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Abstract

The total oxidation of short-chain hydrocarbons has been studied using a titania-supported palladium catalyst modified with vanadium
A range of catalysts has been prepared by coimpregnation of the titania support with palladium(II) chloride and ammonium metavanada
The addition of vanadium promoted the rates of oxidation at lower temperatures. Vanadium loadings between 0.5 and 3.0 wt% we
gated and the most active catalyst was 0.5% Pd1.5% V/TiO2. The addition of vanadium decreased the palladium dispersion and the nu
of surface palladium sites. Microlaser Raman characterisation identified the supported vanadium species and the vanadium loa
enced these. The addition of palladium modified the vanadium species. In particular the presence of palladium increased the co
of polymeric vanadium species. Temperature-programmed reduction studies showed that the addition of palladium to V/TiO2 significantly
increased the ease of catalyst reduction. Characterisation using electron paramagnetic resonance spectroscopy showed that the prese
palladium significantly increased the concentration of V4+ species. It is proposed that the increased catalyst activity is related to the mo
redox properties of the catalysts.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years environmental legislation has impo
increasingly stringent targets for permitted levels of
mospheric emission. The emission of volatile organic co
pounds (VOCs) has received particular attention as
have been established with the increase in photochem
smog[1], depletion of atmospheric ozone[2], and the pro-
duction of ground-level ozone[3]. VOCs are a wide-rangin
class of chemicals, and currently over 300 compounds
classed as VOCs by the US EPA. Although the scale of t
discharge is not known it was estimated that at least 20
lion tons were released from the US alone in 2000[4]. US
VOC emissions have decreased by about 40% over the
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20 years, but further efforts are still required to limit em
sions. Similarly in Europe the Gothenburg Protocol adop
by the 15 EU member states in 1999 requires a 40%
duction in VOC emissions by 2010. In view of the sca
of the problem presented to the chemical and proces
industries the major challenge they face is to reduce
emission of polluting VOCs with minimal economic im
pact.

Many different technologies have been developed
VOC abatement, but one of the most versatile is catal
oxidation to carbon dioxide. Catalytic oxidation offers t
advantage that VOCs can be removed from aerial e
ents to very low levels. More importantly, in contrast
thermal incineration, the lower temperatures used result
a more economical process and the potential for the
duction of toxic by-products such as dioxins and NOx are
significantly reduced. Studies of catalytic VOC oxidati
have shown that short-chain hydrocarbons are among

http://www.elsevier.com/locate/jcat
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most difficult to destroy[5]. These VOCs are also pote
greenhouse gases and the development of more effi
catalysts for their effective abatement is a major rese
aim.

Generally, noble metal catalysts, such as Pt and Pd
persed on a high area metal oxide, are the commercial
lysts of choice due to their high intrinsic oxidation activi
It is widely accepted that supported palladium catalysts
the most active for the total oxidation of short-chain al
nes [6]. This high activity has been attributed to the fa
that not only metallic palladium but also palladium oxid
are active oxidation catalysts. Nevertheless, their catalyt
behaviour is not fully understood; for example, the nat
of the true active phase, metal or metal oxide, remain
matter of discussion[7]. In the literature many studies ha
focussed on Pd supported onγ -Al2O3 [8–11]. Such cata-
lysts have two major advantages—low manufacturing c
and high specific surface area—but often they are not
stable and show deactivationdue to the high temperature
used[12]. Although γ -Al2O3 is the most commonly use
support, many studies have demonstrated that the cata
activities of alumina-supported catalysts are lower than th
of catalysts supported on other oxides, such as TiO2, ZrO2

and SnO2 [13–17].
The modification of Pd-based catalysts by addition

various promoters, usually metals or metal oxides, has
been investigated. Although in many cases the mechan
are not well understood, alloying phenomena and modi
tion of the properties of the support are considered as
most important factors. Promoted catalysts usually pre
higher conversions, better selectivities, and extended r
tance to deactivation. It has beenshown that the modificatio
of Pd/Al2O3 catalysts with titania can decrease the bo
strength of Pd–O and promotes the reduction/decompos
of PdO to metallic Pd[18]. Other additives have als
been used in order to improve the activity and deact
tion resistance of Pd-based catalyst supported on alum
These include V2O5, La2O3, CeO2, ZrO2, and BaO[19–
24]. It has been reported that promoted Pd/Al2O3 cata-
lysts present better performance than unmodified Pd/Al2O3

catalysts for methane deep oxidation[23]. For vanadium-
promoted Pd/Al2O3 catalyst, it has been shown that t
increase of catalytic activity could be due to different
fects. Neyertz and Volpe[24] reported that the improveme
was due to a change produced in the palladium reduc
ity and the particle size of the binary system, from th
corresponding to the unpromoted Pd/Al2O3. On the other
hand, Escandón et al.[19] showed that the increase of t
activity could be produced by Pd–V interactions or a m
ification of the support properties. However, there are
studies on vanadia-modifiedtitania-supported Pd catalys
for the combustion of short-chain alkanes. In this wo
we present a study of the activity and characterisatio
a range of Pd-supported catalysts on TiO2 modified with
vanadia.
t

