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a b s t r a c t

Propane oxidative dehydrogenation has been investigated on vanadyl orthophosphate dispersed on dif-
ferent supports (Al2O3, TiO2, SiO2, ZrO2, MgO and SnO) in a fixed bed reactor in the temperature range
300–550 ◦C. Catalysts have been characterized by bulk and surface sensitive techniques, such as X-ray
diffraction (XRD), BET analysis, temperature programmed reduction with H2 (H2-TPR) and X-ray photo-
eywords:
ropane
xidative dehydrogenation
anadium phosphate

electron spectroscopy (XPS). A different dispersion of vanadium species has been found depending on
the different nature of the supports. Al2O3, ZrO2 and TiO2 promote the best dispersion of vanadium and
provide the highest catalytic performances, due to the strong interaction of the support with the phos-
phate phase and the enhanced vanadium reducibility. A different reaction path is activated by catalysts
supported on SiO2, MgO and SnO due to the formation of vanadyl phosphate aggregates and in some
cases also to the reducibility of the support which favour propane overoxidation leading to a larger CO2
production.

. Introduction

During the last years the interest for the selective oxidation
f light hydrocarbons has remarkably grown. As a matter of fact,
elective oxidations could be used in order to produce olefins and
xygenated products like alcohols, carboxylic acids, anhydrides
hrough less expensive processes with lower environmental impact
han more traditional processes [1].

Propylene is mainly produced by steam cracking and cat-
lytic dehydrogenation. Non-catalytic steam cracking is widely
sed in order to produce light olefins (ethylene and propylene).
enerally by-products, such as methane, diolefins, acetylene, are
o-produced and costly separated from the desired olefins. More-
ver, steam cracking needs a large heat supply, due to its high
ndothermicity and to the elevated operating temperatures (about
50 ◦C). Although more selective, catalytic dehydrogenation is
ighly endothermic and is limited by coke production that requires

regeneration step of the deactivated catalyst.

The oxidative dehydrogenation (ODH) of propane is a promising
lternative route for the production of propylene, due to sev-
ral advantages. In particular, (i) heat supply can be significantly
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reduced because of the intrinsic exothermicity of the ODH reaction;
(ii) there is no thermodynamic limitation due to the formation of
water and (iii) no coke is produced (or if produced is, then, burnt
by oxygen). On the other hand, ODH reaction, like all selective
oxidations, suffers from selectivity problems related to the higher
reactivity of the product with respect to the reactant, leading to
the formation of COx [2,3]. From a general point of view, a selec-
tive oxidation like ODH is promoted by two different factors: (1)
oxygen activation, performed by a redox site, and (2) alkane acti-
vation, performed by an acid site through an acid–base interaction
with the reactant [4]. Even if the contemporary presence of both
types of sites is necessary, Ai underlined that the balance between
redox and acid sites is fundamental in order to avoid non-selective
pathways, leading to overoxidation or cracking products [4].

Two main classes of catalysts have been proposed for the ODH of
propane, both of them containing vanadium as the active phase. The
first is constituted by microporous and mesoporous materials with
structured or extra-lattice vanadium [5–14]. In this case the catalyst
contains a low amount of vanadium, that is well dispersed. The good
“site isolation”, i.e. the formation of isolated active atoms or small
clusters or complexes, is expected to provide an enhanced selec-
tivity [15]. Microporous frameworks could be considered intrinsic

“single-site” catalysts, due to the possibility to introduce metal ions
into well-defined positions, but, generally, these catalysts do not
show high activity due to the low amount of vanadium sites [16].

The second class of catalysts consists of supported or unsup-
ported vanadia or vanadates (usually magnesium vanadates)
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17–28]. These catalysts generally show relatively high conversion
f propane, depending on the amount of the active phase and the
eaction conditions, but propylene yields are limited by a low selec-
ivity to the desired product. In order to obtain better catalytic
erformance, modifications of the physico-chemical features of the
-containing oxide have been induced by changing catalyst and/or
upport composition. The use of a TiO2 layer deposited by grafting
18], the doping with K and/or P and transition metals [21,24,27]
an be mentioned as attempts to increase catalytic performances,
elated to the change of redox and acid properties of the materials.

