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The structure of vanadia species supported on zirconia depends
on VOy surface density and on the temperature of catalyst oxi-
dation pretreatments. X-ray diffraction and Raman and UV-visible
spectroscopies show that supported VO species form polyvanadate
domains of increasing size and ultimately monolayers and clusters
as vanadium surface density increases. Initial propene selectivities
in oxidative dehydrogenation of propane at 606 K increase with
increasing VOy surface density and reach constant values of 80%
at surface densities of about 2-3 VO,/nm?2. High selectivities to COx
products at low surface densities and on bulk ZrV,07 appear to
be associated with exposed unselective V-O—-Zr and Zr-O—Zr sites.
Propane oxidative dehydrogenation rates increase initially as the
size of polyvanadate domains increases with increasing VOy sur-
face density. Oxidative dehydrogenation rates decreases eventually
as the formation of V05 clusters at high surface densities leads
to a decrease in the fraction of VOy exposed at cluster surfaces.
The ratio of rate constants for propane oxidative dehydrogenation
and propene combustion to COy remains constant throughout the
entire range of VO, surface density (0.4-100 VO,/nm?), suggest-
ing that primary oxidative dehydrogenation steps and secondary
oxidation reactions of desired propene products require identical
polyvanadate structures.  © 1998 Academic Press

INTRODUCTION

Selective dehydrogenation of alkanes remains a formi-
dable challenge for the wider use of alkanes as feedstocks.
Thermal dehydrogenation of light alkanes to olefins is ther-
modynamically favorable at high temperatures, but often
leads to high yields of coke and smaller hydrocarbons.
Oxidative dehydrogenation (ODH) of alkanes is thermo-
dynamically favored at much lower temperatures, but it
requires a selective catalyst in order to avoid complete
oxidation to CO and CO,. A number of recent studies
have shown that catalysts based on supported vanadium
oxide show promise for ODH of C,-C, alkanes (1-17).
The activity and selectivity of such catalysts depends on the
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composition of the support, the manner in which vanadia
is dispersed and in which the catalyst is pretreated (1, 3, 4,
18, 19). Basic metal oxide supports, such as MgO, Bi;Os3,
La,O3, Sm,03, produce catalysts with higher alkene selec-
tivity than acidic oxides, such as SiO,, TiO,, Al,O3 (7, 8),
but other factors, such as the structure of the vanadia over-
layer may be important (18, 19). Efforts aimed at relating
the structure of the dispersed vanadia to its catalyst activity
and selectivity suggest that both isolated tetrahedral V°*
species and oligomeric tetrahedral \V>* species can provide
active and selective sites for alkane ODH; however, the
catalytic performance of supported vanadia catalysts also
depends on the distance between the selective sites (1, 3, 4,
10-12, 18-20).

Few previous studies of alkane ODH reactions have fo-
cused on VO, speciessupported on ZrO, (21-23). Yet, ZrO,
is an excellent support for the synthesis of highly dispersed
oxides. Zirconia can be prepared with high surface area
(>300 m?/g) and it can be maintained at relatively high val-
ues even after oxidation at high temperatures (24, 25). Also,
in contrast with more weakly interacting supports, such as
SiOy, ZrO; inhibits the sintering of supported oxides (e.g.,
WO;3 (26), MoQO3 (27)) in the presence of water at high tem-
peratures. Finally, zirconia is chemically stable, inactive in
oxidative reactions, and does not reduce at conditions of
alkane ODH reactions.

The objective of our study was to determine the relation-
ship between the structure of vanadia dispersed on zirconia
and their catalytic activity and selectivity in propane ODH.
The structures of the zirconia support and of the dispersed
vanadia were characterized by several techniques. The
surface areas of the catalysts were determined by the BET
method. X-ray diffraction (XRD), Raman spectroscopy,
and UV-Visible spectroscopy were used to characterize
the structure and electronic properties of the support and
the dispersed vanadia. The catalytic behavior of these
solids in the ODH of propane was determined using a
flow reactor equipped with on-line gas chromatographic
analysis. An important element of the work was to estab-
lish the influence of vanadium surface density, and of the
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temperature of oxidative pretreatments on catalyst activity
and selectivity.

EXPERIMENTAL

Zirconium oxyhydroxide (ZrO(OH),) was prepared
by precipitation from a zirconyl chloride solution (98%,
Aldrich, Inc.) at a pH of 10, held constant by controlling
the rate of addition of a solution of ammonium hydroxide
(29.8%, Fischer Sci., Inc.). After precipitation, the solids
were washed with mildly basic ammonia hydroxide solu-
tion (pH ~8) until the effluent showed no chloride ions by
a silver nitrate test. The resulting solids were dried in air
overnight at 393 K.

