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a b s t r a c t

Vanadia–titania oxidation catalysts are highly regarded for the abatement of persistent air pollutants
including aromatics, chlorinated aromatics, furans and dioxins in gas effluents. Molybdenum and tung-
sten oxides are recognized as efficient promoters enhancing the efficiency of vanadia-based catalysts.
Classical approaches for the preparation of promoted catalysts involve multi-step processes. Here, binary
and ternary mixed oxide xerogels are formed in one step by nonhydrolytic condensation reactions of
CR
PS
nd-of-pipe treatment
utile
on-hydrolytic sol-gel

chloride precursors in non-aqueous medium. Calcination was applied to provoke the migration of active
and promoting oxides toward the surface, leading to well-spread vanadium, molybdenum and tungsten
oxide species on the surface of anatase particles. The resulting catalysts are mesoporous and their com-
position is precisely controlled, confirming the versatility and reliability of the preparation route. The
samples perform well in the deep oxidation of benzene and chlorobenzene, chosen as model volatile

). The
he pr
organic compounds (VOC
V2O5-TiO2, highlighting t

. Introduction

V2O5-TiO2 catalysts are well-known efficient catalysts for the
otal oxidation of various air pollutants including aromatics, chlo-
inated aromatics, furans and dioxins [1]. They are also well-known
or their good activity in the selective catalytic reduction (SCR)
f NOx [2]. The addition of MoO3 or WO3 in the formulation is
eported to enhance the catalytic activity both in the reduction of
Ox [3] and in the abatement of VOC like chlorobenzene [4], ben-
ene [5] and dibenzofuran [6]. V2O5-MoO3/TiO2 or V2O5-WO3/TiO2
atalytic formulations thus constitute an important field of research
nd development dedicated to the improvement of air pollution
ontrol technologies [7–8].

Classical methods for the preparation of V2O5-MoO3/TiO2 or
2O5-WO3/TiO2 catalysts involve one-step or multi-step wet
mpregnation on titania supports. These approaches present sev-
ral downsides including inhomogeneity of the deposit(s) [9] and
ulti-step processes. As far as the preparation of binary V2O5/TiO2

atalysts is concerned, alternative methods have already been

∗ Corresponding author. Tel.: +33 4 6714 4943; fax: +33 4 6714 3852.
E-mail address: hubert.mutin@univ-montp2.fr (P.H. Mutin).

# IMCN and MOST are new research entities involving the group formerly known
s Unité de catalyse et chimie des matériaux divisés.

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.02.010
performances of ternary catalysts systematically exceed those of binary
omoting effect of WO3 and MoO3.

© 2010 Elsevier B.V. All rights reserved.

proposed, including flame spray pyrolysis [9–10], grafting [11],
hydrolytic [12–16] and nonhydrolytic sol–gel processes [17–18].
The latter methodology appears very promising as it allows pro-
ducing catalysts in one step with an excellent control on the
composition and on the textural properties. V2O5/TiO2 catalysts
prepared by this method exhibited very good activity in the total
oxidation of benzene [18] and in the SCR of NO by ammonia [17]. To
the best of our knowledge, no attempt was reported to produce cat-
alysts from ternary oxide xerogels based on Ti, V and Mo or on Ti, V
and W by nonhydrolytic sol–gel. Nonhydrolytic sol–gel chemistry
has however proven quite successful for the tailored preparation
of mixed oxides [19]. This method was already used to prepare
ternary oxide catalysts including Si-V-Nb [20–22] Co-Al-Si [23], and
very recently, efficient olefin metathesis catalysts based on ternary
Si-Al-Mo oxides [24].

