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Comparative study of catalytic behaviour of bulk-like and highly
dispersed supported vanadyl orthophosphate catalysts

in the oxidative dehydrogenation of ethane
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The catalytic behaviour in the oxidative dehydrogenation of ethane of TiO2- and SiO2-supported catalysts containing bulk-like VOPO4
particles has been compared to that of TiO2-supported highly dispersed VOPO4. The catalysts have been characterised by XRD analysis
and BET measurements. Redox properties have been studied by TPR experiments. A correlation of catalytic activity and C2H4 selectivity
with redox properties has been proposed.
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1. Introduction

Oxidative dehydrogenation (ODH) of light hydrocar-
bons is a potential alternative to industrial dehydrogena-
tion processes for olefins production [1]. Among transition
metal oxides vanadium-oxide-based catalysts are the most
widely employed in the ODH of ethane, propane and butane
showing high activity associated, however, to a poor selec-
tivity [1,2]. On the other hand, bulk and TiO2-supported
(VO)2P2O7 have been proposed for the ODH of C2–C4 hy-
drocarbons [3,4] with a quite good selectivity but low ac-
tivity. In our previous studies [5,6] we reported that good
catalytic performances in the ODH of ethane have been
shown by submonolayer and monolayer TiO2- and γ -Al2O3-
supported VOPO4. The great increase of activity, observed
at 550 ◦C, with respect to bulk vanadyl orthophosphate, sig-
nificantly higher than that expected by the enhanced surface
area of the supported catalyst, was attributed to the strong
interaction occurring between the active phase and the sup-
port leading to a deep modification of redox properties of
VOPO4. The greater reducibility of supported VOPO4 was
supposed to be also related to the higher ethylene selec-
tivity observed at 550 ◦C with respect to 450 ◦C hypothe-
sising that high temperature stabilises an increased num-
ber of active centers producing selectively C2H4. A com-
plete comparison of catalytic activity of highly dispersed
vanadyl orthophosphate with bulk VOPO4 should require a
much higher surface area of the latter. Nevertheless, this
feature is not easily obtainable using usual preparation tech-
niques. Therefore, in order to better investigate the modifica-
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tion of catalytic behaviour in the oxidative dehydrogenation
of ethane promoted by the formation of vanadium–support
bonds in monolayer TiO2-supported catalyst, suitable refer-
ence compounds with bulk-like VOPO4 structure and signif-
icant surface area at the same time are needed. Ruitenbeek et
al. [7] investigated the dispersion of vanadium phosphorus
oxide (VPO) on TiO2 and SiO2 by EXAFS and ESR. They
found that silica promotes the formation of a phase close to
amorphous bulk VPO as concerns both the local structure of
vanadium and the catalytic properties of the sample towards
partial oxidation of n-butane to maleic anhydride. Supports
such as SiC have been also proposed [8] in order to minimise
the interaction between dispersed phase and support leading
to significant modifications of the nature of bulk vanadium
phosphorus oxide.

In this paper finely dispersed vanadyl orthophosphate par-
ticles have been obtained supporting VOPO4 (a) in amount
corresponding to the monolayer coverage on SiO2 which
inhibits good dispersion due to its surface acidity, and (b)
in amount far exceeding the monolayer coverage on TiO2.
A comparative investigation of both redox and catalytic
properties of these samples with those of a highly dispersed
TiO2-supported VOPO4 monolayer catalyst has been done.

2. Experimental

VOPO4·2H2O, herein after indicated as VOP, was pre-
pared by refluxing V2O5 in H3PO4 (85%) and distilled water
for 16 h according to the Ladwig method [9].

The supported catalysts were prepared by wet impreg-
nation dissolving suitable amounts of VOP in water in the
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presence of the support and then drying at 80 ◦C and calcin-
ing under flowing air at 550 ◦C for 3 h. Amorphous SiO2
(Sigma) and pure anatase TiO2 (Tioxide Specialties) have
been used as supports. VOP loading and the catalysts code,
indicating both the VOP percentage and the support, are re-
ported in table 1.