VO,/ZrO; catalysts (Table 1) were prepared by incipient
wetness impregnation of the precipitated zirconium oxyhy-
droxide with a solution of ammonium metavanadate (99%,
Aldrich, Inc.) (28). This solution was prepared by mix-
ing ammonium metavanadate with oxalic acid (Mallinck-
rodt, analytical grade). The mixture (NH4,VOs/oxalic acid =
1/2 molar) was heated and stirred until clear before impreg-
nating the support. Vanadium concentrations in solution
were varied in order to ensure the desired VOx concen-
trations in the catalyst. After impregnation, samples were
dried overnight in air at 393 K and treated in dry air at 673,
773, or 873 K for 3 h.

Bulk V,0s5 was prepared by decomposing ammonium
metavanadate in air at 773 K for 3 h. Zirconium vanadate
ZrV,07 (21) was prepared by heating a stoichiometric mix-
ture of V,05and ZrO; inair at 923 K for 120 h, during which
the sample was removed from the furnace and ground three
times. The sample temperature was then raised to 983 K for

TABLE 1
Synthesis Procedure and Surface Areas of VO,/ZrO, Samples

Preparation Wit% Sget after drying at
Sample procedure V,0s5 393 K (m?/g)
ZrO, ZrOCly, precipitation 0 330
atpH=10
2VO,/ZrO,  Impregnation of ZrO(OH), 2 340
5VO/ZrO, Impregnation of ZrO(OH), 5 285
10VO,/ZrO, Impregnation of ZrO(OH), 10 220
15V0O,/ZrO, Impregnation of ZrO(OH), 15 180
30VO,/ZrO, Impregnation of ZrO(OH); 30 180
with NH;VO3
ZrV,07 Solid state reaction of V,0s 60 <1
and ZrO,
V,05 Thermal decomposition of 100 3

NH,VO; (773 K)
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48 h, during which time the sample was removed once for
grinding.

Surface areas were measured in a N physisorption appa-
ratus equipped with a thermal conductivity detector using
the single-point BET method. Before measurements, sam-
ples pretreated above 673 K were dehydrated in He at 473 K
for 1 h; the samples dried at 393 K were dehydrated in He
at 393 K for 2 h in order to prevent structural changes at
higher air pretreatment temperatures.

Powder XRD measurements were carried out at room
temperature using Cu (K,) radiation and a Siemens diffrac-
tometer. A small amount of catalyst was mixed with vase-
line and spread out smoothly on a thin glass plate placed
into the diffractometer.

Raman spectra were recorded using the apparatus de-
scribed in reference (29). Samples (0.1 g) were pressed
at 70 MPa pressure into 13-mm diameter wafers of 1-mm
thickness. This wafer was mounted in a quartz cell. The cell
can be heated to 873 K and gases can be introduced for
in situ measurements of catalyst samples. Raman spectra
were recorded in the 250 to 1300 cm~! range using the
514.5 nm argon ion laser line.

Diffuse reflectance UV-Vis spectra were recorded on a
Varian-Cary 4 spectrophotometer equipped with a Harrick
diffuse-reflectance attachment. MgO was used as a refer-
ence. Reflectance measurements were converted to absorp-
tion spectra using the Kubelka—Munk function (30). The
sample cell was equipped with a heater unit, a water cool-
ing system, a thermocouple and a gas circulation system.
UV-Vis spectra were measured in the range of 1.5-6.0 eV
at room temperature under ambient conditions.

Selectivity and rate measurements were carried out in
a fixed-bed quartz reactor using 0.015-0.3 g of catalyst.
Quartz powder (0.5 g) was added in order to prevent tem-
perature gradients. The feed consisted of propane and oxy-
gen at 14.03 and 1.74 kPa, respectively with He as a diluent.
On-line analysis of reactants and products was performed
using a Hewlett-Packard 5880 gas chromatograph equipped
with a Carboxen column. Only C3Hg, H,0O, CO, and CO,
were detected as reaction products.

