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Abstract

The total oxidation of short-chaihydrocarbons has been studied gsintitania-supported palladium eftst modified with vanadium.
A range of catalysts has been prepared by goagnation of the titania support with palladiyif) chloride and ammonium metavanadate.
The addition of vanadium promoted the rates of oxidation at lower temperatures. Vanadium loadings between 0.5 and 3.0 wt% were investi-
gated and the most active catalyst was 0.5% Pd1.5% \/Ti@e addition of vanadium decreased the palladium dispersion and the number
of surface palladium sites. Microlaser Raman characterisation identified the supported vanadium species and the vanadium loading influ-
enced these. The addition of palladium modified the vanadium species. In particular the presence of palladium increased the concentratior
of polymeric vanadium species. Temperature-programmed reduction studies showed that the addition of palladium significantly
increased the ease of catalyst reduction. Characterisation usingpelparamagnetic resonance spectroscopy showed that the presence of
palladium significantly increased the concentration $f\gpecies. It is proposed that the increased catalyst activity is related to the modified
redox properties of the catalysts.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction 20 years, but further efforts are still required to limit emis-
sions. Similarly in Europe the Gothenburg Protocol adopted
In recent years environmental legislation has imposed Py the 15 EU member states in 1999 requires a 40% re-
increasingly stringent targets for permitted levels of at- duction in VOC emissions by 2010. In view of the scale
mospheric emission. The emission of volatile organic com- ©f the problem presented to the chemical and processing
pounds (VOCs) has received particular attention as theyndustries the major challenge they face is to reduce the
have been established with the increase in photochemica€Mission of polluting VOCs with minimal economic im-
smog[1], depletion of atmospheric 0zofi2], and the pro- ~ Pact: , ,
duction of ground-level 0zor{8]. VOCs are a wide-ranging Many different technologies have been developed for
class of chemicals, and currently over 300 compounds arevo,C gbatement, but one of the mqst vgrsaple is catalytic
classed as VOCs by the US EPA. Although the scale of their oxidation to carbon dioxide. Catalytic oxidation offgrs the
discharge is not known it was estimated that at least 20 mil- advantage that VOCs can be 'removed frqm aerial efflu-
lion tons were released from the US alone in 2090 US ents to very low levels. More importantly, in contrast to

VOC emissions have decreased by about 40% over the pas{hermal mcmerapon, the logr temperatures u.sed result in
a more economical process and the potential for the pro-

duction of toxic by-products such as dioxins and N&e
* Corresponding author. Fax: +44 (0)29 2087 4030 significantly reduced. Studies of catalytic VOC oxidation
E-mail address: taylorsh@cardiff.ac.ukS.H. Taylor). have shown that short-chain hydrocarbons are amongs the
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most difficult to destroy[5]. These VOCs are also potent 2. Experimental
greenhouse gases and the development of more efficient

catalysts for their effective abatement is a major research2.1. Catalyst preparation
aim.

Generally, noble metal catalysts, such as Pt and Pd dis- The catalysts were prepared by dissolving a known
persed on a high area metal oxide, are the commercial catazmount of PdGI (Aldrich 99%) in 100 ml of deionised
|yStS Of Choice due to theil’ h|gh intrinSiC OXidation aCt|V|ty water. The Solution was heated to]D and Stirred Continu_
Itis widely accepted that supported palladium catalysts are gysly. An appropriate quantity of ammonium metavanadate
the most active for the total oxidation of short-chain alka- (Aldrich 99+%) and oxalic acid (1.59 g, Aldrich 99%)
nes[6]. This high activity has been attributed to the fact \yas added to the solution of PgCTitanium oxide (19.60 g,
that not only metallic palladium but also palladium oxides pegussa P25. St = 50 n?g~1) was added to the heated
are active oxidation catalysts.eMertheless, their catalytic  solution and stirred at 8UC to form a paste. The resulting
behaviour is not fully understood; for example, the nature paste was dried at 12€ for 16 h. The catalyst contained
of the true active phase, metal or metal oxide, remains a0.5-2.0 wt% Pd and V in the range 0.5-3.0 wt%. A similar
matter of discussiof7]. In the literature many studies have method was used to prepare pibased materials without
focussed on Pd supported 9rAI;O3 [8-11] Such cata-  vanadium and without palladium. Final catalysts were pre-
lysts have two major advantages—low manufacturing costs pared by calcination in static air at 550 for 6 h. The range
and high specific surface area—»but often they are not very of catalysts prepared is detailedTable 1
stable and show deactivatiatue to the high temperatures
used[12]. Although y-Al203 is the most commonly used 22 Catalyst characterisation
support, many studies have demonstrated that the catalytic
activities of alumina-supported catalysts are lower than those

of catalysts supported on other oxides, such asTKO, N> adsorption at 77 K, and dateere treated in accordance
and SnQ [13-17] . with the BET method. Palladium dispersion was determined
The modification of Pd-based catalysts by addition of by pulsed CO chemisorption at 36 using an Ar flow of
various promoters, usually metals or metal oxides, has alsosq mimin-2 and pulses of 0.2 ml of 10% CO in Ar. Prior
been investigated. Although in many cases the mechanisms, co uptake determination all samples were treated un-
are not well understood, alloying phenomena and modifica- ger flowing hydrogen (50 mi mirt) and then flushed by Ar
tion of the properties of the support are considered as the 2o m|min-1) for 60 min. In order to calculate the metal

most important factors. Promoted catalysts usually presentgispersion, an adsorption stoichiometry of/B® = 1 was
higher conversions, better selectivities, and extended resis-ssymed25).

