, at room temperature or even more easily
higher temperature, around 100◦C.

The increase of humidity ratio from 25 to 75% resu
not only in a decrease in the initial activity loss but also
a conversion enhancement after stabilization in steady-
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conditions. Thus, the optimal range of humidity is situa
between 25 and 75% under our experimental conditions
effect becoming detrimental with a further increase of wa
content.

3.2.2. Influence of reaction temperature
In Fig. 8 showing the evolution of the total conversi

as a function of time on stream at 100◦C starting from 500
ppm pollutant with relative humidities of 0, 25, 50, and 75
it can be observed that the increase in reaction temper
from room temperature to 100◦C yields an enhanceme
of the photocatalytic activity. This improvement of th
photocatalytic activity is perceptible simultaneously on
initial activity decay and on the conversion under ste
state conditions, the first parameter being lowered and
second parameter being increased. However, with w
added to the reaction mixture, the variation of these
parameters has only a slight influence on photocata
activity, at 100◦C than at room temperature.

Thus, it can be supposed, according to Fig. 7c,
the main effect of the reaction temperature increase i
promote the desorption of CO2, leading to a decrease of i
poisoning and inhibition effect of the surface.

It must be mentioned that no evolution in product
lectivities has been detected between room temperature
100◦C; whatever the reaction temperature, total mineral
tion can be achieved.

3.3. Photocatalytic oxidation of butyl acetate on TiO2

modified by Pt

The addition of 1% (weight) Pt on TiO2 (Fig. 9) yields a
decrease in the photocatalytic activity at room tempera
as compared to that obtained on TiO2, although total
mineralization of the reactant into CO2 and H2O can be
achieved. However, the lower photocatalytic activity
comparison to that obtained on TiO2 may not result from
a most important initial decay in conversion. Indeed,
increase of reaction temperature from room temperatur
100 ◦C has no real effect (Fig. 9) on the improveme

Fig. 8. Evolution of the total conversion (%) for the photooxidation
500 ppm butyl acetate on TiO2 at 100◦C versus time on stream (s).
d

Fig. 9. Evolution of the total conversion (%) for the photooxidation
500 ppm butyl acetate on 1% Pt/TiO2 (50% humidity) versus time on
stream (s).

of photocatalytic activity toward butyl acetate oxidation
was the case on TiO2 without Pt. In the same manne
complementary experiments have shown that there is
effect either of the relative humidity or of the Pt conte
varying from 1 to 10% (weight). Reactions performed in
dark (UV off) do not lead to oxidation of butyl acetate eith
at room temperature or at 100◦C; thus Pt is not active fo
classical thermal catalytic oxidation at these temperatur

3.4. Photocatalytic oxidation of butyl acetate on TiO2

modified by WO3

3.4.1. Influence of relative humidity on catalytic activity
and on deactivation

The addition of 1% (weight) of WO3 on the previous
TiO2 catalyst yields a considerable enhancement of ph
catalytic activity for butyl acetate oxidation (Fig. 10), kee
ing the total mineralization in CO2 and H2O at room temper
ature. The influence of relative humidity on catalytic activ
is more important than it was in the case of TiO2 alone, espe
cially by increasing the water content from 0 to 25 and 50
After that a greater water content only slightly increases
photocatalytic activity.

Fig. 10. Evolution of the total conversion (%) for the photooxidation
500 ppm butyl acetate on 1% WO3/TiO2 at room temperature versus tim
on stream (s).
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Comparing in more detail the initial decrease of activ
on 1% WO3/TiO2 and TiO2 leads to the observation that
is limited in the former case. This observation is correla
with the fact that the carbon deficit (Fig. 11a), related to
experiment corresponding to Fig. 10, is lowered. Moreo
the effect of the decrease of initial loss of activity as
function of water content is much more pronounced than
on TiO2 alone (Fig. 11b). In the same manner, for the sa
water content, the initial decay of activity is less import
on 1% WO3/TiO2 than on TiO2 alone (compare Fig. 11
with Fig. 6). WO3 contents from 1 to 10% (weight) hav
been tested. It has been observed in this regard that the
photocatalytic value was obtained for 4% WO3/TiO2, as
represented and compared in Fig. 12 for 50% humidity.