Bulk vanadyl pyrophosphate (VPO) is industrially used for the
roduction of maleic anhydride starting from n-butane [29–32]
nd has been proposed for propane selective oxidation to acrylic
cid [33–36]. While increasing surface disorder and V+5/V+4 ratio
re key factors in order to improve maleic anhydride selectiv-
ty [37,38], a higher crystallinity and the absence of V+5 species
ead to better performance of VPO towards acrylic acid formation
35], suggesting that the effect of catalyst modifications on differ-
nt reactions is not trivial. Recently, bulk VPO, mainly containing
+4, has been proposed as propane ODH catalyst [39], whereas
upported vanadyl orthophosphates (VOP), principally constituted
y V+5, have been proven to be active and selective in ODH of
thane, titania-supported samples providing the best catalytic per-
ormances [40,41]. A deep investigation of these catalysts in ethane
DH has been carried out [40–46], while no information is avail-
ble on the activity in ODH of propane, which is intrinsically more
eactive than ethane and requires lower reaction temperatures.

A strong influence of the support on the properties of the VOP
atalysts have been found by XPS studies, which showed that oxides
romoting a better VOP dispersion, such as TiO2, deeply interact
ith VOP favouring the formation of V(IV) and metal–phosphates

ompounds [46].
The previous results encouraged us to extend our work to the

xidative dehydrogenation of propane to propylene and, in partic-
lar, to focus the aim of this paper on the investigation of which
roperties of the vanadyl orthophosphate/support system are fun-
amental in the selective C3H8 activation and which modifications
f the active phase are induced by the interaction with the support.
n order to study that, vanadyl orthophosphate has been deposited
nto several supports (TiO2, �-Al2O3, ZrO2, SiO2, MgO, and SnO2)
nd tested in the propane ODH reaction. The catalytic activity has
een related to the physico-chemical properties of the different
aterials using several characterization techniques as XRD, BET,
2-TPR and XPS.

. Experimental

Vanadyl orthophosphate, VOPO4·2H2O (VOP), was prepared as
escribed in [41].

�-Al2O3 (CK-300 AKZO), anatase TiO2 (Eurotitania), amorphous
iO2 (Sigma), ZrO2, MgO and SnO2 were used as supports. ZrO2,
gO and SnO2 were prepared by conventional precipitation meth-

ds.
In particular, ZrO2 was prepared by slowly adding a 7.6 M

mmonia aqueous solution (Carlo Erba RPE) to an equal volume of
.1 M ZrOCl2·8H2O (Carlo Erba RPE) aqueous solution pre-heated
t 80 ◦C under magnetic stirring for 15 h. The final pH was 10.
t the end the precipitate was digested for 4 h, washed with dis-

illed water, filtered and dried at 90 ◦C overnight. Thereafter it was
rushed and calcined at 600 ◦C for 3 h.
MgO was prepared in a similar way. A 6.4 M ammonia water
olution was slowly added to a 0.05 M Mg(NO3)2·6H2O (Fluka
urum ≥99%) aqueous solution under magnetic stirring (without
eating); the ratio between ammonia and magnesium containing
olution volumes was 4.2. After 1 h stirring the precipitate was
talysis A: Chemical 329 (2010) 50–56 51

digested for 1 h, washed with distilled water, filtered, dried at 90 ◦C
overnight and subsequently crushed and calcined at 600 ◦C for 3 h.

Finally, SnO2 was prepared as described in [47]. A 1 M urea
(Sigma ACS 99.0–100.5%) aqueous solution was added to a 0.01 M
SnCl4·5H2O (Carlo Erba 98%) aqueous solution and the mixture was
heated at 80 ◦C under magnetic stirring; the ratio between urea and
tin containing solution volumes was 25. After 6 h the precipitate
was digested for 2 days, washed with distilled water, filtered, dried
at 90 ◦C and calcined at 600 ◦C for 3 h.