-

s

t
-
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2. Experimental

2.1. Catalyst preparation

The catalysts were prepared by dissolving a kno
amount of PdCl2 (Aldrich 99%) in 100 ml of deionised
water. The solution was heated to 80◦C and stirred continu
ously. An appropriate quantity of ammonium metavanad
(Aldrich 99+%) and oxalic acid (1.59 g, Aldrich 99+%)
was added to the solution of PdCl2. Titanium oxide (19.60 g
Degussa P25. SABET = 50 m2 g−1) was added to the heate
solution and stirred at 80◦C to form a paste. The resultin
paste was dried at 110◦C for 16 h. The catalyst containe
0.5–2.0 wt% Pd and V in the range 0.5–3.0 wt%. A sim
method was used to prepare TiO2-based materials withou
vanadium and without palladium. Final catalysts were p
pared by calcination in static air at 550◦C for 6 h. The range
of catalysts prepared is detailed inTable 1.

2.2. Catalyst characterisation

Catalyst surface areas were determined by multi p
N2 adsorption at 77 K, and datawere treated in accordanc
with the BET method. Palladium dispersion was determi
by pulsed CO chemisorption at 35◦C using an Ar flow of
20 ml min−1 and pulses of 0.2 ml of 10% CO in Ar. Prio
to CO uptake determination all samples were treated
der flowing hydrogen (50 ml min−1) and then flushed by A
(20 ml min−1) for 60 min. In order to calculate the met
dispersion, an adsorption stoichiometry of Pd/CO= 1 was
assumed[25].

Catalyst structures were characterised by powder X
diffraction using an Enraf Nonius PSD120 diffractome
with a monochromatic CuKα1 source operated at 40 ke
and 30 mA. Experimental patterns were calibrated aga
silicon standard and phases were identified by matching
perimental patterns to the JCPDS powder diffraction file

Raman spectra were recorded using a Renishaw sy
1000 dispersive laser Raman microscope. An argon ion
(514.5 nm) was used as the excitation source and was
ically operated at a power of 20 mW. Samples were u
in powdered form and were placed on a microscope s
and the laser was focused onto the sample to produce a
size of ca. 3 µm in diameter. Spectra were collected usi
backscattering geometry with a 180◦ angle between the illu
minating and the collected radiation.

Temperature-programmed reduction (TPR) was carrie
out in a Micromeritics Autochem 2910 equipped with a TC
detector. The reducing gas used in all experiments was
H2 in Ar, with a flow rate of 50 ml min−1. The temperatur
range explored was from room temperature to 650◦C. The
heating rate was maintained at 10◦C min−1 for all samples
while the sample mass was varied depending on the sa
under study. Details of specific conditions are given with
TPR profiles.
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Table 1
Chemical composition, BET surface area, TPR hydrogen consumption, vanadium coverage, number of Pd sites, and Pd dispersion of the catalysts

Catalysts Pd V SBET H2 consumption θb Pd sites/gcat Pd dispersionc

(%) (%) (µmol-H2/gcat)a (×10−16)c (%)

0.5PdT 0.5 0.0 50 −1 0 52 34
0.5Pd0.5VT 0.5 0.5 47 31 24 32 21
0.5Pd1.0VT 0.5 1.0 47 45 48 22 14
0.5Pd1.5VT 0.5 1.5 45 313 73 20 13
0.5Pd3.0VT 0.5 3.0 39 563 147 14 9.0
1.0Pd1.5VT 1.0 1.5 39 138 73 14 9.3
2.0Pd1.5VT 2.0 1.5 40 116 73 2.8 1.8

a Data obtained by TPR.
b Fraction of vanadium monolayer (%), assuming a surface coverage of 0.2 nm2 per VOx species[24].
c Data obtained by CO chemisorption.
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Electron paramagnetic resonance measurements
performed using ca. 5 mg of catalyst, which was pla
into a high-purity quartz EPR cell, fitted with an appropri
adaptor for connection to a vacuum manifold. The sam
were evacuated to a residual pressure of 10−5 mbar before
measurement, in order to remove air from the cell. The EPR
spectra were recorded on a CW X-band Bruker EMX
ries spectrometer operating at 100 kHz field modulation
a Bruker ER4102ST standard cavity. All EPR spectra w
recorded at 298 or 120 K. Accurateg values were obtaine
using a Bruker ER 035 M NMR Gaussmeter.

2.3. Catalytic activity

Catalyst activity was determined using a fixed-bed la
ratory microreactor. Catalysts were tested in powdered f
using a1

4-inch o.d. stainless-steel reactor tube. The reac
feed consisted of 5000 vppm hydrocarbon in air. A total fl
rate of 50 ml min−1 was used and catalysts were packed
a constant volume to give a gas hourly space velocity
40,000 h−1 for all studies. Analysis was performed by
on-line gas chromatograph with thermal conductivity a
flame ionisation detectors. Catalytic activity was measu
over the range 100–550◦C and temperatures were measu
by a thermocouple placed in the catalyst bed. Conver
data were calculated by the difference between inlet and
let concentrations and all carbon balances were in the r
100±10%. Blank runs showed no conversion in the temp
ature interval studied for each alkane.

