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Abstract

The catalytic properties of the V2O5/ZrO2 system for the oxidative dehydrogenation of propane were studied. Catalysts with dif
chemical compositions (i.e., vanadium oxide loadings) were prepared, with activation done by calcination at two temperature levels
were characterized by nitrogen adsorption, temperature-programmed reduction, and Raman and photoelectron spectroscopic te
was found that calcination temperature level strongly affects the structure of ZrO2 (tetragonal zirconia predominates at 500◦C while the
transformation to a monoclinic phase occurs at 650◦C). The calcination temperature also affects the nature of vanadium oxide spec
the surface of ZrO2. After calcination at 500◦C surface vanadium oxide species are formed at low vanadium loadings, but crystalline2O5
structures appear at the higher ones. Calcination at 650◦C leads to the formation of ZrV2O7, mainly at high vanadium loadings. The resu
of propane oxidative dehydrogenation show that surface-isolated vanadium oxide species are more selective to C3H6. On the other hand
it was found that the catalysts suffer a slow deactivation during reaction due to ZrV2O7 formation. This transformation decreases the activ
but the activity-selectivity profile is not affected.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The widespread use of alkenes as raw materials for
petrochemical industry makes their intrinsic value cons
erably higher than those of the corresponding alkanes f
which they can be produced by dehydrogenationat high t
peratures (> 600◦C). High-temperature processes have s
eral disadvantages including formation of undesirable cra
ing products, and high catalyst deactivation rates by cokin
leading to frequent catalyst regeneration, and it is energy in
tensive due to the endothermic nature of dehydrogena
For this reason, the use of oxidative dehydrogenation a
alternative route to produce olefins is receiving increasing
tention nowadays. The presence of oxygen would produ
net exothermicity due to the coupling of strongly exotherm
hydrogen oxidation, bringing additionally the benefits of re
duced coke formation. The main drawbacks of this catalyti
approach to convert alkanes to alkenes are that the activatio
of alkane molecules is difficult and frequently unspecific
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alkene yields are poor due to the formation of undesira
oxidation by-products (COx ), which are thermodynamicall
more stable.

Several catalyst types have been studied for oxida
dehydrogenation of propane; among them, supported v
dium has received considerable attention [1–8]. Many
potheses have been proposed about the nature of the
sites involved in alkane oxidative dehydrogenation. Reg
ing the oxidation state of vanadium oxide, some auth
[9–11] proposed that tetrahedral VV species are active fo
dehydrogenation, but other authors [12–14] link their ac
ity to the VV/VIV redox pair. In situ UV–vis and Raman r
action studies of supported vanadium oxide catalysts for
selective oxidation of light paraffins (ethane, propane,
tane) show that during such redox cycles, surface vanad
oxide species are essentially present as VV, with a very mod-
erate extent of reduction [15–17]. Changes in the oxida
states of vanadium oxide species during propane oxida
dehydrogenation reaction were also reported [7,8,18]. Th
changes were explained using a Mars–Van Krevelen re
mechanism involving lattice oxygen atoms [1,5]. It has b
also reported that the higher selectivity exhibited by Mg
rovanadate is due to its ability to stabilize VIV associated
with oxygen vacancies [19]. It is well known that tetrah
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dral vanadium species are the active ones but there e
some controversy about the influence of its chemical e
ronment. Some authors have linked olefin selectivity to
presence of isolated VO4 tetrahedra [20,21], but evidenc
has also been found about the pyrovanadate species (V2O7)
as the important ones [12,22]. Khodakov et al. [2] sugg
that monovanadates structures are significantly less a
than polyvanadates. It has been also demonstrated that a
tive centers are V–O–support regarding the strong influe
of the support on both activity and selectivity [15,23–2
While V=O species have been found responsible for d
oxidation leading to COx [27], this functionality is not criti-
cal for the selective oxidation of paraffins to olefins on s
ported oxides [15,16,24–26,28–31].

In this paper we report on the roles of vanadium ox
loading and activation temperature in the zirconia-suppo
VOx system as catalyst for the oxidative dehydrogenatio
propane.

2. Experimental

As support, Zr(OH)4 stabilized with 3.5% SiO2 (MEL
Chemical) was calcined at 650◦C under air atmosphere
obtain ZrO2.

