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Alumina-supported platinum catalysts modified by vanadium were synthesised and tested for the complete oxidation of

naphthalene. The catalysts were characterised by BET, pulsed CO chemisorption, powder X-ray diffraction, laser Raman

spectroscopy and temperature-programmed reduction. Whilst BET and CO chemisorption results showed that the addition of

vanadium modified both the textural properties of the support and the distribution of Pt, XRD and TPR data suggested the

presence of V2O5 on catalysts with higher V loadings. TPR data showed that the concentration of V2O5 and possibly some other

vanadium species increased as the V loading increased. Only 0.5%V was found to promote the activity of the 0.5%Pt/c-Al2O3

catalyst. The activity enhancement has been related to the presence of a more easily reducible vanadium species coupled with the

enhanced number of surface Pt sites. On the other hand, the reduced activity demonstrated by catalysts with higher vanadium

content (1 – 12%) has been attributed to the presence of crystalline V2O5.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) such as
naphthalene, phenanthrene, and pyrene constitute a
ubiquitous class of atmospheric pollutants released
during the combustion of organic matter, such as diesel,
gasoline, biomass, coal and wood [1–4]. Therefore, the
release of PAHs to the atmosphere is widespread and
takes place on a large scale, and they have now been
identified as posing serious environmental and health
risks. In response, there has been increasing regional
enforcement of environmental legislation which in turn
has led to ever more stringent targets for the release of
PAHs to the atmosphere.

A range of technologies have been developed for the
abatement of Volatile Organic Compounds (VOCs), like
PAHs. Catalytic oxidation to more environmentally
benign CO2 and H2O appears to be one of the most cost-
effective as it requires lower combustion temperatures
and ensures higher total oxidation selectivity compared
with the alternative thermal incineration. There have
been relatively few studies in the literature concentrating
on the catalytic oxidation of PAHs. The oxidation of
naphthalene, a model PAH, and naphthalene-contain-
ing mixtures has been attempted over metal oxide and
metal-supported catalysts [5–12]. A review of these
studies reveals that Pt/c-Al2O3 is so far amongst the best
catalysts reported for naphthalene total oxidation. In
the present work we have demonstrated that the activity

of Pt/c-Al2O3 catalysts for naphthalene oxidation can be
promoted by the addition of vanadium, when added by
co-impregnation with platinum to the c-Al2O3 support.

2. Experimental

2.1. Catalyst preparation

The catalysts were prepared by dissolving a known
amount of hydrogen hexachloroplatinate (IV) hydrate
(Aldrich, 99.9%) in 100 ml of deionised water. The
solution was heated to 80 �C and stirred continuously.
An appropriate amount of ammonium metavanadate
(Aldrich 99+ %) and oxalic acid (1.59 g, Aldrich 99+
%) were added to the solution of the salt. Aluminium
oxide (10 g, Aldrich 99+ %) was then added to the
heated solution and stirred at 80 �C to form a paste.
This was then dried at 110 �C for 16 h. The catalysts
had a Pt loading of 0.5 wt% and V loading in the range
0.5–12 wt%. A similar method was used to prepare Pt-
alumina catalysts without vanadium. The catalysts were
finally calcined in static air at 550 �C for 6 h. The
complete range of catalysts prepared is detailed in
table 1.

2.2. Catalyst characterization

The surface areas of catalysts were determined by
multi point N2 adsorption at 77 K using the BET
technique. Pulsed CO chemisorption at 35 �C using an*To whom correspondence should be addressed.
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Ar flow of 20 ml min)1 and pulses of 0.2 ml of 10% CO
in Ar, were used to determine the CO uptake. All
samples were treated under flowing hydrogen
(50 ml min)1) and flushed by Ar (20 ml min)1) for
60 min prior to the determination of CO uptake.

Powder X-ray diffraction was used to identify the
crystalline phases present in the catalysts. An Enraf
Nonius PSD120 diffractometer with monochromatic Cu
Ka source operated at 1.2 kW (40 keV and 30 mA) was
used. The experimental patterns were calibrated against
a silicon standard and by matching experimental pat-
terns to the JCPDS powder diffraction file; the phases
present in the catalysts were identified.

A Renishaw system – 1000 dispersive laser Raman
microscope was used for recording of Raman spectra.
The excitation source used was an Ar ion laser
(514.5 nm) operated at a power of 20 mW. The laser
was focused on powdered samples placed on the
microscope slide to produce a spot size of ca. 3 lm in
diameter. A backscattering geometry with an angle of
180 � between illuminating and collected radiation was
used for data collection.