(a)

(b)

Fig. 11. (a) Evolution of the total carbon deficit (ppm) during
photooxidation of 500 ppm butyl acetate at room temperature (
humidity) on 1% WO3/TiO2 versus time on stream (s). (b) Comparis
of the decay of initial activity for the photooxidation of 500 ppm of bu
acetate at room temperature on 1% WO3/TiO2 during the first minutes on
stream (s).
st

Fig. 12. Influence of the WO3 content on the evolution of the tota
conversion (%) for the photooxidation of 500 ppm butyl acetate at r
temperature (50% humidity) versus time on stream (s).

3.4.2. Influence of reaction temperature
Contrarily to TiO2 alone, the increase of reaction temp

ature from room temperature to 100◦C does not result in
an improvement of photocatalytic activity (Fig. 13) even
changing the relative humidity ratio but it leads to a deg
dation of total activity. However, at this reaction temp
ature total mineralization in CO2 and H2O was achieved
These experiments have been followed by a decrease of
tion temperature from 100◦C to room temperature to reac
the same experimental conditions as those correspondi
Fig. 10. The corresponding behavior, illustrated in Fig.
shows that the initial state of the catalyst before heatin
100◦C could be restored no more unless a calcination tr
ment at 420◦C was made. Indeed, the results obtained a
1 h of calcination at 420◦C, represented in Fig. 14, show th
the initial photocatalytic activity at room temperature can
restored after this oxidation treatment.

Fig. 13. Evolution of the total conversion (%) for the photooxidation
500 ppm butyl acetate on 1% WO3/TiO2 at 100◦C (50% humidity) versus
time on stream (s).
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Fig. 14. Evolution of the total conversion (%) for the photooxidation
500 ppm butyl acetate on 1% WO3/TiO2 at room temperature (50%
humidity) versus time on stream (s).

4. Discussion

4.1. Influence of the catalyst recovering ratio or coating
thickness

As presented in Section 3.1, the first way to impro
photocatalytic activity of TiO2-based catalysts is to optimiz
the experimental conditions of the coating thickness on
support. It is known that the UV light intensity decreas
with distance to TiO2 and penetrates only about 4 µ
[26,27], so most of the photooxidation takes place in the
part (4 µm) of this layer. This is in contrast with “classica
thermal catalytic oxidation catalysts, if mass transfer is
limited. Another advantage of using a thin layer of catalys
that, even at relatively low pollutant concentration, it allo
steady state to be obtained quickly, because the cat
encounters many monolayers equivalent of butyl acetate
the other hand, when the amount of catalyst is increa
above a certain thickness, most of the additional catalyst
not be involved in the photooxidation process.

4.2. Initial decrease of activity

The general photocatalytic activity and efficiency of TiO2
seems to be related to both the initial decrease of t
conversion and the conversion after reaching the sys
steady state conditions.

As, under our experimental conditions, the fresh ini
surface is not saturated with reactants (butyl acetate
water) before the UV light is switched on, it seems obvio
that the first seconds on stream are needed for a su
equilibrium through saturation of reactants. The fact t
this initial decay in activity depends on and decrea
with water content confirms the assumption of an ini
conditioning or equilibrium between water consumpt
(through OH surface groups) and water formation iss
from photocatalytic reaction. That is the reason that, at
very beginning of the reaction, as many of the cataly
sites are unoccupied, the reaction is very efficient (10
t

conversion), thus leading to a rapid depletion in surf
OH groups provided by water. This decrease in OH surf
groups should be enhanced as the water content in
reactant feed is low. These assumptions are supporte
the diminution of the initial activity decrease when the wa
content is decreased from 0 to 75%; this difference is m
pronounced in the absence of water.

On the other hand, as seen in Fig. 4, an excess (> 75%)
of humidity is detrimental for photooxidation, certainly b
cause of the adsorption competition between butyl ace
oxygen, and water. Although addition of high concentrati
of water into the feed might have been expected to disp
intermediates from the surface, no different product dist
utions were obtained in this case.