V/ZrO2 catalysts were prepared in a rotatory eva
rator (Büchi 461). The support (ZrO2), aqueous HNO3
(pH 2), and the required amount of NH4VO3 were processe
at 80◦C under vacuum (0.7 atm) until dryness. The
tained powder was then further dried in an oven at 120◦C
overnight. Samples were finally calcined under air at
or 650◦C for 4 h. Catalysts were prepared to obtain 0
0.5, 1, and 2 vanadium monolayers and were denomin
0.2 V/ZrO2, 0.5 V/ZrO2, etc. A suffix indicates the calc
nation temperature of the catalyst (−500 or−650◦C). The
monolayer content was calculated by considering the sur
density of vanadium oxide coverage of 9 vanadium ato
per square nanometer of the original surface area of ZrO2.

ZrV2O7 was prepared by mixing of aqueous NH4VO3
and the required amount of Zr(OH)4 for a V/Zr atomic ratio
of 2. Excess water was eliminated using a rotatory eva
rator under the same conditionspreviously noted. Powde
samples were dried at 120◦C overnight and then calcine
24 h at 700◦C.

For temperature-programmed reduction, a Micromer
TPR/TPD 2000 equipment with a thermal-conductivity
tector was used. The reducing media was H2 (5%) in Ar at
50 cm3/min. Temperature was linearly raised at 10◦C/min.
Samples were previously heated at 150◦C under He for 1 h
to eliminate residual moisture.

BET area was determined by N2 adsorption at−196◦C
(BET method). Adsorption isotherms were obtained us
Micromeritics ASAP 2000 equipment. Samples were pr
ously degassed at 140◦C for 2 h.

Raman spectra were obtained in a equipment capab
of operation at different temperatures under controlled
smosphere with a Renishaw System 1000 apparatus equ
with a single monochromator, a CCD detector cooled
−73◦C, and a holographic super-Notch filter. The filter
jects the elastic scattering so that the Raman signal rem
higher than when triple monochromator spectrometers
used. The samples were excited with a 514 nm Ar la
Spectral resolution was ca. 3 cm−1 and spectrum acquis
tion consisted of ten 30-s accumulations. The spectra w
obtained under dehydrated conditions (120◦C) in a hot stage
plate (Linkam TS-1500) in a flow of dry air. Hydrated sa
ples were obtained at room temperature during exposu
a stream of humid synthetic air.

X-ray photoelectron spectra were recorded with a
Escalab 200R electron spectrometer equipped with a h
spherical electron analyzer, using an Mg-Kα (hν = 1253.6
eV) X-ray source. The energy regions of V 2p–O 1s, Zr
and C 1s levels were scanned at a pass energy of 20 eV
signal-averaged for 90 scans. These conditions are app
ate for obtaining good signal-to-noise ratios. A PDP 11
computer (Digital) was used to record and analyze the spe
tra. Calculating the integralof each peak after subtraction
an S-shaped background and fitting the experimental c
to a combination of Gaussian and Lorentzian lines estimate
peak intensities. The C1s peak (contamination) at a bin
energy (BE) of 284.9 eV was taken as an internal stan
for BE measurements.

Propane oxidative dehydrogenation runs were done
ing a quartz reactor with 50 mgcatalyst samples. Reactin
mixture was propane/oxygen/helium molar ratio of 1/2/4
at atmospheric pressure. Flow was kept at 30 cm3/min and
reaction temperature was varied in the range 340–640◦C.
Products were analyzed using a gas chromatograph
TCD.

Experimental data of propane conversion at different t
perature levels were used in order to obtain the activa
energy assuming first-order reaction and a plug-flow rea
model (unidimensional):

(1)W/FA =
∫

dX

rA
.

Catalytic reaction was supposed to proceed under net ki
control; i.e., that no diffusional effects restricted the m
transfer inside the catalyst pores or the gas film surroun
the catalyst pellets. This hypothesis was checked by ev
ating the Weisz–Prater criterion and Damköhler number
the maximum values of observed reaction rates.

3. Results and discussion

In some previous works [32,33] we have reported res
on characterization of V/ZrO2 catalysts calcined at 650◦C
using BET, XRD, and Raman techniques. It was found
ZrO2 had a tetragonal structure after calcining at 650◦C. It
was also found that the presence of dispersed vanadium
ide species on ZrO2 affects the structure of zirconia and t
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BET area after calcination. As vanadium coverage increase
the transition from the tetragonal to monoclinic polymor
is more extensive. At high vanadium coverage, the BET a
decreases remarkably. Vanadium coverage also promotes th
formation of ZrV2O7, which appears to originate from th
intimate contact between dispersed vanadium oxide spe
and the zirconia support. It was also reported that sur
vanadium oxide species are formed at low vanadium con
and V2O5 forms at high vanadium oxide loading. ZrV2O7
forms more easily from surface vanadium oxide species
from crystalline V2O5 [32].