tance to deactivation. It has bestmown that the modification Catalyst structures were characterised by powder X-ray
of Pd/AlO3 catalysts with titania can decrease the bond jffraction using an Enraf Nonius PSD120 diffractometer
strength of Pd—O and promotes the reduction/decompositiony;ith a monochromatic Ckie; source operated at 40 keV
of PdO to metallic Pd[18]. Other additives have also and 30 mA. Experimental patterns were calibrated against
been used in order to improve the activity and deactiva- sjlicon standard and phases were identified by matching ex-
tion resistance of Pd-based catalyst supported on aluminaperimental patterns to the JCPDS powder diffraction file.

Catalyst surface areas were determined by multi point

These include YOs, Lax0Os3, CeQ, ZrOz, and BaO[19— Raman spectra were recorded using a Renishaw system
24]. 1t has been reported that promoted Pd@d cata- 1000 dispersive laser Raman microscope. An argon ion laser
lysts present better performance than unmodified B@&AlI  (514.5 nm) was used as the excitation source and was typ-
catalysts for methane deep oxidatif#28]. For vanadium- cally operated at a power of 20 mW. Samples were used

promoted Pd/AlOs catalyst, it has been shown that the in powdered form and were placed on a microscope slide
increase of catalytic activity could be due to different ef- and the laser was focused onto the sample to produce a spot
fects. Neyertz and Volpg24] reported that the improvement  sjze of ca. 3 um in diameter. Spectra were collected using a
was due to a change produced in the palladium reducibil- backscattering geometry with a 188ngle between the illu-

ity and the particle size of the binary system, from those minating and the collected radiation.

corresponding to the unpromoted Pd/®§. On the other Temperature-programmeeduction (TPR) was carried
hand, Escandon et dl19] showed that the increase of the outin a Micromeritics Autochem 2910 equipped with a TCD
activity could be produced by Pd-V interactions or a mod- detector. The reducing gas used in all experiments was 10%
ification of the support properties. However, there are no H, in Ar, with a flow rate of 50 mImin®. The temperature
studies on vanadia-modifieiania-supported Pd catalysts range explored was from room temperature to 850The

for the combustion of short-chain alkanes. In this work, heating rate was maintained at@min—1 for all samples

we present a study of the activity and characterisation of while the sample mass was varied depending on the sample
a range of Pd-supported catalysts on Fi@odified with under study. Details of specific conditions are given with the
vanadia. TPR profiles.
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Table 1
Chemical composition, BET surface area, TPR hydrogen consumptiordivanaoverage, number of Pd sites, and Pd dispersion of the catalysts
Catalysts Pd \Y SBET Ho consumption ob Pd siteggcat Pd dispersioh
(%) (%) (umol-H /goa)? (x10-16)° (%)
0.5PdT 05 0.0 50 -1 0 52 34
0.5Pd0.5VT ® 05 47 31 24 32 21
0.5Pd1.0VT ® 10 47 45 48 22 14
0.5Pd1.5VT ® 15 45 313 73 20 13
0.5Pd3.0VT ® 3.0 39 563 147 14 9
1.0Pd1.5VT 10 15 39 138 73 14 ]
2.0Pd1.5VT 2 15 40 116 73 B 18

@ Data obtained by TPR.
b Fraction of vanadium monolayer (%), assuming a surface coverage of é.aemwox specieq24].
¢ Data obtained by CO chemisorption.

Electron paramagnetic resonance measurements weravere increased. The catalyst without vanadium had a disper-
performed using ca. 5 mg of catalyst, which was placed sion of palladium higher than 30%. However, the addition of
into a high-purity quartz EPR cell, fitted with an appropriate vanadium content of 3 wt% decreased the Pd dispersion to
adaptor for connection to a vacuum manifold. The samples less than 10%. Moreover, the increase of the Pd content also
were evacuated to a residual pressure of?lfibar before resulted in a drastic decrease in the number of available Pd
measurement, in order to rewe air from the cell. The EPR  sites. In fact, 2.0Pd1.5VT only had a dispersion of 2%. In
spectra were recorded on a CW X-band Bruker EMX se- Table 1 the monolayer coverage was estimated taking into
ries spectrometer operating at 100 kHz field modulation in account that each VQunit occupies 0.2 nf[24]. As can
a Bruker ER4102ST standard cavity. All EPR spectra were be observed iffable 1 the theoretical vanadium coverage of
recorded at 298 or 120 K. Accuragevalues were obtained  the catalysts ranged from 25 to 150%.