Each support was loaded with a different amount of VOP in order
to obtain the deposition of a theoretical monolayer; the proper
amount of VOPO4 was calculated taking into account the support
specific surface area, as reported in Table 1. The so calculated VOP
amounts were dissolved in a little quantity of water, in such a way
that the final volume result 2–3 times the support volume. The sup-
port was added to the solution, then the mixture was heated under
magnetic stirring in order to evaporate the liquid phase, avoiding
solution boiling. At the end the material was crushed, further dried
at 80 ◦C, and calcined at 550 ◦C in flowing air.

All these catalysts are indicated as VOP/M, where M represents
the metal ion of the oxide support.

In order to study the effect of the VOP loading, the ZrO2 support
was also loaded with a VOP amount corresponding to five layers;
this catalyst was prepared according to the procedure described
above by using a five times larger quantity of VOP. This catalyst is
indicated as VOP/Zr-5L.

X-ray diffraction patterns of calcined catalysts were recorded
by using a Philips PW 1100 diffractometer with Ni-filtered Cu K�
radiation. Angular measurements (2�) were accurate to 0.05◦. BET
surface areas were measured by N2 adsorption at 77 K with a Carlo
Erba 1900 Sorptomatic.

Temperature programmed reduction with hydrogen (H2-TPR)
was carried out by using a Micromeritics TPD/TPR 2900 analyser,
equipped with a thermal conductivity detector and coupled with a
Hiden HPR 20 mass spectrometer, operating with a 2% H2/Ar mix-
ture (25 cm3 min−1 flux) and a heating rate of 10 ◦C min−1 up to
630 ◦C. Samples were treated in flowing air at 550 ◦C for 2 h before
analysis.

The surface chemical composition of the samples was studied by
XPS in an ultrahigh vacuum chamber (base pressure ∼10−8 Torr).
Photoemission spectra were collected by a VG Microtech ESCA 3000
Multilab spectrometer, equipped with a standard Al K� excita-
tion source (h� = 1486.6 eV), a nine-channeltrons detection system
and a hemispherical analyser operating at a constant pass energy
of 20 eV. The binding energy (BE) scale was calibrated by mea-
suring C 1s peak (BE = 285.1 eV) from the surface contamination
and the accuracy of the measure was ±0.1 eV. A non-linear least-
square peak fitting routine was used for the analysis of XPS spectra,
separating elemental species in different oxidation states. Relative
concentrations of chemical elements were calculated by a standard
quantification routine, including Wagner’s energy dependence of
attenuation length [48] and a standard set of VG Escalab sensitivity
factors.

Catalytic activity tests were carried out with the experimen-
tal apparatus described elsewhere [41], equipped with a fixed bed
quartz reactor operating under atmospheric pressure. The feed
composition was 5.2% C3H8 and 2.6% O2 in a balance of N2. The
reaction temperature ranged from 300 to 500 ◦C. The contact time
ranged from 0.003 to 0.08 g h N dm−3. The reaction products were
analysed with a Hewlett Packard series II 5890 gas-chromatograph,
equipped with a thermal conductivity detector for O2, CO and CO2

analysis and a flame ionization detector for hydrocarbons anal-
ysis. The concentrations of O2, CO and CO2 were also measured
on line with a Hartmann & Braun URAS 10 E continuous analyser.
Water produced during reaction was kept apart by a silica gel trap
in order to avoid condensation in the cold part of the experimen-
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Table 1
Nominal VOP content, surface area of catalysts and supports and H2/V ratio evaluated from TPR experiments.

Catalyst Nominal VOP content (wt%) Support surface area (m2 g−1) Catalyst surface area (m2 g−1) H2/V from TPR

Fresh React.

VOP-Ti 9.6 125 125 0.71 0.63
VOP-Al 14.0 190 183 0.67 0.55
VOP-Si 14.6 200 162 0.51 –

43 1.07 0.86
56 0.63 –
31 1.0 –
27 0.71 –
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VOP-Zr 3.6 49
VOP-Mg 7.8 105
VOP-Sn 2.6 34
VOP-Zr-5L 18.2 49

al apparatus. Carbon balance was closed within 3% error in all
xperiments. Blank tests performed under the same experimental
onditions excluded the occurrence of homogenous reactions. The
esults reported below are only catalytic or catalytically induced.