Fig. 1 shows the influence of vanadium monolayer cov
age on the specific surface area of the catalysts after
cination at 500 and 650◦C. The support alone, calcine
at 650◦C, has a surface area of 86 m2/g. The reference
ZrV2O7 has a very low surface area (< 1 m2/g). BET area
values decrease with vanadium oxide loading for both se
Catalysts calcined at 650◦C possess surface area values s
stantially lower at any vanadium loading level than the o
calcined at 500◦C. For the former catalysts a sharp decre
in surface area with V loading up to monolayer coverage
be observed, this decreasing being less steep at higher
dium contents. In the case of catalysts calcined at 500◦C a
linear, less intense decrease of surface area with vana
loading was observed. The linear decrease in the BET
of samples calcined at 500◦C is attributed to a progressiv
blocking over the narrows pores of the support by the sur
vanadium oxide species. A previous XRD study excludes
development of large ZrO2 crystals as a cause for the d
crease in the area of this series; however, the decrease

Fig. 1. BET specific area as a function of the number of vanadium m
layers. Catalysts calcined at 650◦C (�) and 500◦C (©).
-

e

BET area of the samples calcined at 650◦C is basically re-
lated to the crystallization of the support substrate [32]. B
the presence of vanadium oxide species on ZrO2 and the zir-
conia crystal growth at high temperature affect the BET a
values.

Raman spectra for catalysts calcined at 500◦C are shown
in Fig. 2. It can be seen that the presence of 0.2 va
dium monolayers induces a phase change to monoc
(Raman bands at 187, 383, and 477 cm−1 [34]). A hydration-
sensitive Raman band at 1010 cm−1 of the V=O stretching
mode of surface vanadium oxide species is observed.
increasing presence of vanadium oxide strongly diminis
the intensity of the ZrO2 Raman bands. 0.5 V/ZrO2-500◦C
exhibits no Raman bands of ZrO2, but possesses a broa
Raman band near 900–1010 cm−1 along with broad Ra
man features near 280, 300, 410, 530, and 700 cm−1, which
sharpen with vanadia monolayer coverage. The new Ra
bands are those of crystalline V2O5 (990, 701, 528, 407
303, 283, and 141 cm−1). 1 V/ZrO2-500◦C still exhibits the
Raman band at 1010 cm−1, so some surface vanadium o
ide species coexist; but this species is no longer observ
2 V/ZrO2-500◦C.

The BE values of the V 2p3/2 peak and the relative XP
V/Zr atomic ratios are summarized in Table 1 for the c
alysts calcined at 650 and 500◦C. The V 2p3/2 core-level
spectra for V/ZrO2 catalysts were satisfactorily fitted to tw
components: the peaks at higher BE of 517.6–517.7
and at lower BE (516.6–516.8 eV) are assigned to VV and
VIV species, respectively [35]. The relative abundance
VIV /Vtotal was also calculated from the fitting of the expe

Fig. 2. Raman spectra of dehydrated V/ZrO2 calcined at 500◦C. Numbers
in parentheses indicate the number of vanadium monolayers.
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Table 1
Surface atomic ratios as obtained by XPS

650◦C 500◦C

Monolayers V/Zr bulk V/Zr surface VIV /Vtotal V/Zr surface VIV /Vtotal

0.2 0.033 0.127 0.36 0.082 0.33
0.5 0.082 0.250 0.32 0.209 0.33
1.0 0.135 0.257 0.23 0.279 0.22
2.0 0.270 0.355 0.22 0.512 0.00
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mental peaks. These values are also summarized in Ta
For the catalysts calcined at 650◦C, the proportion of VIV

ions decreases upon increasing the vanadium content i
catalysts (from 0.36 in 0.2 V/ZrO2 to 0.22 in 2.0 V/ZrO2).
This points to the stabilization of a relatively higher p
portion of VIV in samples at lower vanadium contents w
respect to that at higher vanadium loading. The same
nomenon occurs for catalysts calcined at 500◦C. It is impor-
tant to point out that 2 V/ZrO2 exhibits a single componen
at 517.5 eV, characteristic of VV species.

Surface atomic ratios were calculated from the X
peak intensity ratios, normalized by atomic sensitivity f
tors [30]. For the catalysts calcined at 650◦C, the surface
V/Zr atomic ratio sharply increases when passing from
to 0.5 monolayers. At higher coverage, it increases at a lo
rate, which indicates that there must be an aggregatio
vanadium oxide species. For the catalysts calcined at 50◦C,
it can be seen that the V/Zr surface atomic ratio contin
uously increases with vanadium oxide loading. This tr
suggests that the dispersion of vanadium oxide on zirc
support is higher for the series calcined at 500◦C.