using a Bruker ER 035 M NMR Gaussmeter. Raman spectra of the catalysts recorded in the 800—
1100 cn1?! range are shown ifFigs. 1 and 2 Depending
2.3. Catalytic activity on the catalyst composition, three main vanadium bands

centred at 920, 997, and 1028 thwere observed. The
Catalyst activity was determined using a fixed-bed labo- first absorption band centred at 920 chis a broad band
ratory microreactor. Catalysts were tested in powdered form from 900 to 950 cm?, and it has been attributed to the
using a%-inch 0.d. stainless-steel reactor tube. The reaction terminal V=0 stretching vibration of polyvanadate groups
feed consisted of 5000 vppm hydrocarbonin air. A total flow [26—29] A second band, narrower than the first, and centred
rate of 50 mImin! was used and catalysts were packed to at 997 cnt! has been assigned to the presence of crystalline
a constant volume to give a gas hourly space velocity of V,0s [27-30] Finally, at 1028 cm! an absorption band
40,000 It for all studies. Analysis was performed by an characteristic of isolated tetcoordinated vanadium species
on-line gas chromatograph with thermal conductivity and bond with the support surface was obser{2-29]
flame ionisation detectors. Catalytic activity was measured  Catalysts with varying vanadium contents without palla-
over the range 100-55C and temperatures were measured dium were prepared for comparative purposég. 1 shows
by a thermocouple placed in the catalyst bed. Conversionthe Raman spectra for V/Tiatalysts and 0.5% Pd/V/TiO
data were calculated by the difference between inlet and out-catalysts with different veadium loadings. The V/Ti@cat-
let concentrations and all carbon balances were in the rangealyst with 1.5 wt% vanadium showed low-intensity bands
100+ 10%. Blank runs showed no conversion in the temper- at 997 and 920 cmt corresponding to isolated and poly-
ature interval studied for each alkane. meric vanadium species. However, the catalyst with the same
vanadium loading but with palladium showed the band at
920 cnT! with a much greater intensity. The Raman band

3. Results corresponding to ¥Os crystallites was not detected in these
catalysts. For samples with a 3 wt% vanadium the three
3.1. Catalyst characterisation bands associated with the different vanadium species were

present in both V and Pd/Vcatalysts. However, the intensity

Table 1shows the BET surface areas, theoretical vana- of all species was higher in the palladium-containing cat-
dium monolayer coverage, number of Pd sites, and the Pdalyst. In general, the formation of polymeric species was
dispersion for the catalysts synthesised in this study. As ex-favoured by the presence of palladium, since the band at
pected there was a reduction of the catalyst surface aread20 cnt! was more intense in Pd/V/TiCcatalysts than in
as Pd and/or V loading increased. In addition, a dramatic V/TiO».
decrease of the number of Pd sites, determined by CO The evolution of vanadiumpgcies when the palladium
chemisorption, was observed when the V and/or Pd loadingscontent was increased was also probed by Raman spec-
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Fig. 1. Raman spectra of unpromotedid®d-promoted vanadia titania cat-  Fig. 2. Raman spectra of unpromotedidrd-promoted vanadia titania cata-
alysts from 800 to 1100 cmt with varying vanadium loadings. (a) 1.5% lysts with varying palladium loadings. (a) 1.5% V/TiQ(b) 0.5% Pd/1.5%
VITiO>; (b) 0.5% Pd/1.5% V/Ti®; (c) 3% V/TiO,; and (d) 0.5% Pd/3.0%  V/TiOy; (c) 1.0% Pd/1.5% V/Ti@; and (d) 2.0% Pd/1.5% V/Tig

VITiO».

troscopy Fig. 2). The catalyst without palladium showed
mainly isolated VQ species. The addition of 0.5 wt% Pd in-
creased the intensity of the band corresponding to polymeric
V-0O-V species. Higher Pd caarit led to the observation of
the characteristic band of2@s. Therefore, the presence of
palladium tended to increase the coordination and/or aggre-.
gation of vanadium species.

Raman spectroscopy was also used to investigate the in-—= k,_/ LV
fluence of palladium and vanadium on the Fi€ipport. The u Ti
region showing the main Raman bands of 7&»d the com- ’
parison of representative catalysts is showrrig. 3. The ,
addition of vanadium to the titda produced a shift of the 600 400
TiO2 Raman active vibrations to a lower frequency. These Wavenumber / em-!
observations clearly indicate that the support was modified

by impregnation with vanadium. No further shifts were ob- Fig- 3. Raman spectra of titania based catalysts from 300 to 700t cm
served when palladium was added (a) TiOZ; (b)1.5% V/TiOZ; (C) 0.5% Pd/1.5% V/TiQ; (d) 3% V/TiOZ; and

. . (e) 0.5% Pd/3.0% V/Ti®.
Temperature-programmed reduction assays are shown in

Figs. 4 and 5TPR profiles demonstrated distinct differences

between V/TiQ and Pd/VITiQ catalysts. The V/TiQ cat- peaks at 390 and 42% increased with the vanadium load-
alysts Fig. 4A) showed reduction peak maxima at temper- ing, indicating the presence of polymeric Y@pecies and
atures between 350 and 425. Three different maxima at  V20Os crystallites, respectively.

