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The selective oxidation of propylene to acrolein was investigated over well-defined supported vanadium
oxide catalysts as a function of the oxide support (Al2O3, SiO2, Nb2O5, TiO2 and ZrO2) and surface
vanadia coverage in the sub-monolayer region (<8 V atoms/nm2). The supported vanadia catalysts
were synthesized by incipient wetness impregnation of vanadium isopropoxide/isopropanol solutions
and subsequently dried and calcined at elevated temperatures to form the surface vanadia species.
The molecular structures and oxidation states of the supported vanadia catalysts were examined with
in situ UV–vis and Raman spectroscopy in different environments (oxidizing, reducing and during
propylene oxidation reaction). The supported vanadia phase is found to be present as surface VO4 species
in the sub-monolayer region and becomes partially reduced during the propylene oxidation reaction
environment. The propylene oxidation to acrolein TOF increases with surface vanadia coverage because
two surface VO4 sites are involved in the rate-determining-step for acrolein formation. At monolayer
surface vanadia coverage, the acrolein TOF varies by a factor of ∼102 as a function of the specific
oxide support: V2O5/ZrO2 ∼ V2O5/TiO2 > V2O5/Nb2O5 > V2O5/Al2O3 > V2O5/SiO2. This reactivity trend
inversely varies with the electronegativity of the oxide support cation, which controls the electron density
on the bridging V–O–support bond and the availability of the bridging oxygen atom for redox reactions.
This suggests that bridging V–O–support bond is the catalytic active site for the selective oxidation of
propylene to acrolein.

 2008 Elsevier Inc. All rights reserved.

1. Introduction

The selective oxidation of propylene over bulk Bi–Mo–O mixed
metal oxides to acrolein (CH2=CHCHO) and acrylic acid (CH2=
CHCOOH), chemical intermediates for the preparation of synthetic
fibers and other valuable products, was initially developed dur-
ing the 1960s [1–3]. There is now intense interest in developing
similar catalytic technologies for acrolein and acrylic acid start-
ing with less expensive propane. The catalysts found to be able
to activate propane for these oxygenated products are vanadium-
containing bulk mixed metal oxides such as vanadium pyrophos-
phate ((VO)2P2O7), heteropoly acids and salts (M1−xPV1MxMo11−x-
O40, M=Co2+, Fe3+, Ga3+, Ni2+, Sb3+ or Zn2+), and multi-
component mixed oxides of Mo–V–Te–Nb (Sb)–O [4–6]. The se-
lective oxidation of propane to acrolein and acrylic acid proceeds
via the following reaction network: propane → propylene →
acrolein → acrylic acid [6]. The selective oxidation of propane
to oxygenates, thus, critically depends on the efficiency of the
propylene oxidation reaction step. The absence of systematic stud-
ies in the catalysis literature on selective propylene oxidation to
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oxygenates over vanadium-based metal oxide catalysts, especially
model supported vanadia catalysts, prevents the establishment of
molecular/electronic structure–activity/selectivity relationships for
this critical catalytic reaction step.

Only several studies have reported on propylene oxidation to
oxygenates over supported vanadia catalysts. Photo-oxidation of
propylene with UV excitation over supported V2O5/SiO2 was found
to yield aldehyde (CH3CHO, C2H5CHO, and CH2=CHCHO) as the
main reaction products [7]. Photo-excitation of propylene over
mesoporous V2O5/FSM-16 yielded over 40% propylene oxide for
short contact times and high conversion [8]. Propylene was found
to be selectively oxidized to acetone over supported V2O5/TiO2 cat-
alysts in the presence of water vapor [9]. Acetone was also the
major reaction product during propylene oxidation in the presence
of water vapor over ultra stable Y-type zeolite catalysts [10]. The
current authors recently reported that propylene is selectively ox-
idized to acrolein over supported V2O5/Nb2O5 catalysts [11]. The
different supported vanadia catalysts and reaction conditions are
most likely responsible for the various reaction products observed
during propylene oxidation.