In this paper, a nonhydrolytic sol–gel route involving the reac-
tion of metal chlorides with diisopropyl ether is used to prepare
ternary mixed oxide gels based on Ti, V and Mo or based on Ti, V
and W (Scheme 1). After vacuum drying, the resulting xerogels are
calcined to give the catalysts. The calcination step aims to remove

organic and chloride groups and to provoke the migration of V (and
Mo or W) oxide species toward the catalyst surface, taking advan-
tage of the low Tammann temperature of these oxides [13,18,24]. It
should be noted that the terms “binary” and “ternary” catalysts only
refer to the number of oxides involved in the formulations and not

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:hubert.mutin@univ-montp2.fr
dx.doi.org/10.1016/j.cattod.2010.02.010
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cheme 1. Schematic representation of the nonhydrolytic sol–gel preparation
ethod.

o the fact that the materials are homogeneous bulk mixed oxides.
hile the xerogels are indeed supposed to be homogeneous, the

xpected effect of calcination is to reach a situation where the active
nd promoting oxides are preferentially located at the surface of the
atalyst. This strategy was monitored by XPS and XRD. The struc-
ure and texture of the catalysts are studied using N2-physisorption,
RD, SEM and TEM and are correlated to their performances in the

otal oxidation of benzene and chlorobenzene.

. Experimental

.1. Preparation of the catalysts

Manipulations were carried out under argon atmosphere,
H2Cl2 (VWR, 100%) and diisopropyl ether (iPr2O, Acros Organics,
9%) were dried before use. The mixed oxides were prepared in 2 g
uantities. Vanadyl chloride (VOCl3, Aldrich, 99%), titanium chlo-
ide (TiCl4, Acros Organics, 99.9%), molybdenum chloride (MoCl5,
lfa Aesar, 99.6%) and/or tungsten chloride (WCl6, Alfa Aesar, 99%)
ere first introduced in a glass tube. The stoichiometric amount

f diisopropyl ether (iPr2O, Acros Organics, 99%) was added and
nally 20 ml of CH2Cl2 (VWR) for 2 g of mixed oxide. The sealed
ube was heated at 110 ◦C in an oven for 4 days under autogeneous
ressure. The resulting gel was dried under vacuum at 120 ◦C for
h and then calcined under dry air at 500 ◦C for 5 h (heating rate
0 ◦C min−1). Catalysts are denoted TiVx, TiVxMo or TiVxW where
represents the nominal weight loading of V2O5, in %. Nominal

oadings of 3, 5 and 10 wt% were explored. Doping with Mo or W
rioxides was always done with 5% nominal weight loading of the
xide.

.2. Catalytic tests

Catalytic tests were performed in an inconel fixed-bed micro-
eactor of 1 cm internal diameter (PID ENG&Tech, Spain, Madrid)
perating at atmospheric pressure. The catalytic bed was composed
f 200 mg of catalyst powder selected within the 200–315 �m gran-
lometric fraction and diluted in 800 mg of inactive glass spheres
ith diameters in the range 315–500 �m. The gas stream contained

00 ppm of benzene in He (Praxair), 20% of O2 (Praxair; 99.995%)
nd He (Praxair; 99.996%) as diluting gas to obtain 200 ml min−1

VVH = 37 000 h−1). The conversion was measured at 300 ◦C after
stabilization time of about 100 min. Conversion is defined as the
atio transformed reactant/reactant in the inlet (in %). Analysis of
eactants and products was continuously performed by on-line
as chromatography (GC). A CP-3800 gas chromatography appara-
us from Varian equipped with four columns (one Hayesep G, one
ayesep T, one Molsieve and one CP-Sil 8CB) and three detectors
day 157 (2010) 125–130

(one TCD and two FID) was used with He as carrier gas in order to
quantify benzene, O2, CO, CO2 and to detect other hydrocarbons.
The analysis parameters allowed one analysis each 15 min accu-
rate within about 1% (relative) for the conversion of benzene or
chlorobenzene.

2.3. Catalysts characterization

X-ray diffraction (XRD) measurements were performed on the
fresh catalysts with a Siemens D5000 difractometer using the K�
radiation of Cu (� = 1.5418 Å).

The weight percentages of V, Mo, W and Ti were measured by
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-
AES) on an Iris Advantage apparatus from Jarrell Ash Corporation.