3. Results

3.1. Catalyst characterisation

Table 1shows the BET surface areas, theoretical va
dium monolayer coverage, number of Pd sites, and the
dispersion for the catalysts synthesised in this study. As
pected there was a reduction of the catalyst surface
as Pd and/or V loading increased. In addition, a dram
decrease of the number of Pd sites, determined by
chemisorption, was observed when the V and/or Pd load
ewere increased. The catalyst without vanadium had a dis
sion of palladium higher than 30%. However, the addition
vanadium content of 3 wt% decreased the Pd dispersio
less than 10%. Moreover, the increase of the Pd content
resulted in a drastic decrease in the number of availabl
sites. In fact, 2.0Pd1.5VT only had a dispersion of 2%
Table 1, the monolayer coverage was estimated taking
account that each VOx unit occupies 0.2 nm2 [24]. As can
be observed inTable 1, the theoretical vanadium coverage
the catalysts ranged from 25 to 150%.

Raman spectra of the catalysts recorded in the 8
1100 cm−1 range are shown inFigs. 1 and 2. Depending
on the catalyst composition, three main vanadium ba
centred at 920, 997, and 1028 cm−1 were observed. Th
first absorption band centred at 920 cm−1 is a broad band
from 900 to 950 cm−1, and it has been attributed to th
terminal V=O stretching vibration of polyvanadate grou
[26–29]. A second band, narrower than the first, and cen
at 997 cm−1 has been assigned to the presence of crysta
V2O5 [27–30]. Finally, at 1028 cm−1 an absorption ban
characteristic of isolated tetracoordinated vanadium speci
bond with the support surface was observed[26–29].

Catalysts with varying vanadium contents without pa
dium were prepared for comparative purposes.Fig. 1shows
the Raman spectra for V/TiO2 catalysts and 0.5% Pd/V/TiO2
catalysts with different vanadium loadings. The V/TiO2 cat-
alyst with 1.5 wt% vanadium showed low-intensity ban
at 997 and 920 cm−1 corresponding to isolated and pol
meric vanadium species. However, the catalyst with the s
vanadium loading but with palladium showed the band
920 cm−1 with a much greater intensity. The Raman ba
corresponding to V2O5 crystallites was not detected in the
catalysts. For samples with a 3 wt% vanadium the th
bands associated with the different vanadium species
present in both V and Pd/Vcatalysts. However, the inten
of all species was higher in the palladium-containing c
alyst. In general, the formation of polymeric species w
favoured by the presence of palladium, since the ban
920 cm−1 was more intense in Pd/V/TiO2 catalysts than in
V/TiO2.

The evolution of vanadium species when the palladium
content was increased was also probed by Raman s



4 T. Garcia et al. / Journal of Catalysis 229 (2005) 1–11

t-

d
n-
eric
f

of
gre

e in

e
ese
ified
b-

n in
es

er-
t
ks
cies
d
of
of

a-

m

d-

in
re-

c-
r but
Fig. 1. Raman spectra of unpromoted and Pd-promoted vanadia titania ca
alysts from 800 to 1100 cm−1 with varying vanadium loadings. (a) 1.5%
V/TiO2; (b) 0.5% Pd/1.5% V/TiO2; (c) 3% V/TiO2; and (d) 0.5% Pd/3.0%
V/TiO2.

troscopy (Fig. 2). The catalyst without palladium showe
mainly isolated VO4 species. The addition of 0.5 wt% Pd i
creased the intensity of the band corresponding to polym
V–O–V species. Higher Pd content led to the observation o
the characteristic band of V2O5. Therefore, the presence
palladium tended to increase the coordination and/or ag
gation of vanadium species.

Raman spectroscopy was also used to investigate th
fluence of palladium and vanadium on the TiO2 support. The
region showing the main Raman bands of TiO2 and the com-
parison of representative catalysts is shown inFig. 3. The
addition of vanadium to the titania produced a shift of th
TiO2 Raman active vibrations to a lower frequency. Th
observations clearly indicate that the support was mod
by impregnation with vanadium. No further shifts were o
served when palladium was added.

Temperature-programmed reduction assays are show
Figs. 4 and 5. TPR profiles demonstrated distinct differenc
between V/TiO2 and Pd/V/TiO2 catalysts. The V/TiO2 cat-
alysts (Fig. 4A) showed reduction peak maxima at temp
atures between 350 and 425◦C. Three different maxima a
350–360, 390, and 420–430◦C were observed. These pea
were most likely related to three different vanadium spe
[30–34]. The catalysts with low V loading mainly showe
the peak at 350◦C that can be related to the presence
isolated low-coordinated vanadium species. The presence
-

-

Fig. 2. Raman spectra of unpromoted and Pd-promoted vanadia titania cat
lysts with varying palladium loadings. (a) 1.5% V/TiO2; (b) 0.5% Pd/1.5%
V/TiO2; (c) 1.0% Pd/1.5% V/TiO2; and (d) 2.0% Pd/1.5% V/TiO2.