TPR data were collected using a Micromeritics Au-
tochem 2910 with a TCD detector. In all experiments,
10% H2 in Ar, at a constant flow rate of 50 ml min)1,
was used as reducing gas. A temperature range from
room temperature to 650 �C was employed and a con-
stant heating rate of 10 �C min)1 was used. The sample
mass was varied depending on the sample under inves-
tigation.

2.3. Catalytic activity

Catalyst activity for naphthalene oxidation was
determined using a fixed bed laboratory micro reactor.
Catalysts were tested in powdered form using a 1/4
o.d. stainless steel reactor tube. The reaction feed
consisted of 100 vppm naphthalene in air. A total flow
rate of 50 ml min)1 was used and catalysts were
packed to a constant volume to give a gas hourly
space velocity of 45,000 h)1 for all studies. Analysis
was performed by an on-line gas chromatograph with
thermal conductivity and flame ionisation detectors.
Catalytic activity was measured over the temperature
range 100–300 �C in incremental steps, and temperatures
were measured by a thermocouple placed in the catalyst
bed. Data were obtained at each temperature after a
stabilization time. Three analyses were made at each
temperature to ensure that steady state data were col-
lected. The reaction temperature was increased and the
same procedure followed to determine each data point.

3. Results and discussion

Table 1 shows the BET surface areas, CO uptake and
phases identified for synthesised catalysts. The BET
results show that all catalysts had surface areas slightly

lower than the alumina support. There was a general
decrease in surface area with increase in catalyst loading.
This could be attributed to the filling of pores of the
support by the V and Pt species. Table 1 also shows that
CO uptake for catalysts with 0.5–6%V loading
decreased with increasing V loading. This can be inter-
preted as a decrease in the number of surface Pt sites
with increasing V loading, since CO uptake is propor-
tional to the amount of surface Pt atoms. These data
imply that the addition of vanadium to the Pt/c-Al2O3

catalyst modified the Pt dispersion on the support.
0.5%V yielded the maximum CO uptake whilst the
catalyst without vanadium showed the lowest CO
uptake. BET and CO chemisorption results therefore
suggest that the addition of vanadium modified both the
textural properties of the support and the distribution of
surface Pt.

The results of XRD analyses are summarised in
table 1 and figure 1. These results reveal that except for
the catalyst with 12% V, diffraction peaks seen in pat-
terns of all other catalysts were representative of
c-Al2O3. The additional peaks observed in the patterns
of catalysts with 12% V were from V2O5, which prob-
ably resulted from the dispersion of large crystallites of
V2O5on the surface of the c-Al2O3 support. The absence
of diffraction from Pt or V containing phases in catalysts
with lower loadings can be attributed to a combination
of the low concentration and phases that are not
detectable by diffraction due to their relatively high
dispersion.

Raman spectra recorded for the catalysts are shown
in Figure 2. It can be observed that except for the cat-
alyst with 12% V loading which had an intense band
centred at 1000 cm)1, spectra of all other catalysts were
similar, showing no distinctive Raman bands. The
Raman band at 1000 cm)1 observed for the catalyst
with 12 %V, is identified as the Raman band (centred at
997 cm)1) which has been assigned to crystalline V2O5

in Pd/V/TiO2 catalysts with high vanadium loading
[13–17]. The identification of V2O5 in this catalyst is

Table 1

Chemical composition, BET surface area and CO uptake of synthes-

ised catalysts

Catalysts BET

surface

area/m2g)1

CO uptake/l
molCO g)1

Identified

phases

c-Al2O3 194 – c-Al2O3

0.5%Pt/c-Al2O3 169 5.3 c-Al2O3

0.5%Pt/0.5%V/c-Al2O3 180 17 c-Al2O3

0.5%Pt/1%V/c-Al2O3 185 11 c-Al2O3

0.5%Pt/3%V/c-Al2O3 169 9.4 c-Al2O3

0.5%Pt/6%V/c-Al2O3 164 6.0 c-Al2O3

0.5%Pt/12%V/c-Al2O3 149 4.9 c-Al2O3,

V2O5

(Scherbinaite,

syn)
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consistent with the XRD data. Although no Raman
bands corresponding to V-species were observed for Pt
catalysts with 0.5–6% V, it is likely that they contained
lower concentrations of one or more of the three vana-
dium species reported in the literature [13] (i.e. isolated
tetra coordinated vanadium species, polymeric vana-
dium species or crystalline V2O5). There is a degree of
fluorescence experienced when using alumina with an Ar
ion laser, and hence identification of weak Raman fea-
tures is hindered.