N2-physisorption experiments were performed at −196 ◦C on a
Micromeritics Tristar. The samples were outgassed for 6 h at 200 ◦C
under vacuum (2 Pa). The specific surface area was determined
from the adsorption isotherm in the 0.05–0.30 P/P0 range using
the BET method. The pore size distribution, mean pore diameter
and pore volume were derived from the desorption branch using
the BJH method.

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed on a SSX 100/206 photoelectron spectrometer from Surface
Science Instruments (USA) equipped with a monochromatised
microfocus Al X-ray source (powered at 20 mA and 10 kV). The
samples powders pressed in small stainless steel troughs of 4 mm
diameter were placed on a ceramic carousel. The pressure in the
analysis chamber was around 10−6 Pa. The angle between the sur-
face normal and the axis of the analyzer lens was 55◦. The analyzed
area was approximately 1.4 mm2 and the pass energy was set at
150 eV. In these conditions, the resolution determined by the full
width at half maximum (FWHM) of the Au 4f7/2 peak was around
1.6 eV. A flood gun set at 10 eV and a Ni grid placed 3 mm above
the sample surface were used for charge stabilization. Following
sequence of spectra was recorded: survey spectrum, C 1s, O 1s
together with V 2p, Ti 2p, Cl 2p, Mo 3d or W 4d and C 1s again
to check the stability of charge compensation in function of time
and the absence of degradation of the sample during the analy-
ses. Because of overlapping of Ti 3p and W 4f (usually chosen for
tungsten analysis), W 4d region was preferred. The binding ener-
gies were calculated with respect to the C-(C,H) component of the C
1s peak fixed at 284.8 eV. Data treatment was performed with the
CasaXPS program (Casa Software Ltd., UK). Molar fractions were
calculated using peak areas normalized on the basis of acquisition
parameters and sensitivity factors provided by the manufacturer.

Scanning Electron Micrographs were obtained with a HITACHI-
S4800 electron microscope.

Transmission Electron Microscopy (TEM) was conducted on a
LEO922 electron microscope operating at 200 keV. The powdered
samples, dispersed in 2-butanol, were deposited on copper grids
coated with a porous carbon film and the solvent was then evapo-
rated.

3. Results and discussion

3.1. Texture, composition and structure

The catalysts had a specific surface area (SSA) between 53 and
109 m2g−1 (Table 1). N2 adsorption–desorption isotherms were of
type IV, according to the BDDT classification, confirming that all the
samples were mesoporous. The pore size distribution was always

relatively narrow (not shown) and centered around 10 nm, as pre-
viously reported for binary V2O5/TiO2 catalysts [18].

It was already reported, that the nonhydrolytic sol–gel prepara-
tion method offered an excellent control on the composition of Ti-V
or Si-Al-Mo mixed oxides [18,24]. This was verified for the TiV3,
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Table 1
Textural properties obtained by N2-physisorption.

Generic name SSA (m2 g−1) Pore diameter (nm) Pore volume (cm3 g−1)

TiV3 88 10.9 0.32
TiV3Mo 86 9.9 0.30
TiV3W 109 8.9 0.34
TiV5 64 10.7 0.18
TiV5Mo 90 8.5 0.19

T
t
t
o
e

a
s

T
C

F
3

TiV5W 58 8.9 0.13
TiV10 71 11.5 0.22
TiV10Mo 53 11.2 0.15
TiV10W 93 11.3 0.26

iV3Mo and TiV3W formulations (Table 2) using ICP-AES elemen-
ary analysis. The nonhydrolytic route used in this study to prepare
ernary mixed oxide catalysts obviously allows a very good control
n the composition as attested by the excellent agreement between

xpected and experimental compositions.

Fig. 1 shows SEM micrographs of the SG-TiV3Mo sample taken
s a representative example of all other samples (except TiV10Mo;
ee below). The catalysts can be described as aggregates of spherical

able 2
omposition of the samples (ICP-AES).