Fig. 3 shows the TPR profiles of the V/ZrO2 catalysts
calcined at 500 and 650◦C and ZrV2O7 as reference com
pound. Supported vanadium oxide is reduced at lower t
peratures than bulk V2O5. Only one peak near 400◦C is
detected at low vanadium contents (0.2 and 0.5 mono
ers of vanadium), regardless of the calcination temperatur
This peak is not shifted to higher temperatures and can th
fore correspond to the reduction of surface vanadium o
species. Catalysts calcined at 500◦C have only one reduc
tion peak which shifts to higher temperatures with vanad
loading. The TPR profile of bulk V2O5 exhibits reduction
peaks at 655, 686, and 807◦C [27,33,36,37]. Therefore, th
shift to higher temperature values may be indicative of an
cipient formation of the V2O5 phase. Particularly noticeab
is the shift observed when vanadium loading increases
1 to 2 monolayers (ca. 95◦C) in the V/ZrO2-500◦C series.
Therefore, it may be concluded that catalyst 2 V/ZrO2 must
have V2O5 crystals in higher proportion than the cataly
with a lower vanadium content, which is consistent w
the Raman spectra. The series calcined at 650◦C presents
rather different profiles at monolayer coverage and ab
The Raman spectra indicate that the 1 V/ZrO2-650◦C pos-
sesses V2O5 and ZrV2O7. This series exhibits the ZrV2O7
phase at two monolayers of vanadia. ZrV2O7 exhibits the
reduction peaks (428, 546, and 581◦C) [32,33]. The reduc
tion peaks appearing of 2V/ZrO2-650◦C are reasonably con
.

e

-

-

Fig. 3. Temperature-programmed reduction plots of V/ZrO2 catalyst cal-
cined at 650 and 500◦C and ZrV2O7. Numbers in parentheses indicate t
number of vanadium monolayers.

sistent with the presence of ZrV2O7, which displays three
reduction peaks at lower temperatures than those of V2O5.
For the 1 V/ZrO2-650◦C catalyst, the reduction peak ne
500◦C must be assigned to the V2O5, and may also hav
a component from the first reduction peak of ZrV2O7. The
other two reduction peaks at higher temperature values
be indicative of the reduction of ZrV2O7.

The values of propane conversion as a function of re
tion temperature are shown in Fig. 4. It can be seen tha
catalysts have better activity than the support. ZrV2O7 as
prepared in this work as reference exhibited very low
tivity (1.5% conversion at 640◦C). For catalysts calcine
at 500◦C, activity increases with vanadium loading up
1 vanadium monolayer loading but then decreases at h
vanadium loading (2 V/ZrO2-500◦C catalyst). The initial in-
crease in activity with vanadium content may be associ
with the increase in concentration of surface vanadium o
species. The lower activity of 2 V/ZrO2-500◦C must be as
cribed to the presence of considerable amounts of crystallin
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Fig. 4. Conversion of propane as a function of the temperature of r
tion: (") 0.2 V monolayers, (2) 0.5 V monolayers, (1) 1.0 V monolayers,
(!) 2.0 V monolayers. Triangle is ZrO2.

V2O5 that decrease the number of surface sites. The cat
1 V/ZrO2-500◦C is the most active in the series despite
presence of V2O5 crystals. The total amount of these cryst
is low but their very high Raman section, ca. 30 times t
of surface vanadia species [38], affords a Raman spec
dominated by a V2O5 crystalline phase. However, the t
tal amount of crystalline vanadia is significantly lower th
it appears. This is consistent with the TPR profiles, wh
show a reduction temperature significantly lower than c
lyst 2 V/ZrO2-500◦C, which predominantly possesses V2O5
crystals. Thus, its reduction profile is dominated by tha
the surface vanadium oxide species.

For catalysts calcined at 650◦C, a similar behavior wa
noted, with an increase in activity with vanadium cont
for the lower vanadium loadings (0.2 and 0.5 V/ZrO2 cata-
lysts) and a considerable decrease in activity for the highe
vanadium loadings. In this case the loss of activity may
associated with ZrV2O7 formation due to the higher ca
cination temperature level (ZrV2O7 has very low catalytic
activity). The strong decrease in surface area with vanad
loading for this catalysts series must be taken into acc
as a possible concurrent cause of activity loss.