TPR profiles for Pt/V/c-Al2O3 catalysts (figure 3a)
show an increase in the intensity of reduction peaks with
increasing vanadium loading. This suggests an increase
in the concentration of reducible V-species as the V
loading was increased. The absence of major reduction
peaks common to both catalysts with and without
vanadium suggests that all reduction peaks observed for
V-containing catalysts correspond to the reduction of
vanadium species. Catalysts with 6 and 12% V both
showed two well defined peaks at 150 and 250 �C (fig-
ure 3a) whereas the 3% V catalyst only showed a single
smaller peak (at 225 �C) which closely matched the most
intense peaks for catalysts with 6 and 12% V. The fact
that XRD and Raman results for the catalyst with 12%
V mainly showed the presence of crystalline V2O5 sug-
gests that V2O5 was the predominant vanadium species
in this catalyst. As such, the TPR peak (between 200 and
300 �C) common to catalysts with 3–12% V can be
attributed to the reduction of V2O5. The assignment of
the reduction peak at 150 �C is not clear. However, it
probably corresponds to highly dispersed vanadium
species [17–21]. Close examination of the low loading
0.5% V catalyst (figure 3b) showed the presence of a
reduction peak at 175 �C which probably corresponds
to either (isolated tetra coordinated vanadium species or
polymeric vanadium species. From the size of this
reduction peak, it is clear that the corresponding vana-
dium species was only present in low concentration.

The addition of 0.5% V to the Pt/c-Al2O3 catalyst
promoted the activity for naphthalene total oxidation,
whilst, the addition of 1–12% V had a negative effect,

suppressing activity (figure 4). Catalysts containing
1–12% V showed light-off temperature (LOT) of 200 �C
and T100 of 250–275 �C, whereas, the 0.5% V catalyst
showed a relatively lower LOT (175 �C) and T100
(225 �C). It is postulated that the enhanced activity of
0.5%Pt/0.5%V/c-Al2O3 compared to the Pt/c-Al2O3

and other Pt/V/c-Al2O3 catalysts resulted from two
factors. Firstly, the most active catalyst showed a unique
vanadium (species that was identified by TPR). Sec-
ondly, the Pt dispersion will also have a crucial influence
on the catalyst activity. The most active 0.5%Pt/0.5%V/
c-Al2O3catalyst had the highest Pt dispersion amongst
all catalysts under investigation. The relationship
between the number of Pt surface sites exposed and
naphthalene oxidation rate is not a simple one.
Although the 1–6% V catalysts had higher CO uptake
than the catalyst without V they clearly were less active
than the Pt/c-Al2O3 catalyst. It is evident that the nature
of the vanadium species that was present with the Pt
particles exerts a major influence over the catalytic
activity. Consequently the increased oxidation rate of
naphthalene over the catalyst with 0.5% V was due to a
combination of the dispersed Pt with the relatively facile
reducible vanadium species unique to the catalyst. This
combination may promote activity by aiding the acti-
vation of oxygen and/or the adsorption of naphthalene.
Furthermore, it appears that the presence of relatively
large V2O5 crystallites was detrimental to naphthalene
oxidation; therefore, in order to promote activity the
form of the vanadium is critical.

4. Conclusions

The activity of an alumina-supported platinum cat-
alyst for naphthalene total oxidation is promoted by a
small amount of vanadium added during the impreg-
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Figure 2. Raman spectra for Al2O3 and Pt/V/Al2O3 catalysts.
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Figure 1. Powder X-ray diffraction patterns of Al2O3, Pt/Al2O3 and

Pt/V/Al2O3 catalysts.
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nation step of catalyst preparation. Whilst the addition
of 0.5% V significantly promoted the activity of the
Pt-alumina catalyst, higher vanadium loadings had a

negative effect, as they suppressed activity. The pro-
motional effect has been attributed to a combination of
more facile dispersed reducible vanadium species with
dispersed platinum sites. Whereas the presence of crys-
talline V2O5 has been suggested to account for the lower
activity observed for catalysts with higher vanadium
content.
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Figure 3. Hydrogen temperature programmed reduction profiles (a)

for Pt/Al2O3 and Pt/V/Al2O3 catalysts; (b) for 0.5 %Pt/Al2O3, 0.5%V/

Al2O3,and 0.5% Pt/0.5 %V/Al2O3.
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Figure 4. Activity of Pt/Al2O3 and Pt/V/Al2O3 catalysts for naphtha-

lene oxidation: 0.5% Pd/Al2O3 0.5%Pd/0.5%V/Al2O3 0.5%Pd/1%V/
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