A Philips PW 1100 diffractometer was employed for
the X-ray diffraction (XRD) patterns at room temperature
using a Ni-filtered Cu Kα radiation. BET surface areas
were measured by N2 adsorption at 77 K with a Carlo-Erba
1900 Sorptomatic instrument. Temperature-programmed re-
duction (TPR) with hydrogen was carried out using a Mi-
cromeritics TPD/TPR 2900 analyser equipped with a TCD
and coupled with a Hiden HPR 20 mass spectrometer. The
sample was reduced by a 2% H2/Ar mixture (25 cm3 min−1)
heating 10 ◦C min−1 up to 650 ◦C. Before TPR experiments
the sample was treated in a flowing air at 550 ◦C for 2 h.

The catalytic activity tests were carried out in a fixed-
bed quartz microreactor operating under atmospheric pres-
sure. The reaction products were analysed by a Hewlett–
Packard series II 5890 gas chromatograph equipped with
thermal conductivity and flame ionization detectors for the
analysis of O2, CO and CO2 and for that of hydrocarbons, re-
spectively. The concentration of O2, CO and CO2 were also
measured by an on-line Hartmann & Braun URAS 10 E con-

Table 1
Composition and surface area of the catalysts.

Catalyst VOP content Surface area
(wt%) (m2 g−1)

SiO2 – 200
TiO2 – 125
15-VOP/Si 14.6a 183
9-VOP/Ti 9.6a 125
40-VOP/Ti 40.0 45

a Corresponding to theoretical monolayer coverage.

tinuous analyser. Water produced by the reaction was kept
by a silica gel trap in order to avoid condensation in the cold
parts of the experimental apparatus. The feed composition
was 4% C2H6 and 2% O2 in a balance of He. The reaction
temperature ranged from 450 to 550 ◦C and the space time
from 0.003 to 0.18 g s Ncm−3. Carbon balance was closed
within 3% error in all experiments.

3. Results and discussion

The XRD pattern of bulk VOP shows signals of
a VOPO4·2H2O phase [10]. The presence of the two co-
ordination water molecules is likely due to re-hydration of
the sample upon exposure to air moisture. Results of XRD
analysis confirmed that bulk-like VOP structures have been
formed either for 15-VOP/Si and 40-VOP/Ti, notwithstand-
ing the way to obtain them. In fact, the presence of signals
corresponding to a dihydrated VOPO4 phase, in addition to
those of the supports, detected in the XRD patterns of 15-
VOP/Si and 40-VOP/Ti catalysts (figure 1), indicated that
segregation of the VOP phase occurred. This was expected
due to the strong acidity of SiO2, inhibiting dispersion of the
active phase, as also reported for supported vanadium phos-
phate and vanadium oxide systems [2,7], for 15-VOP/Si cat-
alyst, and to the VOP coverage far exceeding the monolayer
for the 40-VOP/Ti catalyst. In contrast, the XRD pattern of
9-VOP/Ti revealed only signals of the support, indicating a
good dispersion of the active phase as also confirmed by the
unchanged value of the original surface area of the TiO2 (ta-
ble 1). A small reduction of surface area has been observed
for the 15-VOP/Si sample. The strong decrease observed for
40-VOP/Ti is related to the very high VOP loading (table 1).

The TPR curves of the samples are reported in figure 2
while the amount of H2 uptake obtained from the integration
of the curves and the peak temperature are reported in ta-

Figure 1. XRD patterns of SiO2, 15-VOP/Si, TiO2 and 40-VOP/Ti.
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ble 2. Both supports show a negligible reduction compared
to that of the catalysts. Supported bulk-like VOP shows a re-
dox behaviour markedly different from that of well dispersed
VOP. In fact, although the extent of the reduction, expressed
as H/V ratio, of 15-VOP/Si and 40-VOP/Ti is quite close to
that of well dispersed VOP supported catalysts, suggesting
that reduction of bulk VOP is probably affected by diffusion
limitations, the reduction of bulk and poorly dispersed VOP
mainly occurs during the isothermal step of the TPR exper-
iment in contrast with that of well dispersed VOP which is
almost completed within 650 ◦C. The H/V ratio values are
lower than 2 for all samples. By supposing that vanadium
is completely reduced to V3+ by H2 in a single step as ob-

Figure 2. TPR curves of bulk and supported VOP catalysts.

Table 2
Results of TPR experiments.

Catalyst H2 uptake ×103 H/V Tmax

(mol g−1
VOP) ( ◦C)

VOP 1.5 0.5 >650
15-VOP/Si 3.4 1.1 >650
9-VOP/Ti 4.5 1.4 509
40-VOP/Ti 3.5 1.1 >650

served for supported V2O5 catalysts [11] in about the same
range of temperature, this implies that V4+ should be present
in addition to V5+ in all catalysts. This hypothesis was con-
firmed for both bulk VOP and 9-VOP/Ti by EPR measure-
ments [5].