As demonstrated in this work, the initial decay of ph
tocatalytic activity may be partly due to a surface pois
ing with carbonaceous species, which may be initiated
CO2 as the dominant reaction product. Although it cou
be supposed that the rate of CO2 formation and thus the
rate of carbonaceous species or poison formation incre
with temperature, it seems obvious that these carbonac
species accumulate on TiO2 and deactivate it more easi
than at room temperature. But, from Fig. 7c, on the contr
it is observed that CO2 has significant desorption rate belo
200◦C, with a maximum around 150◦C; it can be displaced
more readily by water at elevated temperature, thus yi
ing a less significant poisoning and deactivation effect fo
reaction temperature of 100◦C, as confirmed in Fig. 8.

4.3. Influence of the water content and the reaction
temperature on the steady state conditions of the system

Taking into account the two previous factors respons
for the initial decay in the photocatalytic activity, i.e
the initial conditioning and the poisoning of the surfa
an activity at steady state conversion is reached rap
Fortunately, under our conditions of a thin coating la
of TiO2, the steady state is reached quickly (less t
300 s), leading at this point to a conversion at equilibri
and to a very stable photocatalytic activity with no furth
deactivation. Under these steady state conditions, it
be considered obvious that the photooxidation proces
dependent on factors such as relative humidity and reac
temperature.

It has been sparsely reported in the literature that
droxyl radicals may initiate and are a major participan
various photocatalytic reactions [3,28,29]. These hydro
radicals are issued from reactions with the hole being
ated in the valence band with adsorbed H2O or OH− species.
Thus, these explanations are in good agreement with th
sults represented in Fig. 4, showing that the photocata
activity is enhanced at steady-state conditions when gre
amounts of water were added to the reactant feed. Thus,
without water added to the feed, the water formed during
action is adsorbed on the surface sufficiently that the p
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tocatalytic processes can proceed but in a less efficient
than under wet conditions.

The effects of the increase of the reaction tempera
may be multiple. First, as is known and has been repo
previously for some organic reactants [23,30,31], the p
tooxidation process rate increases with temperature from
to about 100◦C. Second, it is evident that an increase of te
perature modifies the adsorption–desorption equilibrium
tween reactants (butyl acetate, oxygen, water) and rea
products (CO2 and water). It seems likely that adsorptio
desorption processes are involved and it can be suppose
at 100◦C these processes are thermally activated.

4.4. Influence the addition of platinum

Under our experimental conditions, the addition of 1
10% (weight) of Pt to TiO2 photocatalyst is detrimental a
room temperature and at 100◦C. As there was no reactio
in the dark, even at 100◦C, Pt is considered inactive fo
thermal catalytic oxidation. However, and according to so
authors [3], addition of Pt or other noble metals to Ti2
has been found to improve photocatalytic efficiency [23,
in many photooxidation reactions and mainly in liqu
media. In these cases, the increase of photoefficiencies
explained by the Schottky barrier effect at the metal/TiO2
interface, so that electrons could be transported to
noble metal [31], whereas at the same time, holes
accumulated at the Pt/TiO2 interface leading to a charg
carrier separation and thus to a decrease of electron–
recombination.

Unfortunately, since the Pt/TiO2 interface is not as
developed in the gas phase as in the liquid phase, we sup
that this electron effect does not occur on thermally redu
Pt/TiO2 catalyst under our experimental conditions. So
other studies on the effect of Pt deposit on TiO2 [23] have
revealed that an electron transfer occurred from TiO2 to Pt
and that it resulted in too much electron enrichment o
particles, increasing with the Pt content. Ishitan et al. [
concluded that there was an optimum Pt content, resu
on the one hand from a compensation between a dec
of electron–hole recombination at the TiO2 surface and on
the other hand to an electron–hole recombination on
Pt particles (in the case of high Pt contents), acting
recombination charge centers.