Fig. 3. Raman spectra of titania based catalysts from 300 to 700 c−1.
(a) TiO2; (b)1.5% V/TiO2; (c) 0.5% Pd/1.5% V/TiO2; (d) 3% V/TiO2; and
(e) 0.5% Pd/3.0% V/TiO2.

peaks at 390 and 425◦C increased with the vanadium loa
ing, indicating the presence of polymeric VOx species and
V2O5 crystallites, respectively.

TPR profiles of Pd/V/TiO2 catalysts are reported
Fig. 4B. TPR data showed two or/three poorly defined
duction peaks between 50 and 125◦C, in contrast to the
maxima at 350–425◦C observed for Pd-free catalyst redu
tion peaks. The assignment of these peaks is not clea
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Fig. 4. TPR profiles of vanadium (A) and palladium-promoted vanadium (B) catalysts with varying vanadium loadings. (A) (a) 0.5% V/TiO2; (b) 1.0% V/TiO2;
(c) 1.5% V/TiO2; and (d) 3.0% V/TiO2. (B) (a) 0.5% Pd/TiO2; (b) 0.5% Pd/0.5% V/TiO2; (c) 0.5% Pd/1.0% V/TiO2; (d) 0.5% Pd/1.5% V/TiO2; and (e) 0.5%
Pd/3.0% V/TiO2.
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they may be related to partial reduction of VOx species in
close contact with the palladium[24] and/or to the presenc
of highly dispersed palladium oxide[19]. Experimental re-
sults (Table 1) showed that the hydrogen consumption for
low-temperature reduction peak in 0.5% Pd/1.5% V/Ti2

and 0.5% Pd/3.0% V/TiO2 was 313 and 563 µmol-H2 g−1
cat,

respectively. These values were considerably greater
the amount of hydrogen corresponding to the complete
duction of palladium oxide (47 µmol-H2 g−1

cat). Furthermore,
hydrogen consumption at high temperatures, as observe
the V/TiO2 catalysts, was not detected. These results sug
that vanadium oxide reduction also occurred in the temp
ture range 50–150◦C. Therefore, it can be concluded that t
reducibility of vanadium sites was dramatically enhanced
Pd/V/TiO2 catalysts when compared to V/TiO2.

TPR profile of V-free Pd-catalyst is reported inFig. 4B.
TPR data showed a small negative peak at ca. 80◦C. The
peak at 80◦C has been related to the release of hydro
from the decomposition of palladium hydride species[35].
TPR assays have been carried out from 30◦C and usually
the main reduction peaks of palladium, corresponding
1.5H2 + PdsO → PdsH + H2O and(1+ 1

2x)H2 + PdbO →
PdbHx + H2O transitions[36], occur at subambient tem
peratures and therefore have not been recorded. It was
apparent that the reduction of palladium around 80◦C was
more intense in the Pd/V/TiO2 catalysts than in the 0.5%
Pd/TiO2 catalyst. It is known that the intensity of this peak
lower in samples with a high dispersion of palladium on
support surface[24]. This is in agreement with the data fro
Table 2since the palladium dispersion of the 0.5% Pd/Ti2

catalyst was considerably higher than that of the Pd/V/T2

catalysts. It was also observed that the temperature at whic
the hydride decomposition peakoccurred decreased when
loading increased.
r
t

o

Fig. 5. TPR profiles of palladium-promoted vanadia titania catalysts
1.5 wt% vanadium and different palladium loadings. (a) 0.5% Pd/1
V/TiO2; (b) 1.0% Pd/1.5% V/TiO2; and (c) 2.0% Pd/1.5% V/TiO2.

Fig. 5 shows the TPR profiles for the catalysts w
1.5 wt% V and different Pd contents. Hydrogen consum
tion peaks between 50 and 90◦C were observed in 0.5%
Pd/1.5% V/TiO2 catalysts, while in 1.0% Pd/1.5% V/TiO2
a 2.0% Pd/1.5% V/TiO2 a shift to higher temperatures (up
125◦C) was recorded. The shift wasparticularly prominent
for the catalyst with 1 wt% of Pd. The negative palladiu
peak ca. 80◦C was present in all the samples; furthermo
as the Pd content was increasedthe area of the peak also in
creased. Thus, 2.0% Pd/1.5% V/TiO2 catalyst showed a ver
intense signal due to both its very low dispersion of pa
dium (2%) and a high Pd content.
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Fig. 6. Powder X-ray diffraction patterns: (a) 0.5% Pd/1.5% V/TiO2;
(b) 0.5% Pd/3.0% V/TiO2; (c) 1.5% V/TiO2; and (d) 3.0% V/TiO2.

Powder XRD patterns of V/TiO2 and Pd/V/TiO2 catalysts
do not provide significant additional information (Fig. 6).
Diffraction peaks corresponding to TiO2 anatase, and in m
nor quantity TiO2 rutile, were detected in all the catalys
No catalyst showed peaks corresponding to V-contain
crystalline phases or metallic Pd. The presence of PdO
not be ruled out in the catalysts with palladium.