The objective of the present investigation is to examine the
influence of the specific oxide support and surface vanadia cov-
erage on the selective oxidation of propylene to oxygenates (pri-
marily acrolein). Propylene oxidation was examined over well de-
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fined model supported vanadia catalysts (V2O5/ZrO2, V2O5/TiO2,
V2O5/Al2O3, V2O5/Nb2O5, and V2O5/SiO2) where the catalytic ac-
tive vanadia is exclusively present as two-dimensional surface
vanadia species on the high surface area oxide supports. The
molecular and electronic structures of the catalytic surface vanadia
species were determined with in situ Raman spectroscopy and UV–
vis diffuse reflectance spectroscopy (DRS), respectively. The corre-
sponding catalytic activity and selectivity were chemically probed
with the steady-state propylene oxidation reaction. The combina-
tion of the spectroscopic and catalytic performance data allows for
the establishment of molecular/electronic structure–catalytic activ-
ity/selectivity relationships for propylene oxidation by supported
vanadia catalysts.

2. Experimental

2.1. Catalyst synthesis

The supported V2O5 catalysts were prepared on Al2O3 (Engel-
hard, SBET = 203 m2/g), ZrO2 (Degussa, SBET = 39 m2/g), TiO2
(Degussa P-25, SBET = 45 m2/g), Nb2O5 (CBMM, SBET = 59 m2/g)
and SiO2 (Cabosil EH-5, SBET = 332 m2/g) by the incipient-wetness
impregnation method. The amount of the vanadium isopropoxide
(VO(O-iPr)3 precursor (Alfa-Aesar, 97% purity), corresponding to
the desired amount of vanadium oxide loading, and the 2-propanol
solvent (Fisher ACS, 99.9% pure), corresponding to incipient wet-
ness impregnation volume, were thoroughly mixed with the oxide
support in a glove box under flowing N2. After impregnation, the
samples were initially dried in flowing N2 at 120 ◦C for 1 h, fur-
ther dried at 300 ◦C for an additional 1 h, and finally calcined in
flowing air at 300 ◦C for 1 h and 450 ◦C for 2 h.

2.2. BET surface area

The BET surface area of the oxide supports was determined in
order to calculate the vanadium surface density of the supported
vanadium oxide catalysts. The BET surface area was measured by
nitrogen adsorption/desorption isotherms employing a Quantasorb
surface area analyzer (Quantachrome Corporation, Model OS-9) us-
ing a 3:7 ratio of a N2/He mixture. Typically, 0.1–0.3 g of sample
was used for the measurement and the sample was outgassed at
200 ◦C prior to N2 adsorption at −195.8 ◦C.

2.3. In situ Raman spectroscopy

The in situ Raman spectra of the supported vanadia catalysts
under dehydrated and propylene oxidation reaction conditions
were obtained with the Horiba–Jobin Yvon LabRam-High Resolu-
tion Raman spectrometer system. The single stage monochromator
system possesses a confocal microscope (Olympus BX-30), a notch
filter (532 nm) and a 900 grooves/mm grating. The scattered pho-
tons were directed and focused onto a sensitive LN2 CCD detec-
tor (JY-CCD3000). The in situ Raman spectra were collected in the
200–1800 cm−1 region with 532 nm excitation (Coherent 315, YAG
doubled diode pumped laser, 20 mW). Typically, only 5–10 mg of
the supported vanadia catalysts was placed into the in situ environ-
mental cell (Linkman TS-1500) as loose powder. The in situ Raman
spectra of the dehydrated catalysts were collected after heating the
catalyst sample to 450 ◦C for 1 h in flowing 10% O2/He (Scott Spe-
cialty Gases, O2, 99.996% purity; He, ultrahigh purity) and cooling
the sample down to room temperature.