. Results

In Table 1 the nominal VOP content and the surface area of both
upports and catalysts are reported. A general reduction of the orig-
nal surface area of the support occurs upon deposition of VOP,
itania- and alumina-based catalysts showing the less significant
ecrease. A further reduction of the surface area was observed in
he VOP-Zr-5L sample due to the great excess with respect to the
OP monolayer content.

XRD patterns of selected samples are reported in Fig. 1. Among
onolayer catalysts the presence of segregated VOP phase is

etected on SnO2 supported sample, as shown by the main signal of
anadyl hydrogen phosphate hemihydrate at 2� = 15.48◦ [49]. SiO2
nd MgO supported samples, whose spectra are not reported, show
similar behaviour. On the contrary no evidence of VOP signals

as been detected on the other samples, suggesting the absence of
OP segregation, as indicated by the patterns of TiO2- and ZrO2-
upported catalysts reported in Fig. 1. Weak signals of VOP were
lso observed for VOP-Zr-5L.

All catalysts can convert propane although with different activ-
ty, while bulk VOP activity towards propane ODH is undetectable
nder experimental conditions comparable to those used for sup-
orted catalysts. This behaviour is not surprising taking into
ccount our previous results on the ethane ODH [43]. Among sup-
orted samples, two main behaviours towards propane oxidation

an be detected under the investigated experimental conditions.
or VOP supported on titania, alumina, zirconia and silica the main
roduct is propylene in the whole range of investigated tempera-
ures whereas CO2 represents the most abundant product for MgO
nd SnO2 supported catalysts. The behaviour of VOP/Mg is not

Fig. 2. Propane conversion (�) and propylene (�), CO (�) and CO2 (♦) selectiv
Fig. 1. XRD patterns of different supported VOP catalysts. Vertical lines indicates
main VOP reflections.

surprising; as a matter of fact, Klisinska et al. [27] reported that
magnesia supported vanadium exhibits higher selectivity to CO2
than propylene. In Fig. 2 the different behaviour of the two classes

of catalysts, represented by VOP/Ti (Fig. 2a) and VOP/Sn (Fig. 2b),
respectively, is compared. For VOP/Ti the decrease of propylene for-
mation is mainly balanced by the oxidation to CO and CO2, as also
reported for ethane ODH [41]. For VOP/Sn formation of CO2 slightly
decreases with temperature, whereas production of CO is activated

ity as a function of reaction temperature on VOP/Ti (a) and VOP/Sn (b).
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Table 2
Values of propane converted per mass and SSA of catalyst and per vanadium atom
(TOF) and of propylene produced per vanadium atom (TOF2) at 450 ◦C.

Catalyst Reaction
ratea

Reaction
rateb

TOFc TOF2
d Active sitese

VOP-Ti 10.3 8.2 1.7 0.94 2.86
VOP-Al 4.7 2.5 0.6 0.36 2.85
VOP-Zr 2.2 4.5 1.0 0.66 3.35
VOP-Si 0.2 0.1 0.03 0.02 3.11
VOP-Mg 0.6 0.6 0.1 0.02 5.18
VOP-Sn 0.3 0.9 0.2 0.02 3.12
VOP-Zr-5L 4.6 9.4 0.4 0.26 25.1

a MolC3H8 g−1 s−1 × 106.
b −2 −1 4
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and after ODH test.
VOP/Ti catalyst exhibits the highest surface vanadium concen-

tration (see P/V ratios in Table 3), which could be related to its good
MolC3H8 m s × 10 .
c MolC3H8 molV−1 s−1 × 102.
d MolC3H6 molV−1 s−1 × 102.
e Number m−2 × 1018 (on the basis of catalyst surface area).

nly at T ≥ 450 ◦C, globally resulting in a decrease of propylene
electivity with propane conversion. In Table 2 the values of reac-
ion rate evaluated at 450 ◦C and referred to catalyst weight, surface
rea and vanadium content (Turnover frequency – TOF), under the
ypothesis of differential reactor, are reported. VOP/Ti shows the
est performance, whereas VOP/Si, VOP/Mg and VOP/Sn show an
ctivity at least one order of magnitude lower. Only in terms of spe-
ific surface area VOP/Zr-5 shows an activity comparable to that of
OP/Ti, but with a vanadium content about double.