But, under our experimental conditions, no differen
in photocatalytic behavior has been detected betwee
and 10% Pt/TiO2 catalysts. So, one of the most proba
interpretations for the detrimental effect obtained on
Pt/TiO2 catalyst samples, with metal contents varying fr
1 to 10% and with variable reaction temperatures, may
that it is a consequence of the catalyst preparation me
Indeed, Pt/TiO2 catalysts were prepared by PtCl6

− anion
adsorption at low pH values, though the samples w
thermally reduced after H2PtCl6 impregnation. However
the catalyst was not washed after adsorption of the PtC6

−
anions, as is done usually in “classical impregnatio
t

s

e

e

e

.

yielding a longer period of contact between the Ti2
and the unreduced anionic solution. In our opinion,
could lead to an acidic etching of the TiO2 surface with
probable formation of amorphous TiO2 layers with a loss
of crystallinity, as already shown elsewhere [16] with
HRTEM micrograph. On the other hand, it has already b
reported that TiO2 crystallinity plays an important role i
photooxidation reactions.

4.5. Influence of the addition of WO3

Photocatalytic reactions occurring on a semicondu
surface (in general TiO2) are considered to proceed via t
following steps: (1) adsorption of reactants, particularly
the organic pollutant, (2) reaction in the adsorbed ph
(2i) absorption of photons, (2ii) production of electron–h
pairs by band gap excitation, (2iii) space charge separa
by traps available on the catalyst’s surface, (2iv) re
processes induced by separated electrons and holes wi
adsorbates on the surface, and (3) desorption of rea
products.

So, on TiO2, the photocatalytic activity may be limite
mainly by the photocatalytic phenomenon itself through
recombination between the photogenerated charges o
the low abilities for adsorption of some organic compou
and/or desorption of reaction products or carbonace
poisoning species.

Thus, from the different results obtained on WO3/TiO2

catalyst samples, it can be deduced that the beneficial e
of the addition of WO3 can be summarized as follows.

4.5.1. Increase of surface acidity
Many studies dealing with WO3 deposited on variou

supports including TiO2 have demonstrated that WO3/TiO2

catalysts exhibit surface acidity issued from the presenc
Lewis and Brønsted acidic sites related to W6+ species [10].
Thus, the WO3/TiO2 acidic surface has an higher affinity f
species with unpaired electrons. That is why it may ads
a greater amount of OH− or H2O, which is considered to b
necessary for the generation of OH radicals, and enhanc
hydrophilic properties of the surface. So, the consider
increase of photocatalytic activity on 1% WO3/TiO2, espe-
cially in the presence of water, can be explained. At the s
time, the catalyst is able to more easily adsorb organic r
tants with polarized functional groups having high affinit
with acidic surfaces. Nevertheless, it seems obvious tha
affinity toward organics should not be too important due
the risk of limiting their degradation by a too strong adso
tion.

On the other hand, the increase of surface acidity m
prevent the initial deactivation by a better desorption
carbonaceous species, carboxylates, or more probably2,
which is known to exhibit a bad affinity with acidic surfac
in the presence of water. These assumptions are confirm
Figs. 11a and 11b, where it is clearly shown that the in
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carbon deficit and decrease of activity is lowered, ma
with increasing water content (Fig. 11b).

4.5.2. Increase of surface acidity—retarding the
electron–hole recombination processes

The beneficial effect of WO3 on photocatalytic activity
can be explained by the loading of electron-accep
species on the TiO2 surface, which is a good way o
slowing electron–hole recombination. So, according to so
authors [11,21,32] and since W(VI) can be easily reduce
W(V) [11], it can be deduced that the photoexcited electr
in the conduction band of TiO2 can be easily accepted b
WO3, following the scheme W6+ + e−

(TiO2)cb → W5+. In
this case, WO3 helps in the trapping of photogenerat
electrons, thus limiting charge recombination, which is o
of the limiting factors in photocatalytic reactions on TiO2.
This has also been confirmed in the literature [10] by cha
transfer measurements (using Vis–UV diffuse reflecta
spectroscopy) of photoproduced electrons from TiO2 to
W6+; this charge transfer increased as the WO3 content
increased.