350-360, 390, and 420-43C were observed. These peaks TPR profiles of Pd/V/TiQ catalysts are reported in
were most likely related to three different vanadium species Fig. 4B. TPR data showed two or/three poorly defined re-
[30-34] The catalysts with low V loading mainly showed duction peaks between 50 and FZ5 in contrast to the
the peak at 350C that can be related to the presence of maxima at 350—42%5C observed for Pd-free catalyst reduc-
isolated low-coordinated vadium species. The presence of tion peaks. The assignment of these peaks is not clear but

V\,/ Pd +3%V
\_//—/ Pd + 1.5%V

R
[« {(
e
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Fig. 4. TPR profiles of vanadium (A) and palladi-promoted vanadium (B) catalysts with varying vanadium loadings. (A) (a) 0.5% Y/Ttip1.0% V/TiOp;
(c) 1.5% VITiOy; and (d) 3.0% VITIQ. (B) (a) 0.5% Pd/TiQ; (b) 0.5% Pd/0.5% V/Ti@; (c) 0.5% Pd/1.0% V/Ti®; (d) 0.5% Pd/1.5% V/Ti®; and (e) 0.5%
Pd/3.0% VITIiG.

they may be related to partial reduction of Y®pecies in
close contact with the palladiuf@4] and/or to the presence
of highly dispersed palladium oxid&9]. Experimental re-
sults (Table 7 showed that the hydrogen consumption for the
low-temperature reduction peak in 0.5% Pd/1.5% VAIIO
and 0.5% Pd/3.0% V/Ti©was 313 and 563 pmol-+tk,

2.0%Pd/1.5%V/TiO,

respectively. These values were considerably greater than . |b

the amount of hydrogen corresponding to the complete re- 3 M\’moz
duction of palladium oxide (47 pmol<-.3). Furthermore, «E’

hydrogen consumption at high temperatures, as observed for g

the V/TiO, catalysts, was not detected. These results suggest =

that vanadium oxide reduction also occurred in the tempera- a 0.5%Pd/1.5%V/TiO,
ture range 50-150C. Therefore, it can be concluded that the e,

reducibility of vanadium sites was dramatically enhanced for

Pd/V/TiO, catalysts when compared to V/TiO 100 200 300

TPR profile of V-free Pd-catalyst is reportedhig. 4B.
TPR data showed a small negative peak at c2&CB0rhe
peak at 80C has been related to the release of hydrogen Fig. 5. TPR profiles of palladium-promoted vanadia titania catalysts with
from the decomposition of palladium hydride spedi@s]. 1.5_Wt% vanadium and differ_ent palladium loadings. (a) 9.5% Pd/1.5%
TPR assays have been carried out fronf@tand usually /102 (P) 1.0% Pd/1.5% VITig; and (c) 2.0% Pd/1.5% VITIQ
the main reduction peaks of palladium, corresponding to
1.5H; + PO — PePH + H20 and(1 + 3x)Hz + PPO —

PdPH, + H,O transitions[36], occur at subambient tem- Fig. 5 shows the TPR profiles for the catalysts with
peratures and therefore have not been recorded. It was alsd..5 wt% V and different Pd contents. Hydrogen consump-
apparent that the reduction of palladium around 8Qvas tion peaks between 50 and 90 were observed in 0.5%
more intense in the Pd/V/TiOcatalysts than in the 0.5% Pd/1.5% V/TIQ catalysts, while in 1.0% Pd/1.5% V/TiO
Pd/TiO, catalyst. It is known that the intensity of this peakis a 2.0% Pd/1.5% V/TiQa shift to higher temperatures (up to
lower in samples with a high dispersion of palladium on the 125°C) was recorded. The shift wasarticularly prominent
support surfacf4]. This is in agreement with the data from for the catalyst with 1 wt% of Pd. The negative palladium
Table 2since the palladium dispersion of the 0.5% PdAiIO peak ca. 80C was present in all the samples; furthermore,
catalyst was considerably higher than that of the Pd/V4TiO as the Pd content was increasbd area of the peak also in-
catalysts. It was also observdtit the temperature at which  creased. Thus, 2.0% Pd/1.5% V/Ti€atalyst showed a very
the hydride decomposition peakcurred decreased whenV intense signal due to both its very low dispersion of palla-
loading increased. dium (2%) and a high Pd content.

Temperature / °C
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Fig. 6. Powder X-ray diffraction gtterns: (a) 0.5% Pd/1.5% VIT
(b) 0.5% Pd/3.0% VITiQ; (c) 1.5% V/TiOy; and (d) 3.0% V/TiQ.