Generic name Expected compositiona Ti: V: Mo: W (in %)

TiV3 58.4: 1.5: 0: 0
TiV3Mo 55.3: 1.9: 3.5: 0
TiV3W 54.8: 1.8: 0: 3.6

a Calculated from the amount of reactant involved in each preparation.

ig. 1. SEM micrographs on the TiV3Mo at different magnitudes. Very similar images w
�m, 1.2 �m and 200 nm respectively for (a), (b), (c) and (d).
day 157 (2010) 125–130 127

micrograins of about 2–5 �m sometimes partially fused together
(Fig. 1a). The surface of these micrograins appears to be smooth
on Fig. 1b but the textural properties described above indicate that
they are porous. Indeed, at higher magnification they appear clearly
formed by an agglomeration of small elementary nanoparticles
(Fig. 1c) in the 10–25 nm range (Fig. 1d). The mesoporous texture
described above can be correlated to the morphology of the cata-
lysts as observed in SEM: the porosity results from the interspaces
between the well-calibrated nanoparticles in the micrograins, lead-
ing to a quite narrow pore size distribution.

The TiV10Mo sample differed from the other catalysts. The sur-
face of the spherical aggregates was less smooth and acicular struc-
tures were observed (Fig. 2a). Transmission electron microscopy
images also revealed the presence of additional rod-like structures
(Fig. 2b), suggesting the growth of a crystalline phase.
3.2. Crystallinity (XRD)

The crystallinity of the catalysts was investigated by XRD
(Fig. 3). Most samples only exhibited diffraction peaks related to

Ti (%) V (%) Mo (%) W (%)

58.4 1.5 0 0
55.0 1.9 3.3 0
55.4 1.8 0 3.5

ere obtained for all other samples (except TiV10Mo). Scale bars represent 12 �m,
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ig. 2. (a) SEM micrograph of the TiV10Mo sample (scale bar = 3 �m). (b) TEM
icrograph of one micronic particle of TiV10Mo. The arrow indicates the rod-like

tructures observed on TiV10Mo (but never on the other samples).

natase (main peaks at 25.3◦, 37.0◦, 37.8◦, 38.6◦, 48.1◦, 53.9◦, 55.1◦,
2.6◦ according to JCPDS 21-1272). Studies on V2O5/TiO2 cata-

ysts prepared by wet impregnation [25] concluded that anatase
as particularly interesting, as compared to other crystallographic

orms of TiO2 because the wetting of anatase by V2O5 was optimal
26]. So the fact that the one-step preparation of such binary and
ernary mixed oxides by nonhydrolytic sol–gel, followed by calci-
ation at 500 ◦C mainly leads to anatase is encouraging. The only
xception concerned the catalyst loaded with 10 wt% V2O5 and with

wt% MoO3 (TiV10Mo) in which rutile was also detected. It seems

hat the anatase-to-rutile transition was favored in this sample by
he combined presence of a high amount of V2O5 and of MoO3.
his anatase-to-rutile transition usually occurs at higher tempera-
ure than the calcination temperature employed here (500 ◦C) but it

able 3
urface composition determined by XPS.

V (%) Mo (%) W (%) C (

TiV3a Fresh 0.4 – – 27
Calcined 1.2 – – 16

TiV3Mo Fresh 0.5 0.6 – 30
Calcined 1.2 2.0 – 15

TiV3W Fresh 0.5 – 0.2 38
Calcined 1.0 – 0.4 18

a Data reproduced from Ref. [17].
Fig. 3. X-ray diffraction patterns. (a) TiV3, (b) TiV3Mo, (c) TiV3W, (d) TiV5, (e)
TiV5Mo, (f) TiV5W, (g) TiV10, (h) TiV10Mo and (i) TiV10W. “*” and “#” marks indicate
the diffraction lines attributed to anatase and rutile respectively.

is well-documented that the presence of other oxides in the mate-
rial can induce a lowering of the phase transition temperature [14].
The formation of rutile apparently correlates with the presence of
the acicular structures observed on this sample in SEM and of the
rod-like structures observed in TEM (Fig. 2).