CsHg and O, conversions were varied by changing the
feed flow rate between 30 and 340 cm®/min. Typical propane
conversions were less than 1% and oxygen conversions
were below 20%. Reaction rates and selectivities were ex-
trapolated to zero oxygen conversion in order to deter-
mine the relative rates of primary dehydrogenation and
oxidation reactions. Oxidative dehydrogenation rates and
selectivities were also measured on two bulk vanadium
compounds: V,0s5 and ZrV,0y7. Larger amounts of V,05
and ZrV,0; amounts were loaded into reactor in order
to achieve conversion levels similar to those obtained on
VO,/ZrO, catalysts. Blank experiments using pure ZrO, or
an empty reactor showed that reaction rates were negligible
in the absence of VO, species.
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FIG. 1. Surface areas (a) and apparent VO surface densities (b) of

VO,/ZrO, catalysts calcined at different temperatures.

RESULTS

Catalyst Characterization

Catalyst surface areas and VO surface densities after cal-
cination at various temperatures are shown in Figs. 1a and
b. For both pure ZrO; and VO,/ZrO; the surfaces areas de-
crease with increasing calcination temperature. VO, species
inhibited sintering during oxidation at 673 and 773 K for
V,0s5 loadings below 10 wt% , but the opposite effect was
observed at higher loadings. When calcination is carried out
at 873 K, vanadia addition causes a progressive decrease in
surface area with increasing loading.

The effects of vanadia loading and calcination temper-
ature on the apparent surface density of VOy species are
presented in Fig. 1b. Horizontal lines are shown for the VO
densities at monolayer coverages, assuming that the mono-
layers consist of either monovanadate or polyvanadate
species; vanadium surface densities are 2.3 VO,/nm? for
a monovanadate monolayer and 7.5 VO,/nm? for a poly-
vanadate monolayer (18). At each vanadia concentration,
the VO, surface density increases with calcination temper-
ature, because of a decrease in the ZrO, surface area. XRD
patterns of samples calcined at 673 K are shown in Fig. 2a.
After calcination at 673 K, samples with high vanadium
contents (=5 wt% as V,0s) show no diffraction peaks.
Tetragonal ZrO, phases are detected in samples with lower
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V,0s5 loadings. Oxidation temperatures above 673 K lead
to ZrO; crystallization. XRD patterns of samples calcined
at 773 and 873 K are shown in Figs. 2b and 2c. After oxida-
tion at 773 K, tetragonal and monoclinic phases of zirconia
were detected. The relative abundance of the two phases in
samples treated at 773 K depends on the vanadium content.
At higher V,0s5 contents (=5 wt% as V,0s), tetragonal
ZrO, is the predominant structure. The relative amounts
of tetragonal and monoclinic ZrO, for samples treated
at 773 K were calculated using an empirical correlation
proposed in (31) and shown for samples treated at 773 K

800

700 -
600
500
400
300}

Intensity, arb.units

200+
100 -

10 20 30 40 50 60 70

1200

Tetragonal ZlfJ2 b

Monodiinic ZrO2
M
5

1000
800 -

600

400 -

Intensity, arb.units
F
g
g.
N
%

200

10 20 30 40 50 60 70

2 Theta
800
c
o er207v o, iT ;I;Zr::ic
600 LI
i /[\l 6
= 500
El ) A 5
Lol 400} \..J\/\AJ'\«M‘.
@©
= M
£ 3001
S )\ R 3
=l Ao
100} A "‘M«—%
ok WW
10 20 30 40 50 60 70
2 Theta
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FIG.3. Volume fraction of monoclinic ZrO, in VO./ZrO; catalysts
calcined at 773 K.

in Fig. 3. Calcination at 873 K leads to higher conversions
of ZrO, to the monoclinic phase and to the appearance
of zirconium vanadate (ZrV,07). The concentration of
zirconium vanadate increases with increasing vanadium
content. V,Os structures are detected by XRD in samples
with vanadia contents above 10 wt% and calcined at 873 K.

Raman spectra of 2VO,/ZrO, and 10VO,/ZrO, are
shown in Figs. 4a and 4b, respectively. After calcination at
673 K, the only features seen in the spectrum of 2VO,/ZrO,
are weak bands for monoclinic ZrO, located at 380, 490,
and 640 cm~! (32). Calcination of this sample at 873 K led
to the appearance of a broad feature centered at 860 cm™!
and a peak at 1025 cm~!. The bands associated with
ZrO, disappeared. The band at 860 cm~! was observed
previously in samples of VO,/Al,O3; (33, 34) and was
assigned to V-O-V vibrations in polyvanadate structures.
The band at 1025 cm~! is attributed to V=0 vibrations.