The in situ Raman spectra during propylene oxidation at 300 ◦C
were obtained in the 200–1800 cm−1 region employing the fol-
lowing protocol. The sample was initially heated at 450 ◦C for 1 h
in a flowing 10% O2/He mixture. The background Raman spectrum
was taken after the sample was cooled to 300 ◦C. Different ratios

of the 2.96% C3H6/He (Scott Specially Gases, C3H6, 99.996% purity;
He, ultrahigh purity) and 10% O2/He corresponding to 1:6, 1:1, 3:1
and 10% O2/He were introduced into the environmental cell and
the Raman spectra at 300 ◦C were collected after reaching steady-
state (typically ∼30 min). The used catalysts were subsequently
reoxidized in the flowing O2/He mixture from 300 to 450 ◦C after
the reaction, and the Raman spectra were again recorded of the
reoxidized catalyst.

2.4. In situ UV–vis DRS

Ultraviolet–visible (UV–vis) diffuse reflectance spectroscopy
(DRS) measurements of the supported vanadia catalysts were per-
formed on a Varian Cary 5E UV–vis NIR spectrophotometer. The
in situ UV–vis DRS spectra were taken in the 200–800 nm range
with a Harrick DRS cell (HVC-DR2) under dehydrated and reac-
tion conditions at 300 ◦C. The catalyst samples were loaded as
loose powders into the environmental cell and the dehydrated
MgO UV–vis DRS at 300 ◦C was used as the baseline reference
for the supported vanadia catalysts.

The catalyst samples were initially pretreated at 400 ◦C in 10%
O2/He for 1 h and cooled to 300 ◦C to obtain the UV–vis DRS of
the dehydrated samples. Propylene oxidation with varying C3H6/O2
ratios (1:6, 1:1, 3:1 and ∞) were performed at 300 ◦C with a to-
tal flow rate of 50 cm3/min. The UV–vis DRS spectra were further
processed to obtain the Kubelka–Munk function (F (R∞)) from the
absorbance. The edge energy, Eg, for allowed transitions was de-
termined by finding the intercept of the straight line in the low
energy rise of a plot of (F (R∞)×hν)2 against hν , where hν is the
incident photon energy [12,13].

2.5. Propylene oxidation catalytic studies

The steady-state catalytic experiments were carried out in a
fixed-bed Pyrex glass tubular reactor (¼’ OD and 1 ft long) con-
nected to an online GC (Agilent 6890) equipped with a Supelco
capillary column, which was connected to a FID detector in series
with a Carboxene-1000 packed column connected to a TCD detec-
tor. A six-port valve with a 0.5 cm3 loop was used for sampling of
the gases exiting from the reactor.

The reactant gas flow rates of propylene, O2, and He were
adjusted through separate mass flow controllers (Brooks Model
5850E Series) to a total flow of 50 ml/min. The typical amount
of catalyst employed was between 10 and 30 mg. The catalytic
reaction was examined between 250 and 400 ◦C and the propy-
lene conversion was maintained below 5% to ensure differential
reaction conditions. The reactor system and the injection to the
gas chromatograph were maintained in a vented hood because of
the toxicity of the reaction products such as acrolein, acrylic acid
and CO. The catalytic activity values were converted to turnover
frequency (the number of acrolein molecules formed per V atom
per second) since the catalytic active supported vanadia phase was
100% dispersed on the oxide supports (see Raman spectroscopy
characterization in Section 3.2 below).

3. Results

3.1. BET surface area of supports and vanadia surface density on the
supports

The BET surface area of the oxide supports (ZrO2, TiO2, Nb2O5,
Al2O3 and SiO2) and supported vanadia surface density (V/nm2)
values are given in Table 1. The surface vanadia surface density
calculation assumes that the oxide support surface area is constant
since surface vanadia has only a modest effect on the surface area
of the support [14] and the supported vanadia phase is present as
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Table 1
BET values of oxide supports and vanadia surface density (V/nm2) for the supported
vanadia catalysts

Catalysts Support Support SBET
(m2/g)

Surface density
(V atoms/nm2)

1% V2O5/Al2O3 Al2O3 203 0.3
5% V2O5/Al2O3 (Engelhard) 1.7
10% V2O5/Al2O3 3.6
20% V2O5/Al2O3 8.2a