In Fig. 5, the values of propane selectivity as a fu
tion of propane conversion are presented. Catalysts calcine
at 650◦C have virtually the same selectivity level desp
its vanadium content, being the 0.2 V/ZrO2-650◦C slightly
more selective. The better selectivity profile of the 650◦C
t

Fig. 5. Selectivity to C3H6 as a function of the degree of conversion
C3H8 for catalysts calcined at 650 and 500◦C. Symbols as in Fig. 4.

despite its low activity may be due to the low reactivity
surface sites upon formation of zirconium vanadate, wh
possesses a very low activity. For the 500◦C series, a de
crease on selectivity as vanadium loading increases
noted. This behavior must be attributed to the decreas
surface vanadium oxide species population due to the p
ence of a crystalline vanadia phase. The catalysts calc
at 650◦C have the same selectivity-conversion curve reg
less of the VIV /Vtotal ratio. It changes from 0.36 to 0.22. Th
catalyst with the highest selectivity to C3H6 is 0.2 V/ZrO2-
500◦C. This catalyst has the highest amount of surface va
dium oxide species. This could be in line with the role
isolated surface vanadium oxide species as the active
as reported by Corma et al. [20] and Michalakos et al. [2

In order to study the stability of these catalysts a sec
reaction test was performed using the 0.5 V/ZrO2-650◦C
catalyst. A plot of conversion values as a function of te
perature corresponding to these two successive tests c
found in Fig. 6. After the first reaction cycle, a drop
catalytic activity is found. However, the conversion vers
C3H6 selectivity profile remains the same, suggesting
while the amount of active sites decreases, the relative
centration of different active sites remains the same. Th
consistent with the constancy of the activation energy for
catalyst before and after deactivation as seen in Fig. 7 w
the classical Arrhenius plots are presented.
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Fig. 6. (A) Conversion of propane as a function of the temperature of reac-
tion of 0.5 V/ZrO2-650◦C in successive runs. (B) Selectivity to C3H6 as a
function of the degree of conversion of C3H8 in successive runs.

Fig. 7. Activation energy of 0.5 V/ZrO2-650◦C catalyst in first and second
test reactions.

Fig. 8. Raman spectra of fresh and used 0.5 V/ZrO2-650◦C catalyst.

Fig. 8 shows the Raman spectra of the catalyst 0.5 V/Zr-
650◦C after the first and second catalytic run. The Ram
spectra show a moderate rearrangement of surface vana
oxide species toward the formation of crystalline V2O5 and
ZrV2O7. The formation of ZrV2O7 must be very incipien
as the broadness of the Raman feature at 767 cm−1 sug-
gests. The size of the V2O5 crystallites must be very sma
since the Raman section of V2O5 crystals is ca. 30 time
higher than that of surface vanadium oxide species [38].
most intense Raman bands of crystalline V2O5 at 147 and
994 cm−1 are moderately more intense than those of
face vanadia. Thus, most vanadia remains exposed, and
a minimal fraction has aggregated as V2O5 in line with the
data of Iglesia and co-workers [38]. It does appear that s
surface vanadium oxide also interacts with zirconia sup
forming ZrV2O7. V2O5 is active for propane ODH, but th
fraction of exposed vanadia sites decreases. However, th
tal amount of V2O5 appears too little to have an apprecia
effect. ZrV2O7 is not active for propane ODH; therefore,
appears that the incipient formation of ZrV2O7 must accoun
for the deactivation of V/ZrO2 catalysts. The constancy
the activation energy values and the identity of convers
selectivity profiles suggest that the decrease in activity
be due to a decrease in the number of active sites ra
than to a change in the nature of the active site. This
be indicative of the relevance of the V–O–Zr bond, wh
is present in both zirconia-supported vanadium oxide
ZrV2O7 phase.
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4. Conclusions

The calcination temperatureinfluences the nature of su
face vanadium oxide species over zirconia. At 500◦C, dis-
persed surface species are formed when low vanadium
ings are used and V2O5 bulk crystalline species are forme
at high loading. At 650◦C only a small percentage of su
face species is produced, and most vanadium is prese
the form of oxide crystals. V2O5 is the main form while a
high vanadium loading ZrV2O7 is also present.

All the different vanadium oxide species present on
catalyst have some influence over the catalytic activity,
isolated VO4 species have the highest activity and selectiv
to C3H6. The VIV /Vtotal ratio has seemingly little influenc
over the conversion level or the selectivity. The Raman sp
tra of used catalyst show little formation of ZrV2O7 during
the test reaction. These changes induce an activity dec
but the selectivity-conversion profile and the activation
ergy values remain constant. This behavior suggests tha
nature of the active sites of fresh and used catalyst mu
the same. Therefore, only the number of active sites wo
be changing. It makes sense to assume that the V–O–Zr
must be directly involved in the rate-determining step
propane ODH on V–Zr–O systems.
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