No crystalline vanadium oxide was detected even for the highest
loading (10 wt% V2O5).

Similarly, no crystalline molybdenum oxide was detected in the
Mo-promoted catalysts. In addition, the doping with Mo did not
provoke any change in the crystallinity in the SG-TiV3Mo and in the
TiV5Mo catalysts, as compared to the corresponding unpromoted
samples (Fig. 3). In the case of TiV10Mo, the appearance of a rutile
phase was concomitant with a growth of the anatase crystallites,
as shown by the sharper anatase peaks.

No crystalline W oxide was detected in the W-promoted sam-
ples prepared by nonhydrolytic sol–gel. This is remarkable because
diffraction peaks corresponding to WO3 crystallites (at 24◦ and
34◦, following JCPDS 32-1395) are usually observed when V O -
2 5
WO3/TiO2 formulations with such W loadings are prepared by
classical wet impregnation [4–5]. It is noteworthy that the anatase
peaks are systematically broader in W-promoted samples as com-
pared to samples with only V or with V and Mo. The presence

%) Cl (%) Ti (%) V/Ti Mo/Ti W/Ti

.4 2.7 17.1 0.023 – –

.8 0.3 20.9 0.059 – –

.5 2.4 16.1 0.030 0.039 –

.4 0.3 20.0 0.059 0.099 –

.2 2.5 14.4 0.036 – 0.013

.1 0.4 20.4 0.050 – 0.021
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f W seems to hinder the growth of anatase crystallites in these
amples.

.3. Surface analysis (XPS)

The TiV3 catalyst and the corresponding promoted formulations
ere analyzed by XPS before and after calcination (Table 3). Impor-

ant chlorine (∼2.5 at.%) and carbon (27–38 at.%) contents were
etected at the surface of the xerogels (before calcination). This
as to be related to the nature of the precursors used and of the
lkyl chlorides released during the formation of the gels. Calcina-
ion resulted in the removal of most of the Cl as indicated by the
ignal reduced to about 10–15% of the initial value found for the
resh xerogels. The C surface content of the xerogels exceeded the
evel of natural C contamination typically found on such catalysts
15–20 at.%) [4,27–29]. Calcination resulted in the removal of these
rganic groups as attested by the drop in the carbon atomic surface
oncentration. The remaining C can then be attributed to the usual
rganic contamination that is always present at the surface of such
olids stored under ambient air.

The V/Ti, Mo/Ti and W/Ti atomic ratios determined by XPS for
he xerogels (Table 3) give an indication about their homogene-
ty. The experimental V/Ti values are very close to the expected
/Ti ratios calculated from the nominal composition of the samples

0.024, 0.032 and 0.031 respectively for TiV3, TiVMo and TiVW).
imilarly, the Mo/Ti and W/Ti ratio determined at the surface of
he xerogels are in the same range as the expected ratio (0.032
nd 0.017 respectively for TiV3Mo and TiV3W). This shows that
he xerogels are initially quite homogeneous, each metal being sta-
istically dispersed in the matrix of the materials.

After calcination, the atomic surface concentrations of V, Mo, W
nd Ti increased (Table 3). This could be attributed to the clean-
ng of the inorganic surface through the removal of organic and
hlorinated species. However, the M/Ti ratios (M = V, Mo, W) also
ncreased significantly, indicating an enrichment of the surface in