The high activity of VOP/Ti is confirmed by comparing the per-
ormance of the most active catalysts as a function of contact time
Fig. 3) at a fixed temperature of 450 ◦C. Very low contact times
re required by VOP/Ti in order to convert propane; in particular,
0% propane conversion with 60% propylene selectivity is obtained
t only about 4 ms residence time, calculated at the reaction tem-
erature. This results in a very high TOF, as reported in Table 2.
he difference among catalysts behaviour is not attributable to the
eneration of different active sites onto the different supports. As a
atter of fact, for these catalysts the selectivity to propylene seems

asically related to propane conversion independently of the sup-
ort (Fig. 4), thus suggesting that the active sites have the same
ature, while the active species of low activity catalysts appears
ifferent, corresponding points in Fig. 4 being far from the line asso-
iated to the best catalysts. The best active centres are also able to
ctivate both propane and propylene, and, as a consequence, at high

ontact times, i.e. at higher C3H8 conversion, the olefin is further
xidized to COx (Fig. 4).

In Fig. 5 the effect of VOP loading on zirconia support is reported
n terms of propane conversion versus propylene selectivity. As can

ig. 3. Propane conversion (full symbols) and propylene selectivity (open symbols)
t 450 ◦C as a function of contact time for VOP/Ti, VOP/Al and VOP/Zr catalysts.
Fig. 4. Propylene selectivity as a function of propane conversion for VOP/M catalyst
(T = 450 ◦C; W/F = 0.003–0.08 g h N dm−3).

be noted, the two plots show a different slope. In particular, in
the multilayer catalyst propylene selectivity extrapolated to zero
conversion approaches 100%, whilst is about 80% for the mono-
layer VOP/Zr catalyst. On the other hand, in this catalyst propylene
selectivity is less affected by the increase of propane conversion,
thus suggesting the presence of sites promoting a different reaction
pathway. It seems that on the monolayer VOP/Zr propylene oxida-
tion to COx is less temperature-sensitive, thanks to the formation of
different active sites, which prevent propylene overoxidation. TOF
values of the two zirconia-based catalysts, reported in Table 2, indi-
cates that some VOP segregation should take place in the VOP/Zr-5L
sample, which markedly reduces the exposure of vanadium species,
as confirmed by XRD analysis.

The relative surface chemical composition of the samples deter-
mined by XPS is reported in Table 3. Elemental concentrations are
expressed as atomic percentage (at.%) and calculated both before
activity in propane ODH. Nevertheless, some surface phosphorous
enrichment occurs upon reaction test.

Fig. 5. Propylene selectivity as a function of propane conversion evaluated at dif-
ferent temperatures for VOP/Zr and VOP/Zr-5L catalysts (W/F = 0.02–0.08 g h dm−3;
T = 300–550 ◦C).



54 M.P. Casaletto et al. / Journal of Molecular Catalysis A: Chemical 329 (2010) 50–56

Table 3
XPS relative surface chemical composition (expressed in atomic %) of catalysts after
calcination and ODH tests.

Catalyst V 2p3/2 O 1s P 2p Support
ion

P/V O/P

VOP/Ti
Dried 2.7 75.5 2.7 19.2 1.0 28.0
Calcined at 550 ◦C 2.5 78.4 2.6 16.5 1.0 30.2
Propane ODH at 450 ◦C 2.0 71.8 3.1 23.2 1.6 23.2

VOP/Al
Dried 1.8 61.0 2.5 34.7 1.4 24.4
Calcined at 550 ◦C 1.3 60.8 2.1 35.8 1.6 29.0
Propane ODH at 450 ◦C 1.2 65.4 1.8 31.5 1.5 36.3