For 10VO,/ZrO,, the 860 cm~! feature appears after
treatment at much lower temperature (673 K) than for the
2VO,/ZrO, sample (873 K). Calcination of the 10VO,/ZrO,
sample at 773 K increases the intensity of this band; how-
ever, raising the calcination temperature to 873 K causes
the disappearance of the band at 860 cm~?, and the appear-
ance, instead of a sharp band at 780 cm™, together with
weaker features, at 500, 530, 640, and 990 cm~2, due to bulk
V,0s. The band at 780 cm~! has been observed previously
in the spectra of ZrV,07 (21), and the remaining bands are
characteristic of bulk V,0s.

Diffuse reflectance UV-Vis spectra of VO,/ZrO, samples
pretreated at 673 K are shown in Fig. 5. The bands observed
in the range of 2-4 eV arise from low-energy O?~ to V°*
charge-transfer (35-38). For VV** species, such transitions
occur at higher energies (4.5-5 eV). The energy of an
electronic transition can be characterized by the position
of the energy of maximum absorption, but charge transfer
bands are usually broad. Therefore, it is more useful to
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characterize the charge-transfer transition by the energy at
the absorption edge, which we define as the first inflection
point in the Kubelka—Munk function.

Absorption edge energies for the VO,/ZrO, samples are
shown in Fig. 6. For samples calcined at 673 and 773 K,
the absorption edge energy decreases monotonically with
increasing VO surface density. At a given surface density,
the edge energy is lower after calcination at 773 K than
after calcination at 673 K. When calcination is carried out
at 873 K, the absorption edge energy first decreases with
increasing VOy surface density and then reaches a broad
minimum.

Recent studies have shown that the energy of charge
transfer transition can detect changes in domain size in
semiconductors and solids. Higher energy of charge transfer
transition are observed as the domain size of semiconduc-
tors decreases (39-46). The observed changes in the absorp-
tion edge energy as VOy density increases are consistent
with an increase in the size of the vanadia domains. Table 2
shows that as the number of vanadia polyhedrons in the
first coordination shell of a VV atom increases, the absorp-

TABLE 2
UV-Vis Absorption Edge Energies in Reference Compounds

Number of vanadium

Absorption polyhedrons in the
edge energy first coordination
(eV) shell
V,05 2.36 5
(NH4)3H3V10O2 2.50 4.8
NH4VO; 3.38 2
OVI[OSi(OtBu)3l4 4.6 0
VO] ) 4.33 (47) 0
ZrO; 4.99 (48) —

Note. The number of next vanadium neighbors is defined as the average
number of vanadium atoms located at the distances smaller than 4 A from
a 'V atom.

347

tion edge energy decreases monotonically. It is also noted
that the adsorption energy edge for VO species lies in the
range of 2-4, eV, well removed from the absorption energy
edge of ZrO; (4.99 eV) (48).

Figures 7 and 8 show C3Hg, CO, and CO; selectivities and
O, conversion as functions of residence time on 2VO,/ZrO,
and 10VO,/ZrO, calcined at 673 and 873 K. Selectivity to
propene is higher when 2VO,/ZrO; is calcined at 873 K
instead of 673 K. At higher vanadium contents, however,
propene selectivity is less sensitive to calcination tempera-
ture (Fig. 8). The selectivity to propene increases and the
selectivities to CO and CO, decrease as contact time de-
creases, extrapolation to zero residence time gives the se-
lectivity of primary reactions.

The selectivities to CsHg and COy and the propane con-
version rates at zero residence time are shown in Figs. 9
and 10, respectively, as functions of VO surface density.
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Figure 9 shows that for VO, densities below 2-3 V/nm? the
selectivity to CsHg increases with increasing surface den-
sity. Above 3 V/nm?, the selectivity to CsHg is about 80%,
and it does not depend on vanadium surface density. Pure
V05 also exhibits an intrinsic selectivity to C3Hg of about
80%, but the corresponding value for ZrV,07 is zero. The
data in Fig. 10 show that the rate of propane conversion
at each calcination temperature is nearly constant for VO
surface densities between 1 and 3 V/nm?, but then decreases
at higher surface densities. At a given VO surface density,
the rate of propane consumption per V atom increases with
increasing calcination temperature.

DISCUSSION

The presence of VO, on ZrO; inhibits the transformation
of amorphous ZrO; to tetragonal ZrO; and the transforma-
tion of tetragonal to monoclinic ZrO,. These effects of VO
are evident from the XRD data shown in Fig. 2. For calcina-
tion temperatures of 673 and 773 K, VOy also inhibits ZrO,
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sintering. However, at high VO, loadings and particularly
after calcination at 873 K, the presence of VOy causes a
loss in surface area, possibly via the progressive formation
of ZrV,04.