(and in Mo or W). This migration of active metal oxide species
oward the surface of TiO2 as a result of thermal treatment has
lready been evidenced in the case of V-Ti systems [18,30] but
lso in the case of Mo atoms migrating in a mixed Mo-Si-Al oxide
btained by nonhydrolytic sol–gel [24]. This migration is corre-
ated to the fact that the temperature at which the calcination has
een performed (500 ◦C) is well above the Tammann temperature
f V (209 ◦C) and Mo (261 ◦C) oxides and approaches the Tammann
emperature of W oxide (600 ◦C). Above the Tammann tempera-
ure of a solid, the displacements of atoms in the solid are possible
nd the material is potentially subjected to phenomena like sinter-
ng, migration, diffusion, etc. The limited solubility of V, Mo and W
xides in anatase is the driving force for these movements. This
henomenon is less marked for W than for Mo and V, as W/Ti

ncreases less after calcination than V/Ti and Mo/Ti, consistent with
he higher Tammann temperature of W oxide.

Thus, as a result of calcination, the distribution of the V, Mo
nd/or W atoms into the material is affected. A high proportion of
he V (and Mo or W) content is located at their surface. However, V,

o and W surface concentrations were systematically lower for the
atalysts prepared by nonhydrolytic sol–gel in this study than for
atalysts prepared by wet impregnation with similar compositions
4]. It can be evaluated that the atomic surface concentrations in the
alcined xerogels are about 20%, 40% and 70% lower respectively for
, Mo and W than the corresponding surface concentrations found

n catalysts where both the active and promoting oxides are directly

eposited onto the support (like in WI). The migration of V, Mo and

was thus incomplete. As noted above, the anatase crystallites
ere smaller in the case of W-promoted catalysts (Fig. 3), suggest-

ng that the crystallization of anatase is retarded because part of
he W species remains in the bulk of the material.
Fig. 4. Activity measured in the total oxidation of benzene at 300 ◦C with (�) TiVx,
(�) TiVxW and (�) TiVxMo. No deactivation was observed during the 150 min test.

3.4. Activity measurements

3.4.1. Benzene total oxidation
The impact of the doping with Mo and W oxides has been studied

for the three V2O5 loadings envisaged here. Fig. 4 gives the conver-
sion obtained with promoted and unpromoted catalysts at 300 ◦C.
Note that the selectivity for CO2 was always very high, with only
traces of CO detected. For each V2O5 loading, a significant increase
in activity was observed when Mo or W was added. This result
shows that the promoting effect of Mo and W oxides did occur in
our catalysts and that the preparation of such catalytic formulations
can be done through this one-step nonhydrolytic sol–gel method.
Furthermore, the conversion measured here compared well with
the results obtained with similar formulations prepared by classi-
cal routes and tested in the same set-up (results recently reviewed
[1]). Two additional observations can be made. On the one hand,
at low and medium V2O5 loading, MoO3 appeared as a better pro-
moter than W since TiV3Mo and TiV5Mo catalysts perform better
than TiV3W and TiV5W. This is consistent with the incomplete
migration of W species leading to low W surface concentration.
On the other hand, at high V2O5 loading, the TiV10Mo catalyst was
less active than the TiV10W one. This can tentatively be attributed
to the partial anatase-to-rutile phase transition and the growth of
rutile crystallites observed in the TiV10Mo sample (Fig. 3).

3.4.2. Chlorobenzene total oxidation
Chlorobenzene is often taken as a model for dioxins. However,

studies have shown that the behavior of polychlorinated dibenzo-
p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) could
be better modeled with compounds like furan or 2,5-dimethylfuran
[4,28]. The choice of the model compound can have a strong influ-
ence on the conclusions of studies aiming at the development of
improved catalytic formulations [31]. For example Mo and W pro-
moting of V2O5/TiO2 catalysts was reported as deleterious for the
abatement of furan and 2,4-dimethylfuran but beneficial for the
abatement of benzene and chlorobenzene [4,28]. The relevance of
this doping strategy for the precise purpose of dioxin abatement is
thus still under debate.
Nevertheless it is crucial to assess the resistance of VOC total
oxidation catalysts toward chlorine poisoning. Indeed, deactiva-
tion provoked by chlorine would be problematic in the case of
industrial plants where chlorinated pollutants – including dioxins
– are to be abated. The performances of the three best catalysts
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Table 4
Activity of the catalysts in the total oxidation of
chlorobenzene at 300 ◦C. No deactivation was
observed during the 150 min tests.