Before carrying out catalytic tests, blank runs in ab-
sence of catalysts were performed under the same exper-
imental conditions. No detectable ethane conversion was
obtained. Under the experimental conditions investigated
in the ODH catalytic tests the oxygen conversion is always
<60%. In all catalytic tests only C2H4, CO and CO2 were
detected. Unsupported VOP shows a very low catalytic ac-
tivity with a high selectivity at 550 ◦C (C2H6 consumption
rate <10−8 mol m−2 s−1). It gives undetectable ethane con-
version at 450 ◦C. The catalytic activity of the supports is
negligible if compared to that of the catalysts. For all cat-
alysts the conversion of C2H6 and the selectivity to C2H4

decrease while the selectivity to CO increases by increasing
the contact time (figure 3) both at 450 and 550 ◦C suggesting
the consecutive oxidation to CO of ethylene produced.

For ethane conversion not exceeding 20% the ethylene
selectivity is in the range 60–80% for all samples. Mono-
layer TiO2-supported catalyst shows an activity markedly
higher (about two orders of magnitude) of 40-VOP/Ti and
15-VOP/Si which, on the other hand, have a specific activ-
ity comparable to that of bulk VOP. The 40-VOP/Ti sam-
ple shows an activity slightly higher than that of 15-VOP/Si,
likely due to the greater fraction of the active phase. These
results confirm that for the highly dispersed system a deep
modification of the active phase occurs leading to a signifi-
cant improvement of the catalytic performances.

In figure 4 ethylene selectivity has been reported as func-
tion of ethane conversion at 450 and at 550 ◦C for the 40-
VOP/Ti and 9-VOP/Ti catalysts.

In the range of ethane conversions investigated 40-
VOP/Ti is more selective at lower temperature indicating
that further ethylene oxidation is favoured at 550 ◦C. An op-
posite trend was observed for the monolayer 9-VOP/Ti cat-
alyst and associated to vanadium reduction under reaction
conditions at higher temperature generating more selective

Figure 3. XC2H6 (•, ◦), SC2H4 (�,�), SCO(�,�) and SCO2 (�,�) as function of W/F for (a) 40-VOP/Ti (closed symbols) and 15-VOP/Si (open symbols)
and (b) 9-VOP/Ti catalysts at 550 ◦C.
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Figure 4. C2H4 selectivity as a function of C2H6 conversion for 40-VOP/Ti
and 9-VOP/Ti catalysts at 450 ◦C (open symbols) and 550 ◦C (closed sym-

bols).

sites, as shown by TPR experiments carried out after cat-
alytic tests, suggesting that the catalyst is markedly reduced
after the reaction at 550 ◦C [5]. This hypothesis has been
confirmed by the results of a TPR experiment carried out af-
ter catalytic tests at 450 and 550 ◦C on 40-VOP/Ti sample
which gave the same hydrogen uptake and the same peak
temperature of TPR curve of the fresh sample in both cases.
A possible reason of this behaviour could be related to the
quite high temperature required for reduction of bulk-like
VOP, significantly far from the reaction temperature range
investigated. As a consequence, the average oxidation state
of 40-VOP/Ti catalyst does not undergo any significant mod-
ification in the range 450–550 ◦C and the number of centres
producing ethylene remains unchanged. Under these condi-
tions we just observe the expected greater enhancement of
reaction rate of total oxidation reaction compared to that of
the ODH reaction at higher temperature. In contrast, the re-
action of ethylene formation prevails for 9-VOP/Ti at 550 ◦C

due to the considerable increase of reduced sites probably
involved in this selective reaction.

4. Conclusions

Monolayer dispersion of VOPO4 on a suitable support
provides an enhanced vanadium reducibility related to a
great increase of activity in the oxydative dehydrogenation
of ethane, TiO2 being the support giving the best results. The
deep modification of the active phase, induced by the strong
interaction with the support, also affects the dependence of
ethylene selectivity on the reaction temperature.

Supports inhibiting dispersion, such as SiO2 or VOPO4
loading far exceeding the monolayer coverage, promote the
formation of bulk-like VOPO4 aggregates showing a lower
reducibility and giving worse catalytic performances.
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