VOP/Zr
Dried 1.7 70.4 2.7 25.2 1.6 26.1
Calcined at 550 ◦C 1.9 67.5 2.9 27.7 1.5 23.3
Propane ODH at 450 ◦C 1.5 69.2 2.4 26.9 1.6 28.8
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VOP/Zr-5L
Dried 5.1 70.3 8.3 16.4 1.6 8.5
Calcined at 550 ◦C 5.2 69.4 7.3 18.1 1.4 9.5

Also the O/P atomic ratio is reported in Table 3, even if the
nvestigated samples consisted of vanadyl phosphates supported
n different oxidic matrixes (and not pure compounds) that under-
ent different interactions with the support through the oxygen

tom. Since XPS detects only the surface chemical composition of
he samples (not necessarily corresponding to the bulk), the sto-
chiometric ratio of the pure vanadyl phosphate phase cannot be
ound and, as determined by XPS quantitative analysis in Table 3,
n extraordinarily predominance of oxygen atoms is detected (O/P
atio ∼25–30). Significant is the reduction of the O/P ratio in the
OP/Zr-5L sample where the amount of vanadyl phosphates on the
urface of ZrO2 exceeded so much the monolayer coverage.

XPS profiles of the V 2p3/2 photoelectron peak in VOP/Ti, VOP/Al
nd VOP/Zr samples are reported in Fig. 6(a)–(c), respectively. At
first visual inspection, a shoulder at high binding energy value is

learly distinguishable in the V 2p3/2 spectrum of VOP/Ti sample
n Fig. 6a. This shoulder is totally absent in the XPS profile of the
OP/Zr sample (Fig. 6b).

The results of the curve-fitting procedure of the V 2p3/2 pho-
oelectron peak in VOP/Ti and VOP/Al samples evidenced the
resence of three components at BE = 518.2, 516.9 and 515.8 eV,
hich can be assigned to V5+ phosphate species as detected in
OPO4, to V5+ oxide species as in V2O5 and to V4+ oxide species
s in V2O4, respectively [41,50]. In the VOP/Zr sample only the last
wo components are present. As reported in [45], dispersion of VOP
n TiO2 or Al2O3 results in the formation of a significant amount of
5+ and V4+ oxides, since a fraction of phosphorous preferentially

nteracts with the support leading to the formation of titanium
r aluminium phosphate, respectively. A fraction of V4+ species
s formed even at low temperature in the dried samples. Calcina-
ion at 550 ◦C under oxidizing atmosphere surprisingly promotes
further reduction of vanadium, as evidenced by the increase of

he V4+ fraction, as also reported in [46]. This reduction is accom-
anied by the interaction of phosphorous with the support ions,

eading to the formation of a larger fraction of titanium or alu-
inium phosphate, and by the decrease of the amount of vanadium

hosphate (Table 4). In other words, calcination mainly favours
he migration of phosphate ions from vanadium to the support,
enerating an additional fraction of V(IV) oxide. The interaction
f phosphorous oxide with both V2O5 and TiO2 was also reported
y Deo and Wachs [51] who observed the formation of VOPO4

y addition of P2O5 to V2O5/TiO2 catalyst and the formation of
anadium–oxygen–phosphorous bonds by deposition of V2O5 to
previously prepared P2O5/TiO2 sample. This phenomenon was

ot observed for supports which do not promote the formation of
Fig. 6. XPS profiles of VOP/Ti (a), VOP/Al (b) and VOP/Zr (c) catalysts in the energy
range of V 2p3/2 photoelectron peak.

vanadium phosphate, such as in VOP/Zr catalysts. In this case the
calcination process favours the oxidation of V(IV) oxide species to
V(V) oxide, as expected under oxidizing atmosphere.

Zr 3d peak is located at a quite constant binding energy value
in both VOP/Zr catalysts (BE = 183.1 eV), attributable to Zr4+ ions
as in ZrO2 [48]. This was further confirmed by the curve-fitting of
O 1s peak, which can be deconvoluted into three components at
BE = 530.5, 531.7 and 533.2 eV, assigned to oxide, hydroxide and/or
phosphate species, and to adsorbed water, respectively [50]. The
main component of the O 1s peak (75% peak area) is that related
to oxide species (BE = 530.5 eV), The predominance of the oxide
support peak in the XPS spectrum could be attributed to a bad
VOP surface distribution with a consequent exposure of significant
fraction of the support surface.