p
d
o
7
c
b
9
o
t

p
n
p
n
3
o
b

3

a
s
o
s
V
t
a
T
b
s
t
t
b

4

s
b
p
u
t
o
c
a
a
o
a
g
t
o
i

t
T
c

[

[
[
[

[

[

[

[

[

[
[

[

[

[

[

[
[
[

[

Conversion (%)

TiV10 75
TiV10Mo 93
TiV10W 93

resented in this study were thus also measured in the total oxi-
ation of chlorobenzene and the promoting effect of Mo and W
xides was checked. Table 4 shows that the TiV10 sample converted
5% of chlorobenzene at 300 ◦C, which is somewhat lower than the
onversion measured in the total oxidation of benzene. However,
oth promoted catalysts performed significantly better, reaching
3% conversion at 300 ◦C. This result confirms the promoting effect
f Mo and W oxides in the total oxidation of a chlorinated VOC by
ernary catalysts prepared in one step by nonhydrolytic sol–gel.

Note that long term experiments and catalytic tests on com-
lex effluents flows should be carried out in order to validate these
ew catalytic materials for plant applications. As expected [27], the
resence of chlorine did not affect the stability of the catalyst and
o deactivation was observed during the 150 min catalytic tests at
00 ◦C. In addition, the amount of Cl detected by XPS at the surface
f the catalyst remained very low (ca. 0.4 at.%), showing that no Cl
uild up occurred during the reaction.

.5. Promoting effect of Mo and W oxides

The promoting of Mo and W oxides on the total oxidation
ctivity of V2O5/TiO2 catalysts has been mainly demonstrated by
tudying catalysts prepared by conventional impregnation meth-
ds [4,5,28,32]. It is worth mentioning that Mo and W oxides when
upported alone on TiO2 are poorly active in the total oxidation of
OC [4]. The synergy between V and Mo or W oxides was attributed

o the additional Brönsted acidity brought by the promoter. Such
cidic sites are thought to favor the adsorption of the pollutant.
his strategy is shown here to be also relevant in systems prepared
y nonhydrolytic sol–gel, since doping systematically resulted in a
ignificant increase in activity. Mo and W oxides thus bring addi-
ional performances not only when deposited onto the TiO2 support
hrough an impregnation method but also when arising from the
ulk of a homogeneous xerogel.

. Conclusions

This work has investigated the possibility to prepare through a
imple nonhydrolytic sol–gel route TiO2/V2O5 catalysts promoted
y WO3 or MoO3, dedicated to the total oxidation of atmospheric
ollutants. It is demonstrated that the nonhydrolytic sol–gel route
sed here offers simultaneous control on the composition, the tex-
ure (mesoporous samples with high surface area) and the structure
f the catalysts based on anatase particles with high surface con-
entration of both the active and promoting species. The other
dvantages of this route are its simplicity (one-step, no templating
gent or elaborate drying procedure), its versatility (a large variety
f mixed oxides can be obtained), and the commercial availability
nd low cost of the chlorides precursors. Calcination of the homo-
eneous xerogels leads to the migration of V, Mo and W species
oward the surface of the anatase particles. Decreasing efficiency
f this phenomenon in the order V > Mo > W correlates with the

ncreasing Tammann temperature of V2O5, MoO3 and WO3.

Benzene and chlorobenzene were used as model VOCs to assess
he relevance of the nonhydrolytic sol–gel preparation method.
he catalysts are efficient in the total oxidation of benzene and
hlorobenzene, comparing very well with other classically pre-

[

[
[
[

day 157 (2010) 125–130

pared samples. Moreover, the well-known promoting effect of
MoO3 and WO3 on the active V2O5 is also demonstrated in the case
of these nonhydrolytic sol–gel prepared catalysts.
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