The room temperature X-band EPR spectra for the 1
and 3% V/TiO2 samples are shown inFig. 7. The corre-
sponding spectra for the 1.5 and 3% V/TiO2 catalysts pro-
moted with 0.5% Pd are shown inFig. 8. The EPR spec
tra can be readily assigned to the d1 vanadium ion (width
I = 7/2), producing the characteristic 8 line hyperfine sp
trum [37]. No underlying signals associated with param
netic centres originating from the TiO2 support[38,39], or
indeed any paramagnetic palladium species[40], were de-
tected. The spin Hamiltonian parameters were determ
by computer simulation using the Bruker SIMFONIA so
ware, which revealed a slightly rhombicg and A ten-
sors (g1 = 1.970≈ g2 = 1.965 or g⊥ and g3 = 1.938 or
g⊥;A1 = 58 G≈ A2 = 56 G orA⊥ andA3 = 178 G orA||).
While the resolution and intensity of the spectra chan
markedly for each sample, this set of spin Hamiltonian
rameters remained very similar (within the resolution of
spectra). These parameters aretypical of those expected fo
surface-supported V2O5 oxide[41–43], and clearly evidenc
the presence of paramagnetic vanadium oxide specie
these freshly prepared catalysts.

3.2. Alkane oxidation activity

The main reaction product observed during the prop
oxidation over Pd/TiO2 and Pd/V/TiO2 catalysts was CO2,
with selectivities always greater than 99.5%. Traces
methane, CO, and propene were also detected in a min
of experiments. For the V/TiO2 catalysts higher selectivitie
to the olefin were observed, although they never exce
1%. It has been reported that vanadium supported on
-

Fig. 7. EPR spectra of V/TiO2 catalysts with different vanadium loading
(a) 3.0% V/TiO2 and (b) 1.5% V/TiO2.

Fig. 8. EPR spectra of Pd-promoted catalysts with different vanadium
ings. (a) 0.5% Pd/3.0% V/TiO2 and (b) 0.5% Pd/1.5% V/TiO2.

nium oxide can oxidatively dehydrogenatepropane to pro
lene with moderate selectivities[44]. However, the high
oxygen concentration (O2/alkane ratio of 40) employed i
the present work favours the deep oxidation of the ole
preventing its formation with high selectivities.

Fig. 9 compares the catalytic activity for propane o
idation by catalysts with 0.5 wt% Pd and different van
dium loadings. Different catalytic behaviour was obser
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Fig. 9. Propane conversion over Pd-promoted V/TiO2 catalysts with varying vanadium loadings as a function of reaction temperature.", 0.5% Pd/TiO2;
�, 0.5% Pd/0.5% V/TiO2; �, 0.5% Pd/1.0% V/TiO2; ×, 0.5% Pd/1.5% V/TiO2; and�, 0.5% Pd/3.0% V/TiO2.

Fig. 10. Propane conversion over Pd-promoted V/TiO2 catalysts with varying palladium loadings as a function of reaction temperature.", 1.5% V/TiO2;
�, 0.5% Pd/1.5% V/TiO2; �, 1.0% Pd/1.5% V/TiO2; and×, 2.0% Pd/1.5% V/TiO2.
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between the Pd/TiO2 catalyst and the Pd/V/TiO2 catalysts,
since the addition of vanadium to Pd/TiO2 significantly de-
creased the light-off temperature of propane. At the lo
reaction temperatures of 250 and 300◦C Pd/V catalysts
showed much higher propane conversion than the cat
with Pd alone. It was clearly observed that the prese
of vanadium in the Pd/TiO2 catalyst greatly increased th
catalytic combustion at low temperatures and the activit
of the Pd/V/TiO2 was dependent on the amount of van
dium present. The optimal vanadium content correspon
to 1.5 wt%, which was equivalent to a surface coverag
VOx species of 75% of a theoretical monolayer. A furth
increase in the vanadium loading led to a decrease in the
alytic activity.

Fig. 10 shows the evolution of the propane convers
with reaction temperature for catalysts with a 1.5 wt% V a
different palladium contents. The Pd-free catalyst show
low activity, demonstrating initial activation of propane
350◦C. However, the addition of Pd increased the catal
activity of the Pd/V/TiO2 catalysts. For example, the light o
andT50 (temperature for 50% propane conversion) for P
t

-

containing catalysts were 250–300 and 325◦C, respectively,
whereas for the vanadium catalyst were 350 and 450◦C.
Surprisingly, the propane conversion obtained over 0
Pd/1.5% V/TiO2, 1.0% Pd/1.5% V/TiO2 and 2.0% Pd/1.5%
V/TiO2 were essentially independent of the concentratio
palladium present (Fig. 10), although it may be expected th
the increased Pd content would be accompanied by a
crease of catalytic activity. The decrease in the dispersio
palladium when Pd-loading increased and the active rol
vanadium sites could explain the behaviour observed.

The catalyst stability of 0.5% Pd/TiO2 and 0.5% Pd/1.5%
V/TiO2 was studied at various reaction temperatures. No
activation was observed in any of the samples after 7
time on line. These results can be observed inFig. 11, where
the propane conversions in terms of the time on stream
0.5% Pd/TiO2 and 0.5% Pd/1.5% V/TiO2 catalysts at 300
and 325◦C are shown.