In the dried multilayer VOP/Zr-5L sample the binding energy of
Zr 3d shifts towards a slightly higher value that could hint to an
initial interaction between VOP and ZrO2 finally leading to the for-
mation of Zr(HPO4)2 species [52]. The main component of O 1s peak
was located at BE = 531.7 eV, corresponding to the presence of OH−

groups and O–P bonds, as expected due to the greater VOP concen-
tration of this catalyst. Nevertheless, formation of oxides species
prevails on that of phosphates upon calcination, as shown by the
lower binding energy value of Zr 3d peak (as in the monolayer cat-
alyst) and the predominance of the component attributed to the
oxide (BE = 530.5 eV) in the curve-fitting of the O 1s peak (62% peak
area).

Redox properties of these materials are deeply involved in the
reaction mechanism [44,45]. Therefore, a TPR analysis was carried
out in order to explain the large difference of activity observed

for the investigated samples. In Fig. 7 the TPR profiles of VOP/Ti,
VOP/Al and VOP/Zr are compared with that of bulk VOP. Disper-
sion of VOP results into a significant enhancement of reducibility,
which is maximum for TiO2 support. On the other hand, reduction
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Table 4
XPS relative surface distribution (expressed as peak area %) of different vanadium species in catalysts after calcination and ODH tests.

Catalyst V5+ phosphate V5+ oxide V4+ oxide Support ion oxide Support ion phosphate

VOP/Ti
Dried 13.8 49.3 36.9 83.7 16.3
Calcined at 550 ◦C 13.2 42.5 44.3 65.3 34.7
Propane ODH at 450 ◦C 7.6 61.4 31.0 23.8 76.2

VOP/Al
Dried 40.0 56.0 4.0 ∼100 n.da

Calcined at 550 ◦C 31.1 52.4 16.5 93.2 6.8
Propane ODH at 450 ◦C 20.3 56.3 23.4 19.8 80.2

VOP/Zr
a a

o
i
t
g
o
t
a
f
k
s
b

F
b

Dried n.d 49.5
Calcined at 550 ◦C n.da 59.6
Propane ODH at 450 ◦C n.da 44.1

a Not detectable.

f VOP/Sn and VOP/Mg catalysts (Fig. 8) mainly takes place dur-
ng the isothermal step of the experiment (630 ◦C), thus suggesting
he presence of hardly reducible bulk-like VOP. Moreover, as sug-
ested by the TPR profile of VOP/Sn, a significant support reduction
ccurs, not allowing a precise calculation of H2/V ratio (Table 1). On
he other hand, this catalyst shows combustion rather than ODH
ctivity, strongly suggesting that the support contributes to COx
ormation. These results confirm that vanadium reducibility is a
ey feature for hydrocarbon selective oxidation, while other metal
ites are active in non-selective pathways. The H2/V ratio of the
est catalysts, except VOP/Zr, lower than the stoichiometric value

ig. 7. TPR profiles of VOP/Ti, VOP/Al and VOP/Zr catalysts compared with that of
ulk VOP.

Fig. 8. TPR profile of VOP/Sn and VOP/Mg catalysts
50.5 ∼100 n.d
40.4 ∼100 n.da

55.9 ∼100 n.da

of 1 expected for the reduction from V5+ to V3+, are in good agree-
ment with the presence of a fraction of vanadium in 4+ oxidation
state, as found by XPS analysis. The H2 uptake of the ZrO2-supported
monolayer catalyst can be affected by a slight support reduction,
thus leading to H2/V higher than 1, even in the presence of a V4+

fraction as revealed by XPS measurements. The exposure to the
reacting environment produces a further reduction, i.e. an increase
of the V4+ fraction, as reported in Table 1, suggesting once more
that vanadium redox cycles are responsible for propane ODH.