But, on the other hand, it must be taken into acco
that too-high-loaded WO3/TiO2 catalysts could act as re
combination centers for electron–h+ pairs, according to the
scheme W6+ + e−

(TiO2)cb → W5+ but W5+ + h+
(TiO2)vb →

W6+. So, as observed and confirmed in this paper, an
timum in WO3 content is necessary to optimize its role
photogenerated electron trapping.

In our studies it can be supposed that the presence of6+
as electron traps is in fact one of the most important fac
involved in the enhancement of photocatalytic activity. T
is confirmed in Figs. 12 and 13, where it is observed
the increase of reaction temperature from room tempera
to 100 ◦C in wet feeds is detrimental for the total activit
certainly because of reduction of a part of W6+ in lower
oxidation states. Furthermore, after this test at 100◦C,
a decrease of reaction temperature to room temperature
not restore the initial activity except after calcination in d
air at 420◦C, which results in reoxidation in W6+ surface
species (Fig. 14).

4.5.3. Increase of surface acidity—semiconductor
properties of WO3

Since WO3 is known as a semiconductor with a band g
of 3.0 eV and with valence and conduction band poten
slightly more cathodic than those of TiO2, these semicon
ductor properties should be considered. But, in our ex
iments, since increasing the loading of WO3 beyond 4%,
which is the optimal content, to 10% results in photoac
ity decreases, it can also be supposed that WO3 itself is in-
sufficient as photocatalyst. Nevertheless, it can be ded
that the coupling of two semiconductors with compara
band gaps and with conduction and valence bands sui
disposed can lead to a simultaneous electron transfe
tween the coupled semiconductors [18,33]. But, accord
to some authors [33], the improvement of photooxidation
s

-

the case of coupled semiconductors may be partly due t
timate contact between the two semiconductors, which
certainly not the case with our preparation method.

5. Conclusions

The photocatalytic efficiency of TiO2 can be greatly im-
proved via chemical and electronic modifications. The
dition of Pt in various contents leads to disappointing
sults. However, the associated WO3 and TiO2 systems, afte
optimization of the tungsten oxide content, allowed sign
cantly higher photoactivity than the pure TiO2 photocatalyst.
This enhanced photocatalytic efficiency has been attrib
mainly to the presence of a surface acidity, to the prese
of electron-trapping centers (W6+), and, in a less importan
manner, to the intrinsic semiconductor properties of W3
which could lead to a coupled semiconductor system.

References

[1] D.F. Ollis, E. Pelizzetti, N. Serpone, Environ. Sci. Technol. 25 (19
1522.

[2] R.W. Matthews, J. Phys. Chem. 91 (1987) 3328.
[3] D.F. Ollis, E. Pelizzetti, N. Serpone, in: N. Serpone, E. Pelizz

(Eds.), Photocatalysis: Fundamentals and Applications, Wiley, N
York, 1989, pp. 604–637.

[4] R.M. Nimlos, W.A. Jacoby, D.M. Blake, T.A. Milne, Environ. Sc
Technol. 27 (1993) 732.

[5] J. Fan, J.T. Yates Jr., J. Am. Chem. Soc. 118 (1996) 4686.
[6] N. Djeghri, S. Teichner, J. Catal. 62 (1980) 99.
[7] R. Bickley, G. Munuera, F.S. Stone, J. Catal. 31 (1973) 398.
[8] J. Cunningham, B. Hodnett, J. Chem. Soc. Faraday Trans. 1 77 (1

277.
[9] Y. Ohko, K. Hashimoto, A. Fujishima, J. Phys. Chem. A 101 (19

8057.
[10] C. Martin, L. Palmisano, V. Rives, A. Sclafani, Catal. Lett. 49 (199

235.
[11] K. Tennakone, O.A. Heperuma, J.M.S. Bandara, W.C.B. Kiride

Semicond. Sci. Technol. 7 (1992) 423.
[12] D. Robert, A. Piscoro, O. Heintz, J.V. Weber, Catal. Today 54 (19

291.
[13] A. Fernandez, G. Lassaletta, V.M. Jimenez, A. Justo, A.R. Elipe-G

zalez, J.M. Herrmann, H. Tahiri, Y. Ait-Ichou, Appl. Catal. B. Env
ronmental 7 (1995) 49.