Powder XRD patterns of V/Ti@and Pd/V/TiQ catalysts 2600 2800 3000 3200 3400 3600 3800 4000 4200
do not provide significant additional informatioRi¢. 6). o
Diffraction peaks corresponding to Ti@natase, and in mi- Magnetic Field (Gauss)

nor quantity TiQ rutile, were detected Ir! all the catalygtg. Fig. 7. EPR spectra of V/Ti@catalysts with different vanadium loadings.
No catalyst showed peaks corresponding to V-containing (2) 3.0% VITIOy and (b) 1.5% V/TIG.

crystalline phases or metallic Pd. The presence of PdO can-
not be ruled out in the catalysts with palladium.

The room temperature X-band EPR spectra for the 1.5%
and 3% V/TiQ samples are shown iRig. 7. The corre-
sponding spectra for the 1.5 and 3% V/%}iCatalysts pro-
moted with 0.5% Pd are shown Ifig. 8. The EPR spec-
tra can be readily assigned to th& whanadium ion (width
1 =7/2), producing the characteristic 8 line hyperfine spec-
trum [37]. No underlying signals associated with paramag-
netic centres originating from the TiGsupport[38,39] or
indeed any paramagnetic palladium sped#d, were de-
tected. The spin Hamiltonian parameters were determined
by computer simulation using the Bruker SIMFONIA soft-
ware, which revealed a slightly rhombijg and A ten-
sors g1 = 1.970~ g = 1.965 org; and gz = 1.938 or
g1;A1=58G~ A =56 GorA | andAz =178 G or4).
While the resolution and intensity of the spectra changed
markedly for each sample, this set of spin Hamiltonian pa-
rameters remained very similar (within the resolution of the
spectra). These parameters fgical of those expected for

0.5%Pd/1.5%V/TiO,

0.5%Pd/3.0%V/TiO,

2600 2800 3000 3200 3400 3600 3800 4000 4200

surface-supported D5 oxide[41-43] and clearly evidence Magnetic Field (Gauss)
the presence of paramagnetic vanadium oxide species in
these freshly prepared catalysts. Fig. 8. EPR spectra of Pd-promoted catalysts with different vanadium load-

ings. (a) 0.5% Pd/3.0% V/Ti®and (b) 0.5% Pd/1.5% V/TiQ

3.2. Alkane oxidation activity
nium oxide can oxidatively dehydrogenate propane to propy-

The main reaction product observed during the propanelene with moderate selectivitigl4]. However, the high
oxidation over Pd/Ti@ and Pd/V/TIiQ catalysts was C& oxygen concentration (£alkane ratio of 40) employed in
with selectivities always greater than 99.5%. Traces of the present work favours the deep oxidation of the olefin,
methane, CO, and propene were also detected in a minoritypreventing its formation with high selectivities.
of experiments. For the V/Ti@catalysts higher selectivities Fig. 9 compares the catalytic activity for propane ox-
to the olefin were observed, although they never exceededdation by catalysts with 0.5 wt% Pd and different vana-
1%. It has been reported that vanadium supported on tita-dium loadings. Different catalytic behaviour was observed
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Fig. 9. Propane conversion over Pd-promoted VATi€talysts with varying vanadium loadings as a function of reaction temper@ui@5% Pd/TiQ;
A, 0.5% Pd/0.5% VITiQ; [, 0.5% Pd/1.0% VITi®; x, 0.5% Pd/1.5% VITiQ; and<, 0.5% Pd/3.0% VITiQ.
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Fig. 10. Propane conversion over Pd-promoted VAT@atalysts with varying palladium loadings as a function of reaction temperd@re.5% V/TiOp;
A, 0.5% Pd/1.5% VITiQ; O, 1.0% Pd/1.5% VITiQ; and x, 2.0% Pd/1.5% VITiQ.

between the Pd/Ti@catalyst and the Pd/V/TiOcatalysts, containing catalysts were 250—300 and 325respectively,
since the addition of vanadium to Pd/TiGignificantly de- whereas for the vanadium catalyst were 350 and°450
creased the light-off temperature of propane. At the lower Surprisingly, the propane conversion obtained over 0.5%
reaction temperatures of 250 and 3@ Pd/V catalysts Pd/1.5% VITIiQ, 1.0% Pd/1.5% V/TiQ and 2.0% Pd/1.5%
showed much higher propane conversion than the catalystV/TiO, were essentially independent of the concentration of
with Pd alone. It was clearly observed that the presence palladium presenfg. 10, although it may be expected that
of vanadium in the Pd/Ti@catalyst greatly increased the the increased Pd content would be accompanied by an in-
catalytic combustion at low teperatures and the activity crease of catalytic activity. The decrease in the dispersion of
of the Pd/VITIGQ was dependent on the amount of vana- palladium when Pd-loading increased and the active role of
dium present. The optimal vanadium content correspondedvanadium sites could explain the behaviour observed.
to 1.5 wt%, which was equivalent to a surface coverage of  The catalyst stability of 0.5% Pd/Tigand 0.5% Pd/1.5%
VO, species of 75% of a theoretical monolayer. A further V/TiO2 was studied at various reaction temperatures. No de-
increase in the vanadium loading led to a decrease in the cat-activation was observed in any of the samples after 76 h
alytic activity. time on line. These results can be observefign 11, where