Moreover, XPS analysis carried out on the catalysts after the
catalytic test at 450 ◦C (Table 4) suggests that the ODH reaction
promotes a redistribution of surface species. For both VOP/Ti and
VOP/Al a fraction of vanadium phosphate, initially present in the
fresh sample, is transformed into vanadium oxide and, at the same
time, the fraction of titanium or aluminium phosphate increases,
thus suggesting that the catalytic tests promotes a further migra-
tion of phosphorous from vanadium to the support. Since the
catalytic test was carried out at a lower temperature with respect
to that of calcination, these results suggest that the interaction of
phosphate ion with the support is favoured by a redox cycle of vana-
dium rather than by high temperatures. Due to the low amount
of active phase, the identification of phosphate species, related to
the superficial phosphorus (Table 3), on VOP/Zr surface resulted
difficult.

4. Discussion

The results reported above clearly demonstrate that the activity
of VOP-based catalysts strongly depends on the support. In par-
ticular, the formation of superficial phosphates including metal
phosphates of the support, as detected by XPS measures, seems
the key factor to obtain highly active vanadium species. Indeed,
the samples showing this strong interaction between the active
phase and the support are characterized by very low reduction of
the surface area after VOP deposition, suggesting the formation of
very highly dispersed vanadium-containing species undetectable
by XRD analysis. On the contrary, the samples providing the worst
performances, are those in which most vanadium centres are inac-
tive because of the formation of VOP aggregates, as detected by
XRD, causing significant surface area reduction as well. Due to the
typical redox nature of the investigated reaction, another key point
is the increased reducibility of vanadium centres, as revealed by
TPR measures; the increased reducibility, in fact, is directly related
to the enhanced TOF showed by highly active catalysts. Moreover,

this behaviour appears more related to the high dispersion of the
vanadia species than to the reducibility of the support; as a matter
of fact, the high reducibility of VOP/Sn is not coupled with a high
ODH activity, but more related to a undesired combustion activity.
The behaviour of multilayer VOP/Zr can be explained according to
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he above considerations; the presence of larger amounts of active
hase leads to a better coverage of the surface, avoiding the propane
eaction with the ZrO2 centres directly, and, as a consequence, the
electivity towards ODH reaction approaches 100% for zero conver-
ion. On the other hand, the higher reducibility of larger vanadium
luster obtained on the multilayer catalyst favours the propylene
veroxidation and results in lower catalytic performance at rela-
ively higher propane conversion. Finally, the highest TOF are not
elated to the highest support surface area, as revealed by the low
erformance of VOP/Si. In conclusion, the high dispersion of the
ctive phase and, as a consequence, the increased reducibility and
OF towards C3H8 ODH can be uniquely related to the capabil-
ty of the support to strongly interact with the active phase. As
t can be derived from the above results and considerations, the
ctive phase obtained on our samples is constituted by small clus-
ers of vanadium oxide; this is the same active phase obtained for
anadia supported catalysts [53]. With respect to these catalysts,
OP-based ones show about the same activity towards propane but
n enhanced selectivity towards propylene. This is due to the better
ispersion of vanadium centres induced by the formation of metal
hosphates of the support, leading to more selective active centres.

. Conclusions

The study of the oxidative dehydrogenation of propane has
een conducted over vanadyl orthophosphate based catalysts sup-
orted onto TiO2, �-Al2O3, ZrO2, SiO2, MgO and SnO2. According
o XRD, BET and XPS measurements, the best performing catalysts,
upported on TiO2, ZrO2 and �-Al2O3, have a good active phase dis-
ersion and a strong interaction between phosphate and substrate,
videnced by low reduction in the surface area upon VOP deposition
nd the formation of a well dispersed superficial vanadium oxide
ayer in addition to vanadium phosphate. On the contrary, VOP seg-
egation is correlated to a low activity and to the formation of CO2
s the main product. H2-TPR and XPS measurements allowed us to
orrelate the catalytic activity to the enhanced vanadium reducibil-
ty, suggesting that an easier reducibility of the active phase is
undamental for high propylene production.
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