[14] J.M. Herrmann, J. Matos, J. Disdier, C. Guillard, J. Laine, S. Mal
J. Blanco, Catal. Today 54 (1999) 255.

[15] K.J. Green, R.J. Rudham, Chem. Soc. Faraday Trans. 89 (1993)
[16] J.C. Kennedy, A.K. Datye, J. Catal. 179 (1998) 375.
[17] Y.C. Liu, G.L. Griffin, S.S. Chan, I.E. Wachs, J. Catal. 94 (1985) 1
[18] N. Serpone, P. Maruthamuthu, P. Pichat, E. Pelizzeti, H. Hid

J. Photochem. Photobiol. A. Chemistry 85 (1995) 247.
[19] W. Lee, Y.R. Do, K. Dwight, A. Wold, J. Solid State Chem. 108 (199

198.
[20] W. Lee, W.M. Gao, K. Dwight, A. Wold, Mater. Res. Bull. 27 (199

685.
[21] Y.R. Do, W. Lee, K. Dwight, A. Wold, J. Solid State Chem. 108 (199

198.
[22] Y.T. Kwon, K.Y. Song, W.I. Lee, G.J. Choi, Y.R. Do, J. Catal. 1

(2000) 192.



138 V. Keller et al. / Journal of Catalysis 215 (2003) 129–138

iol.

210.
h. 1

57

ga,

. 1 79

ini,
aday

41.
[23] O. Ishitani, C. Inoue, Y. Suzuki, T. Ibusuki, J. Photochem. Photob
A. Chem. 72 (1993) 269.

[24] J.L. Falconer, K.A. Magrini-Bair, J. Catal. 179 (1998) 171.
[25] H. Courbon, J.M. Herrmann, P. Pichat, J. Phys. Chem. 88 (1984) 5
[26] M. Formenti, F. Juillet, P. Moriaudeau, S. Teichner, J. Chem. Tec

(1971) 680.
[27] W.A. Jacoby, D.M. Blake, R.D. Noble, C.A. Koval, J. Catal. 1

(1995) 87.
[28] H. Gerischer, A. Heller, J. Phys. Chem. 95 (1991) 5262.
[29] C. Turchi, D.F. Ollis, J. Catal. 122 (1990) 178.
[30] P. Pichat, J.M. Herrmann, J. Disidier, H. Coubon, M.N. Mozzane

Nouv. J. Chim. 5 (1993) 627.
[31] J. Disdier, J.M. Herrmann, P. Pichat, J. Chem. Soc. Faraday Trans

(1983) 651.
[32] G. Marci, L. Palmisano, A. Sclafani, A.M. Venezia, R. Campost

G. Carturan, C. Martin, V. Rives, G. Solana, J. Chem. Soc. Far
Trans. 92 (1996) 819.

[33] A. Di Paola, L. Palmisano, V. Augugliaro, Catal. Today 58 (2000) 1


	Photocatalytic oxidation of butyl acetate in vapor phase  on TiO2, Pt/TiO2 and WO3/TiO2 catalysts
	Introduction
	Experimentals
	Experimental device and procedure
	Materials and catalyst preparation

	Results
	Optimization of TiO2 recovering ratio on the Pyrex support
	Photocatalytic oxidation of butyl acetate on TiO2
	Influence of relative humidity on catalytic activity and on deactivation
	Influence of reaction temperature

	Photocatalytic oxidation of butyl acetate on TiO2 modified by Pt
	Photocatalytic oxidation of butyl acetate on TiO2 modified by WO3
	Influence of relative humidity on catalytic activity and on deactivation
	Influence of reaction temperature


	Discussion
	Influence of the catalyst recovering ratio or coating thickness
	Initial decrease of activity
	Influence of the water content and the reaction temperature on the steady state conditions of the system
	Influence the addition of platinum
	Influence of the addition of WO3
	Increase of surface acidity
	Increase of surface acidity-retarding the electron-hole recombination processes
	Increase of surface acidity-semiconductor properties of WO3


	Conclusions
	References