Table 2shows the propane conversion obtained by so
representative Pd and Pd/V catalysts at 250 and 300◦C.
For comparison a commercial Pd/alumina catalyst (P
COMM, 5 wt% Pd,SBET = 140 m2 g−1) is included in the
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Fig. 11. Propane conversion over 0.5% Pd/TiO2 and 0.5% Pd/1.5% V/TiO2
catalysts at different temperatures as a function of time on stream: 30◦C,
", 0.5% Pd/1.5% V/TiO2; !, 0.5% Pd/TiO2. 325◦C, �, 0.5% Pd/1.5%
V/TiO2; �, 0.5% Pd/TiO2.

Table 2
Propane conversion at low reaction temperatures of Pd catalysts and
dium-promoted vanadium catalysts

Catalyst Reaction temperature (◦C)

250 300

PdA COMM 0 16
0.5PdT 0 9
0.5Pd1.5VT 10 37
2.0Pd1.5VT 2 32

table. At 250◦C no Pd-supported catalyst showed activ
whereas V/Pd catalysts activate the alkane. In addition, a
300◦C the propane conversions for Pd catalysts were aro
10% while for V/Pd catalysts conversions were in the
gion of 40%. It must be noted that a V/Pd catalyst with o
0.5 wt% Pd can activate the propane at 50◦C lower than the
Pd/Al2O3 catalyst with a Pd content 10 times higher.

In order to probe whether the addition of vanadi
to Pd/TiO2 catalysts improved the catalytic performan
for other short-chain alkanes, activity studies for methane
ethane, andn-butane were performed. Comparison w
made with the 5% Pd/Al2O3 catalyst.Table 3 shows the
alkane conversions obtained at different temperatures.
recognised that the alkanes are more difficult to oxidis
CO2 as the carbon number decreases. This trend is refle
by the data, as there was a successive increase in light-o
temperature fromn-butane to methane. Both catalysts p
duced CO2 as the only oxidation product. The 0.5% Pd/1.
V/TiO2 catalyst had a lower light-off temperature forn-
butane, propane, ethane, and methane when compared to t
5% Pd/Al2O3 catalyst. Moreover, appreciable rates of hyd
carbon oxidation were observed for the alkanes over 0
Pd/1.5% V/TiO2 at temperatures where the 5% Pd/Al2O3
catalyst was inactive. The rate of methane oxidation wa
greater over 5% Pd/Al2O3 than 0.5% Pd/1.5% V/TiO2 above
350◦C.
-

d

4. Discussion

Studies on the modification of Pd-based catalysts
addition of different promoting agents, usually metals
metal oxides, for short-chain alkane oxidation, especi
methane, are extensive[20–24]. However, studies on mod
ified Pd/TiO2-based catalysts are limited. This work sho
that the addition of vanadium to Pd-based TiO2 catalysts de
creased the light-off temperature during the total oxida
of short-chain alkanes and significantly increases the rate
of oxidation at lower temperatures. This work has focu
on catalyst characterisation in order to probe the imp
tant characteristics for the enhanced activity. Several crucia
questions concerning the supported vanadium catalyst
in active discussion in the literature—the role of the suppor
the vanadium loading, the strength of V=O bond, the re-
ducibility of the V–O-support bond, and the nature of t
active vanadium species[41]. Characterisation of the ca
alysts in this study has helped to define the role of th
parameters.

Raman spectroscopy was used to study the natur
the vanadium species. It followed from the analysis of th
Raman data (Fig. 1) that polyvanadate species were p
dominantly observed in the nonpromoted and Pd-prom
V/TiO2 samples at high vanadium loading, and only a sm
amount of monovanadate species coexisted on the su
of the titania support. The Raman spectra of 0.5% Pd
V/TiO2 showed that V2O5 crystallites were only presen
at vanadium coverages higher than the monolayer. On
other hand, it was observed that an increase of the p
dium content in 1.5% V/TiO2 catalysts ranging from 0 t
2% produced an increase in the aggregation and/or co
nation of vanadium species (Fig. 2). In these catalysts, V2O5
crystallites were detected at Pd loadings of 1% and hig
Therefore, it can be concluded that the addition of pallad
increased the amount of polyvanadate species and V2O5
crystallites on the surface of Pd/V/TiO2 catalysts, but no ma
jor modification of the nature of the vanadium species
detected, as the same Raman bands were present alt
with differing relative intensities.

It is interesting to note that, from Raman data, modifi
tion of the support in both V/TiO2 and Pd/V/TiO2 catalysts
was observed, and it appeared this was mainly due to v
dium. The shift of frequency of the TiO2 vibrations indicates
that there is interaction between the supported vanad
species and the TiO2. By the nature of the reflected radiati
Raman spectroscopy is more sensitive to the catalyst
face. Conversely X-ray diffraction is a bulk characterisatio
technique and studies showed that there was no discernab
structural modification of the TiO2 support when vanadium
was added.