Fig. 10 shows the evolution of the propane conversion the propane conversions in terms of the time on stream for
with reaction temperature for catalysts with a 1.5wt% V and 0.5% Pd/TiQ and 0.5% Pd/1.5% V/Ti@catalysts at 300
different palladium contents. The Pd-free catalyst showed and 325 C are shown.
low activity, demonstrating initial activation of propane at Table 2shows the propane conversion obtained by some
350°C. However, the addition of Pd increased the catalytic representative Pd and Pd/V catalysts at 250 and°G00
activity of the Pd/V/TiQ catalysts. For example, the light off For comparison a commercial Pd/alumina catalyst (PdA
and Tso (temperature for 50% propane conversion) for Pd- COMM, 5 wt% Pd,Sget = 140 n?g~1) is included in the
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Table 2

Propane conversion at low reaction temperatures of Pd catalysts and palla

dium-promoted vanadium catalysts

Catalyst Reaction temperatur&])

250 300
PdA COMM 0 16
0.5PdT 0
0.5Pd1.5VT 10 37
2.0Pd1.5VT 2 32

table. At 250°C no Pd-supported catalyst showed activity
whereas V/Pd catalysts actieathe alkane. In addition, at

4. Discussion

Studies on the modification of Pd-based catalysts by
addition of different promoting agents, usually metals or
metal oxides, for short-chain alkane oxidation, especially
methane, are extensiy20-24] However, studies on mod-
ified Pd/TiQx-based catalysts are limited. This work shows
that the addition of vanadium to Pd-based Ti@atalysts de-
creased the light-off temperature during the total oxidation
of short-chain alkanes andgsiificantly increases the rates
of oxidation at lower temperatures. This work has focused
on catalyst characterisation in order to probe the impor-
tant characteristics for the enf@ed activity. Several crucial
questions concerning the supported vanadium catalysts are
in active discussion in the litature—the role of the support,
the vanadium loading, the strength o=® bond, the re-
ducibility of the V—Osupport bond, and the nature of the
active vanadium specidg1]. Characterisation of the cat-
alysts in this study has helped to define the role of these
parameters.

Raman spectroscopy was used to study the nature of
the vanadium specie#t followed from the analysis of the
Raman dataKig. 1) that polyvanadate species were pre-
dominantly observed in the nonpromoted and Pd-promoted
V/TiO2 samples at high vanadium loading, and only a small
amount of monovanadate species coexisted on the surface
of the titania support. The Raman spectra of 0.5% Pd/3%
V/TiO2 showed that YOs crystallites were only present
at vanadium coverages higher than the monolayer. On the
other hand, it was observed that an increase of the palla-
dium content in 1.5% V/TiQ catalysts ranging from 0 to
2% produced an increase in the aggregation and/or coordi-

300°C the propane conversions for Pd catalysts were aroundnation of vanadium specieBif). 2). In these catalysts, 305
10% while for V/Pd catalysts conversions were in the re- crystallites were detected at Pd loadings of 1% and higher.

gion of 40%. It must be noted that a V/Pd catalyst with only
0.5 wt% Pd can activate the propane at&Jower than the
Pd/AlLO3 catalyst with a Pd content 10 times higher.

In order to probe whether the addition of vanadium
to Pd/TiQy catalysts improved the catalytic performance
for other short-chain alkangactivity studies for methane,
ethane, andi-butane were performed. Comparison was
made with the 5% Pd/AD3 catalyst.Table 3shows the

Therefore, it can be concluded that the addition of palladium
increased the amount of polyvanadate species as(@sV
crystallites on the surface of Pd/V/Ti@atalysts, but no ma-
jor modification of the nature of the vanadium species was
detected, as the same Raman bands were present although
with differing relative intensities.

It is interesting to note that, from Raman data, modifica-
tion of the support in both V/Ti@and Pd/V/TiQ catalysts

alkane conversions obtained at different temperatures. It iswas observed, and it appeared this was mainly due to vana-
recognised that the alkanes are more difficult to oxidise to dium. The shift of frequency of the Tikyvibrations indicates
CO; as the carbon number decreases. This trend is reflectedhat there is interaction between the supported vanadium

by the data, as there was acsassive increase in light-off
temperature frone-butane to methane. Both catalysts pro-
duced CQ as the only oxidation product. The 0.5% Pd/1.5%
VITiO, catalyst had a lower light-off temperature for
butane, propane, ethane, andthrane when compared to the
5% Pd/AbOs catalyst. Moreover, appreciable rates of hydro-

carbon oxidation were observed for the alkanes over 0.5%

Pd/1.5% VITIQ at temperatures where the 5% P2
catalyst was inactive. Theate of methane oxidation was
greater over 5% Pd/AD3 than 0.5% Pd/1.5% V/Ti@above
350°C.

species and the T By the nature of the reflected radiation
Raman spectroscopy is more sensitive to the catalyst sur-
face. Conversely X-ray diffraion is a bulk characterisation
technique and studies showedthhere was no discernable
structural modification of the Ti@support when vanadium
was added.