The structure of VO dispersed on ZrO, depends on both
the surface density of VOy and the calcination temperature.
For surface densities below 2.5 VO,/nm?, there is insuffi-
cient amount of vanadia on the zirconia surface to form
a monolayer. Calcination at 673 K produces an overlayer
exhibiting a UV-Vis absorption edge at higher energies
that is characteristic of isolated vanadia units (Fig. 6).
Consistent with this interpretation, there is no evidence for
a band at 860 cm~* in the Raman spectra associated with
V-0~V vibrations (see Fig. 4). Calcination of VO,/ZrO,
samples containing less than 2.5 VO,/nm? at 773 and 873 K
decreases the UV-Vis absorption edge energy and leads to
the appearance of a band at 860 cm™! in the Raman spec-
trum. Both changes are indicative of the formation of small
polyvanadate domains. Raising the VOy surface density
from 2.5 VO,/nm? to 7 VO,/nm? ensures the presence of a
sufficient number of VOy units to fully cover the support
surface. Consistent with this, the adsorption edge energy
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FIG. 10. Dependence of propane conversion rate on VVOysurface den-
sity and catalyst calcination temperature.



VANADIUM OXIDE-ZIRCONIA CATALYSTS

in the UV-Vis spectrum decreases for a given calcination
temperature and a well-defined Raman band is observed
at 860 cm~l. For VO, surface densities greater than
7VO,/nm?, there is no additional decrease in the position
of the UV-Vis absorption edge energy and Raman bands
now appear for V,0s and ZrV;,05. The latter compound is
evidenced by peaks at 17.30, 22.36, and 24.63° in the XRD
pattern and a band at 780 cm~! in the Raman spectrum.
While bulk V,05 was not detected by Raman spectroscopy
below an apparent surface density of >7 VO,/nm?, this
does not preclude the presence of very small particles of
V.05 at lower surface densities. As noted in Fig. 9, the
propene selectivity on VO,/ZrO, depends only on the VO
surface density and not on the calcination temperature. At
a surface density of 1VO,/nm?, the propene selectivity is
35%, but it increases to a constant value of 80% for surface
densities above 2-3 VO,/nm?. This latter surface density
is within the range expected for monovanadate monolayer
coverage of the support. While Fig. 6 shows that the
UV-Vis absorption edge energy continues to decrease with
increasing calcination temperature and surface density, this
seems to have no effect on the propene selectivity. For VOy
surface densities above 10VO,/nm?, the amount of VO,
exceeds that required for a monolayer, but the propene
selectivity remains at 80%. The behavior of the propene
selectivity with VO coverage seen in Fig. 9 suggests that
high selectivity may require complete coverage of the
ZrO; surface by a mixture of vanadate oligomers. It is
noted, though, that when the VO surface density exceeds
10 VO,/nm?, calcination at temperatures above 773 K can
lead to the formation of ZrV,05. This compound exhibits
a zero selectivity to propene; therefore its formation
can lead to a decrease in propene selectivity. This may
explain why the two data points shown by open symbols in
Fig. 9 lie below the curve describing the rest of the data.
Selectivity and activity data on VO,/ZrO; catalysts can
be treated in a more rigorous manner. The oxidative dehy-
drogenation of propane on VO,/ZrO, catalysts appears to
occur viaacombination of parallel and sequential oxidation

reactions (1, 3, 4):
kg CsHs
C3H8 < lk?:
ko

COy

Atlow propane and oxygen conversions, the concentrations
of propane and oxygen are essentially independent of resi-
dence time. Thus, assuming first-order Kinetics for propane
ODH and for combustion of propane and propene, the rates
of these reactions can be expressed as follows

r1 = ki[CsHg][O2]" = ki [C3Hs] [1]
r, = ko[C3Hg][O2]™ = K5[CsHg] [2]
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r3 = ks[CsHs][O2]' = K;[CaHe], [3]

where r, is the rate of reaction i per V atom, [X] is the
molar concentration of X and k; is the pseudo-first order
rate coefficient for reaction i.