In relation to the Raman conclusions, it is worth not
that a new assignment of vanadium Raman bands ha
cently been reported[45]. Interestingly it is claimed that in
general the vanadyl vibrations cannot be assumed to be in
pendent of the substrate and thus cannot be used as an
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Table 3
Comparison of the conversion of short-chain alkanes over Pd/Al2O3 and 0.5% Pd/1.5% V/TiO2 catalysts

Alkane Catalyst Reaction temperature (◦C)

200 250 300 350 400 450 500 55

Methane 1.5VPdT 0.0 1.0 3.2 7.3 15 31 56 75
PdA COMM 0.0 0.0 1.0 7.3 54 94 100 100

Ethane 1.5VPdT 0.0 4.0 16 35 71 99 100 100
PdA COMM 0.0 0.0 11 44 88 100 100 100

Propane 1.5VPdT 0.0 9.6 37 67 95 99 100 100
PdA COMM 0.0 0.0 16 50 90 100 100 100

n-Butane 1.5VPdT 0 11.7 43 75 95 100 100 100
PdA COMM 0 0 21 95 99 100 100 100
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cator for monomeric and polymeric species. Unfortunat
this work was carried out with silica and alumina suppo
and there is no available data for other supports suc
TiO2. Therefore, these new Raman interpretations may m
the specific assignment of titania-supported vanadium ban
more difficult. However, the overall general conclusions
not altered as the data in this study still show that the va
dium species are modified by varying the vanadium load
and by the addition of palladium.

TPR studies were used to evaluate the reducibility of
vanadium species. It has been observed that the inco
ration of palladium to V/TiO2 catalysts led to a dramat
increase in the reducibility of vanadium. Moreover, the
crease of the vanadium loading in Pd/V/TiO2 catalysts led
to a decrease in the reducibility of vanadium. This beha
was also seen for the nonpromoted V/TiO2 samples.

As postulated by Bond and Tahir[46], upon increasing
the V2O5 loading on titania, layers of “disordered” V2O5
and “paracrystalline” V 2O5 phases are formed on limite
areas of the surface. These V2O5 crystallites are more diffi
cult to reduce than coordinated species, and therefore, a
at higher temperatures due to the reduction of these sp
is registered (Fig. 4). By analogy with nonpromoted cata
lysts, we assigned the very broad band for the 0.5% Pd
V/TiO2 sample to the presence of V2O5 crystallites along
with the VOx monolayer species. Raman spectra of th
samples also gave evidence for small particles of V2O5 at
high vanadium loading.

Several groups have previously observed that the a
tion of palladium strongly promoted the reduction of van
dium oxide at lower temperatures on alumina-supported
alysts. Dancheva et al.[47] studied 30% V2O5/Al2O3 and
Pd/30% V2O5/Al2O3 catalysts by TPR. The TPR profile o
30% V2O5/Al2O3 exhibited a peak at 530◦C, whereas the
Pd/30% V2O5/Al2O3 catalyst showed reduction at a low
temperature (140◦C). In the same way, Ferreira et al.[48]
studied different V2O5 loadings on Pd/Al2O3 ranging from
5 to 20%. These authors also observed a strong prom
effect of palladium on the vanadium oxide reduction. A
cording to these authors, hydrogen is activated on met
palladium through dissociative adsorption to atomic hyd
gen, which promoted the reduction of vanadium oxide. T
interpretation was also given by other authors to explain
-

k
s

promoting effect of other metal oxides on Pd/Al2O3 cat-
alysts; these oxides include Nb2O5 [49], CeO2 [50], and
MoO3 [51]. An alternative explanation of the reduction b
haviour was proposed by Neyertz and Volpe[24], who sug-
gested that the reduction of VOx species takes place at th
expense of a fraction of Pd that remains in an oxidised s
Moreover, Neyertz and Volpe also suggested that a frac
of oxidized palladium that cannot be reduced at low temp
ature could be reduced along with the VOx species.

We consider that the increased ease of vanadium re
tion on the titania support by the addition of palladiu
operates by a spillover mechanism that has been iden
on similar alumina-supported catalysts[47,48]. In such a
mechanism hydrogen dissociatively chemisorbed at the
ladium surface and the resulting atomic hydrogen spe
effect vanadium reduction. The reduction of vanadium
proceed via formation of a vanadium bronze, and it has b
demonstrated that such a phase can be formed on alum
supported catalysts at temperatures as low as 100◦C [52].

The EPR data was used to estimate the influence o
support and of palladium on the vanadyl bond strength.
possible to discriminate between the nature and the symm
try of the supported vanadium ions by careful analysis of
low-temperature EPR spectra, as demonstrated by Dyr
al. [44]. By calculating the crystal field parameters (∆ andδ)
from the EPR spectra using the equationsg|| = ge(1−4l/∆)

and g⊥ = ge(1 − l/δ) (suitable for V4+ in distorted oc-
tahedral symmetry) information on the local environm
surrounding the paramagnetic ion can be obtained sinc
parameterD depends only on the V–O distance in the eq
torial plane of the VO6 octahedral, whereas d is a functio
of all V–O distances[42]. The crystal field parameters calc
lated from the spin Hamiltonian parameters in our sam
are typical of those characteristics of hexacoordinated4+
ions in a highly distorted octahedron in the V2O5 lattice.
However, these parameters were similar in the presence an
absence of palladium (i.e.,Fig. 8 compared toFig. 7). The
only differences observed in the EPR spectra correspon
the relative intensities of the spectra. The EPR spectra
the vanadium-doped samples (both 1.5 and 3% V/TiO2 in
Fig. 7) are systematically lower (around 3 times) than th
observed from the palladium-doped samples (Fig. 8). This
indicates that while the codoped Pd influences the ove
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abundance of paramagnetic V4+ ions (i.e., affecting the ox
idation state of the supported vanadium ions) it does
structurally perturb the nature of the supported vanadium
ide species themselves.