In relation to the Raman conclusions, it is worth noting
that a new assignment of vanadium Raman bands has re-
cently been reporte5]. Interestingly it is claimed that in
general the vanady! vibratns cannot be assumed to be inde-
pendent of the substrate and thus cannot be used as an indi-
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Table 3
Comparison of the conversion of short-chain alkanes over P@#Aand 0.5% Pd/1.5% V/Ti@catalysts
Alkane Catalyst Reaction temperatuf&}
200 250 300 350 400 450 500 550
Methane 1.5VPdT 0 1.0 32 7.3 15 31 56 75
PdA COMM 00 0.0 10 7.3 54 94 100 100
Ethane 1.5VPdT 0 40 16 35 71 99 100 100
PdA COMM 00 0.0 11 44 88 100 100 100
Propane 1.5VPdT .0 9.6 37 67 95 99 100 100
PdA COMM 00 0.0 16 50 90 100 100 100
n-Butane 1.5VPdT 0 17 43 75 95 100 100 100
PdA COMM 0 0 21 95 99 100 100 100

cator for monomeric and polymeric species. Unfortunately, promoting effect of other metal oxides on Pd/@k cat-

this work was carried out with silica and alumina supports alysts; these oxides include Mbs [49], CeG [50], and
and there is no available data for other supports such asMoOs [51]. An alternative explanation of the reduction be-
TiO,. Therefore, these new Raman interpretations may makehaviour was proposed by Neyertz and Vo[@é], who sug-

the specific assignment of titea-supported vanadium bands gested that the reduction of \(Gpecies takes place at the
more difficult. However, the overall general conclusions are expense of a fraction of Pd that remains in an oxidised state.
not altered as the data in this study still show that the vana- Moreover, Neyertz and Volpe also suggested that a fraction
dium species are modified by varying the vanadium loading of oxidized palladium that cannot be reduced at low temper-
and by the addition of palladium. ature could be reduced along with the V&pecies.

TPR studies were used to evaluate the reducibility of the ~ We consider that the increased ease of vanadium reduc-
vanadium species. It has been observed that the incorpotion on the titania support by the addition of palladium
ration of palladium to V/TiQ catalysts led to a dramatic operates by a spillover mechanism that has been identified
increase in the reducibility of vanadium. Moreover, the in- on similar alumina-supported catalyg§#7,48] In such a
crease of the vanadium loading in Pd/V/piCatalysts led mechanism hydrogen dissociatively chemisorbed at the pal-
to a decrease in the reducibility of vanadium. This behavior ladium surface and the resulting atomic hydrogen species

was also seen for the nonpromoted V/3i€amples. effect vanadium reduction. The reduction of vanadium can
As postulated by Bond and TaH#6], upon increasing  proceed via formation of a vanadium bronze, and it has been

the V»0Os5 loading on titania, layers ofdisordered” V205 demonstrated that such a phase can be formed on alumina-

and “paracrystalline” V 205 phases are formed on limited supported catalysts at temperatures as low as €(B2].

areas of the surface. These®% crystallites are more diffi- The EPR data was used to estimate the influence of the