The rate of propane consumption in a volume element
dV of the reactor is given by

Q d[CeHe]

CV av =r+r,= (kﬁ/l. + k/z)[CSHS]v [4]

where Q is the volumetric flow rate of gas and Cy is the
concentration of V atoms per unit volume of reactor. In a
similar manner the rate of propene formation is given by

Q d[CsHe] _

c, dv r1—rs = kj[CsHag] — k3[CsHe],  [5]

where Q is the gas flow rate and Cy is concentration of
V atoms per unit volume of the reactor. Taking [CsHg] =
[CsHg]o and [C3Hg] =0 for V =0 and solving Egs. [4] and
[5], one obtains

[C3Hg] = [CsHslo exp(—(k; +k5)C,7) [6]

CsHg] = [CaHglom————
[CsHe] = [Cs 8]0kg—(k/l+k§)
x (exp(—(k; +k5)Cy 1) — exp(—ksCv 1)), [7]

where T = V/Q is the space time.
The propene selectivity is now defined as

[C3He]

oHe = [CsHglo — [C3Hg]

(8]

Since the experiments reported here were carried for small
conversions of C3Hg, &, iS given to good approximation

by

[CsHe]
(ki + K)[CsHgloCv T’
Substitution of Eq. [7] into Eq. [9] and allowing all expo-
nential terms to be linear for small values of 7 gives

(k; + k; +k5)Cyt
S:SHG = $3H6 <1 - ! £ 2 : )’

SiH, = [9]

[10]

where $3H6 =k;/(k; + k3) is the propene selectivity as t
goes to zero.
If k5 > (k| +k5), as will be shown below, then

&3Ha = $3He (l - ké;:\/ T)' [11]

The ratio of k; /k; can then be determined from S, 1, mea-
sured at zero oxygen conversion, and the value of k; from a
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plot of S, versus reciprocal gas flow rate (Q~! = 7 /V).
The value of k; can be determined from the rate of propene
formation at zero oxygen conversion (r — 0). Figure 11
shows plots of k; /k; and kj3/k] as functions of VO surface
density. The dependence of k; /k; on VO surface density is
very similar to the dependence of propene selectivity seen
in Fig. 9 and shows a maximum value of approximately 4
for vanadium surface density, higher than 2-3 VO,/nm?. In
contrast the value of k;/K] is nearly constant at 22, inde-
pendent of the VO surface density. The constancy of kj/k}
suggests that some sites responsible for propane ODH are
involved in the combustion of propene.

The effects of VO, surface density and calcination tem-
perature on the overall rate of propane conversion per V

KHODAKOV ET AL.

atom (Fig. 10) can be also attributed to the structure of
the VO, overlayer. For coverages below about 2 VO,/nm?,
the specific activity is nearly constant, but then decreases
monotonically when the VOy surface density is increased
above thislevel. Itis also evident that at a given VOy surface
density, the specific activity increases with increasing calci-
nation temperature. These trends can be explained in the
following manner. Up to 2-3 VO,/nm? all of the V atoms
are present at the surface of the ZrO, either as isolated
vanadyl groups or as polyvanadate species. As discussed
earlier, the proportion of polyvanadate species increases
with increasing calcination temperature for a given VO
surface density, as evidenced by the decrease in the UV-Vis
absorption edge energy. The observed increase in the rate
of C3Hg conversion rate per V with calcination temperature
suggests, therefore, that the oxygen in polyvanadate species
is more active than that in isolated vanadyl species. The de-
crease in specific activity seen above 3-4 VO,/nm?in Fig. 10
is attributed to the formation of multilayers of vanadia, in
which not all of the V atoms are exposed to the reactants.
Based on these considerations, it is evident that high activ-
ity and propene selectivity require V-O-V species in large
polyvanadate domains residing on the surface of the ZrO,
support.

CONCLUSIONS

The structure of vanadia dispersed on zirconia is strongly
dependent on the surface density of vanadia and the tem-
perature at which the deposited vanadia has been calcined.
Small vanadia clusters, possibly monomeric VO species are
found in the samples with vanadia loadings lower than that
corresponding to a polyvanadate monolayer. Both higher
calcination temperatures and higher vanadium contents
lead to polyvanadate monolayers. Higher calcination tem-
peratures (873 K) also lead to chemical interaction between
VO species and zirconia and to a formation of zirconium
vanadate. Very low concentrations of bulk V,0s5 phase are
found in the catalysts with high VO surface density cal-
cined at higher temperatures (873 K).

Analysis of catalytic and spectroscopic data suggests that
polyvanadates species highly dispersed on zirconia are ac-
tive sites in propane oxidative dehydrogenation. The high-
est specific activity is observed for a surface density of
3-4VO,/nm? for VO,/ZrO, calcined at 873 K. The propene
selectivity on this catalyst is 80%. At higher VO surface
densities the specific activity declines monotonically, but
the propene selectivity remains constant.
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