There remains controversy about the effect of the
ble metal particle size on catalytic hydrocarbon combust
While several authors[53–55] have not observed a corr
lation between the particle size and the activity, others h
shown a strong dependence between the activity and the
ticle size. Yazawa et al.[55] suggest for propane combusti
that although both the dispersion and the oxidation state
palladium affect the catalytic activity on a series of suppo
the oxidation state of palladium affects the catalytic activ
more than the dispersion. The partially oxidized pallad
showed the highest catalytic activity for propane comb
tion. Thus, the addition of vanadium to Pd catalysts co
prevent the total oxidation of palladium, as observed by N
ertz and Volpe[24], and therefore, increase the propane co
bustion activity. Again this suggestion could not be pro
directly due to the limitations of the TPR technique. On
other hand, Hicks et al.[7] showed that highly dispersed pa
ladium oxide could be very much less active than crystal
palladium oxide supported on alumina. The palladium w
a small crystallite size exhibited lower activity due to t
strong interaction with the support Al2O3. [7]. From the CO
chemisorption data, it has been observed that the nu
of palladium sites decreases with the incorporation of va
dium. This decrease could be due to two different effects
an increase of the palladium aggregation; (ii) the coverag
the palladium sites by the vanadium during the coimpreg
tion step. As it was shown above, TPR profiles gave a hy
gen release peak at∼ 83◦C due to hydride decompositio
The intensity of this peak was independent of the vanad
concentration in the different catalysts. This is evidenc
the coverage of the palladium sites, as has been sugg
by Neyertz and Volpe[24]. On the other hand, the increa
of the palladium content in Pd/1.5% V/TiO2 catalysts pro-
duced a dramatic decrease in the palladium dispersion.
fact is most likely due to an increase of the palladium
gregation, because comparison between the TPR profiles
these samples, shown inFig. 4, revealed considerably high
intensities for the hydrogen release peak when the p
dium concentration increased. This increase in the am
of bulk palladium did not lead to an increase in the cata
activity, and Yazawa et al. observed a similar effect on o
supported palladium catalysts[55]. Indeed, similar or lowe
propane conversions were found when the palladium
tent was increased. Therefore, it can be suggested tha
propane combustion on Pd/V/TiO2 catalysts is not solely
palladium size-dependent reaction and the modificatio
the redox properties of the catalyst was also an impor
factor in determining catalyst activity.

In our opinion the main factor for the improvement of t
catalytic behaviour of V/Pd-catalysts in comparison with
modified Pd catalysts is the high reducibility of vanadi
species. Thus, the promotional effect of vanadium can
-

r

d

t

e

related to the redox interchange and the effect of the
ladium particles. In this way, the reducibility of vanadiu
species in the 0.5% Pd/3.0% V/TiO2 catalyst is lower than
in the 0.5% Pd/1.5% V/TiO2 catalyst, and this was reflecte
in the lower activity of the catalyst with the higher van
dium loading (Fig. 8). In addition, the 1.0% Pd/1.5% V/TiO2
catalyst, with lower vanadium reducibility due to the TP
peaks at higher temperatures (Fig. 5), showed lower catalytic
activity in propane combustion (Fig. 9). There are data in
the literature on the promotional effect of palladium o
Al2O3-supported vanadium oxide for complete hydrocar
oxidation. The effect has been related to the activatio
oxygen on the metal particles, which enables the revers
idation of V4+, and this leads to an equilibrium in the red
process[56]. These authors proposed a redox mechanis
explain the process: (i) oxidation of V4+ to V5+ and Pd0 to
Pd2+ by the oxygen; (ii) reduction of V5+ to V4+ by the
hydrocarbon. In this mechanism V3+ was very stable. Ou
EPR and Raman results indicate that the presence of p
dium does not structurally perturb the nature of vanadium
titanium species and a higher amount of V4+ is present in
V/Pd-catalysts, suggesting that the above redox mecha
could be operating.

5. Conclusions

It has been demonstrated that the activity of titan
supported palladium catalysts for the deep oxidation
short-chain alkanes is increased by modification with vana
dium during the impregnation step of catalyst preparat
A vanadium loading of 1.5 with 0.5% palladium was t
most active catalyst. The combination of vanadium and pa
ladium modified the vanadium species on the catalyst
creased the concentration of V4+, and increased the ease
catalyst reduction, which can help to explain the promo
of activity. At this stage little attempt has been made to
timise the activity of the Pd/V/TiO2 catalyst. Against the
background of this study these systems are now worth
further investigation to establish their potential as envir
mental catalysts.
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