cultto reduce than coordinated species, and therefore, a peakupport and of palladium on the vanadyl bond strength. It is
at higher temperatures due to the reduction of these speciepossible to discriminate beten the nature and the symme-
is registered Kig. 4). By analogy with nonpromoted cata- try of the supported vanadium ions by careful analysis of the
lysts, we assigned the very broad band for the 0.5% Pd/3%low-temperature EPR spectra, as demonstrated by Dyrek et
VITiO2 sample to the presence ob¥s crystallites along al.[44]. By calculating the crystal field parametersénds)
with the VO, monolayer species. Raman spectra of these from the EPR spectra using the equatigns= ge(1—4//A)
samples also gave evidence for small particles gby/at and g, = ge(1 — 1/8) (suitable for V#* in distorted oc-
high vanadium loading. tahedral symmetry) information on the local environment
Several groups have previously observed that the addi-surrounding the paramagnetic ion can be obtained since the
tion of palladium strongly promoted the reduction of vana- parameteiD depends only on the V-0 distance in the equa-
dium oxide at lower temperatures on alumina-supported cat-torial plane of the V@ octahedral, whereas d is a function
alysts. Dancheva et d47] studied 30% ¥Os/Al,O3 and of all V-0 distance$42]. The crystal field parameters calcu-
Pd/30% \,Os/Al20O3 catalysts by TPR. The TPR profile of  lated from the spin Hamiltonian parameters in our samples
30% V,0s/Al,03 exhibited a peak at 53@C, whereas the  are typical of those characteristics of hexacoordinat&tl V
Pd/30% \LOs/Al,0O3 catalyst showed reduction at a lower ions in a highly distorted octahedron in the®% lattice.
temperature (142C). In the same way, Ferreira et §#3] However, these parameters wesimilar in the presence and
studied different ¥Os loadings on Pd/AIO3 ranging from absence of palladium (i.eFig. 8 compared tdrig. 7). The
5 to 20%. These authors also observed a strong promotingonly differences observed in the EPR spectra correspond to
effect of palladium on the vanadium oxide reduction. Ac- the relative intensities of the spectra. The EPR spectra for
cording to these authors, hydrogen is activated on metallic the vanadium-doped samples (both 1.5 and 3% V4Ti©
palladium through dissociative adsorption to atomic hydro- Fig. 7) are systematically lower (around 3 times) than those
gen, which promoted the reduction of vanadium oxide. This observed from the palladium-doped samplegg)(8). This
interpretation was also given by other authors to explain the indicates that while the codoped Pd influences the overall
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abundance of paramagneti¢Vions (i.e., affecting the ox-  related to the redox interchange and the effect of the pal-
idation state of the supported vanadium ions) it does not ladium particles. In this way, the reducibility of vanadium
structurally perturb the nature of the supported vanadium ox- species in the 0.5% Pd/3.0% V/Ti@atalyst is lower than
ide species themselves. in the 0.5% Pd/1.5% V/Ti@catalyst, and this was reflected
There remains controversy about the effect of the no- in the lower activity of the catalyst with the higher vana-
ble metal particle size on catalytic hydrocarbon combustion. dium loading Fig. 8). In addition, the 1.0% Pd/1.5% V/TiO
While several authorf53-55] have not observed a corre- catalyst, with lower vanadium reducibility due to the TPR
lation between the particle size and the activity, others have peaks at higher temperatur&sd. 5), showed lower catalytic
shown a strong dependence between the activity and the paractivity in propane combustiorF{g. 9). There are data in
ticle size. Yazawa et a]55] suggest for propane combustion the literature on the promotional effect of palladium over
that although both the dispersion and the oxidation states ofAl ,O3-supported vanadium oxide for complete hydrocarbon
palladium affect the catalytic activity on a series of supports, oxidation. The effect has been related to the activation of
the oxidation state of palladium affects the catalytic activity oxygen on the metal particles, which enables the reverse ox-
more than the dispersion. The partially oxidized palladium idation of V**, and this leads to an equilibrium in the redox
showed the highest catalytic activity for propane combus- procesg56]. These authors proposed a redox mechanism to
tion. Thus, the addition of vanadium to Pd catalysts could explain the process: (i) oxidation of*¥ to V> and P§ to
prevent the total oxidation of palladium, as observed by Ney- PPt by the oxygen; (i) reduction of % to V** by the
ertz and Volpd24], and therefore, increase the propane com- hydrocarbon. In this mechanisn?¥ was very stable. Our
bustion activity. Again this suggestion could not be probed EPR and Raman results indicate that the presence of palla-
directly due to the limitations of the TPR technique. On the dium does not structurally perturb the nature of vanadium or
other hand, Hicks et aJ7] showed that highly dispersed pal- titanium species and a higher amount df"\is present in
ladium oxide could be very much less active than crystalline V/Pd-catalysts, suggesting that the above redox mechanism
palladium oxide supported on alumina. The palladium with could be operating.
a small crystallite size exhibited lower activity due to the
strong interaction with the support ADs. [7]. From the CO
chemisorption data, it has been observed that the numbers. Conclusions
of palladium sites decreases with the incorporation of vana-
dium. This decrease could be due to two different effects: (i) It has been demonstrated that the activity of titania-
an increase of the palladium aggregation; (ii) the coverage of supported palladium catalysts for the deep oxidation of
the palladium sites by the vanadium during the coimpregna- short-chain alkanes is increasby modification with vana-
tion step. As it was shown above, TPR profiles gave a hydro- dium during the impregnation step of catalyst preparation.
gen release peak at 83°C due to hydride decomposition. A vanadium loading of 1.5 with 0.5% palladium was the
The intensity of this peak was independent of the vanadium most active catalyst. The cdrimation of vanadium and pal-
concentration in the different catalysts. This is evidence of ladium modified the vanadium species on the catalyst, in-
the coverage of the palladium sites, as has been suggestedreased the concentration of ¥, and increased the ease of
by Neyertz and Volp§24]. On the other hand, the increase catalyst reduction, which can help to explain the promotion
of the palladium content in Pd/1.5% V/Tiatalysts pro- of activity. At this stage little attempt has been made to op-
duced a dramatic decrease in the palladium dispersion. Thistimise the activity of the Pd/V/Ti@ catalyst. Against the
fact is most likely due to an increase of the palladium ag- background of this study these systems are now worthy of
gregation, because compamisbetween the TPR profiles of  further investigation to establish their potential as environ-
these samples, shownhig. 4, revealed considerably higher mental catalysts.
intensities for the hydrogen release peak when the palla-
dium concentration increased. This increase in the amount
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