1% V2O5/ZrO2 ZrO2 39 2.0
2% V2O5/ZrO2 (Degussa) 4.0
3% V2O5/ZrO2 6.0
4% V2O5/ZrO2 8.1a

1% V2O5/TiO2 TiO2 45 1.4
2% V2O5/TiO2 (Degussa P-25) 3.0
3% V2O5/TiO2 4.5
4% V2O5/TiO2 6.1
5% V2O5/TiO2 7.7

1% V2O5/Nb2O5 Nb2O5 59 1.1
3% V2O5/Nb2O5 (Niobium Products Co.) 3.5
5% V2O5/Nb2O5 5.9
7% V2O5/Nb2O5 8.4a

1% V2O5/SiO2 SiO2 332 0.2
5% V2O5/SiO2 (Cabosil EH-5) 1.0
8% V2O5/SiO2 1.7
10% V2O5/SiO2 2.2
12% V2O5/SiO2 2.7b

a Monolayer surface vanadia coverage.
b Highest loading without formation of crystalline V2O5 NPs.

a two-dimensional overlayer (see Section 3.2 below). Below mono-
layer surface coverage, the supported vanadia phase is ∼100% dis-
persed on the oxide supports. Monolayer surface vanadia coverage
corresponds to ∼8 V/nm2 on the oxide supports with the excep-
tion of SiO2 where monolayer coverage cannot be attained because
of the low reactivity of its surface hydroxyls [15–17].

3.2. In situ Raman spectroscopy

3.2.1. Dehydrated conditions (O2/He at 300 ◦C)
Crystalline V2O5 nanoparticles (NPs), with the sharp character-

istic V2O5 Raman band at ∼995 cm−1, are only detected above
monolayer surface coverage (>8 V/nm2) for the supported 4%
V2O5/ZrO2, 5% V2O5/TiO2, 7% V2O5/Nb2O5, and 20% V2O5/Al2O3
catalysts [18]. The Raman spectra for the dehydrated supported
vanadia catalysts with approximately monolayer surface coverage
are shown in Figs. 1–3 under oxidizing conditions at 300 ◦C. The
Raman spectrum of the supported 4% V2O5/ZrO2 (8.1 V/nm2) cat-
alyst contains bands from the dehydrated surface VO4 species at
∼1035 and ∼935 cm−1 arising from the terminal V=O and bridg-
ing V–O–Zr bonds, respectively [19]. The stronger Raman features
at ∼630, ∼552, ∼528, ∼470, ∼375, and ∼330 cm−1 are from
the crystalline ZrO2 (monoclinic) support. Similar surface VO4 vi-
brational bands at ∼1035 and 935/900 cm−1 are also present in
the Raman spectra of the dehydrated supported V2O5/Al2O3 and
V2O5/TiO2 catalysts, respectively (see Figs. 2 and 3 under O2/He
conditions). The TiO2 support also exhibits strong Raman bands
at ∼393, ∼505, and ∼632 cm−1 and a weaker overtone band
at ∼790 cm−1 from the crystalline TiO2 (anatase) phase [18].
The Al2O3 support does not give rise to Raman bands, which
allows for the detection of additional surface vanadia vibrations
at lower wavenumber values, and reveals the presence of bridg-
ing V–O–V bonds as broad band at ∼580 and ∼800 cm−1 from
the polymeric surface vanadia species, whereas V–O–support bond
stretches at 900 cm−1 on the supported V2O5/Al2O3 catalyst [18].
The corresponding Raman spectra for the dehydrated supported
V2O5/Nb2O5 catalysts have previously been reported and the sur-

Fig. 1. In situ Raman spectra of supported V2O5/ZrO2 at 300 ◦C under various en-
vironmental conditions. The strong Raman bands between 200 and 700 cm−1 are
from the ZrO2 (monoclinic) support.

Fig. 2. In situ Raman spectra of supported V2O5/Al2O3 at 300 ◦C under various envi-
ronmental conditions.

Fig. 3. In situ Raman spectra of supported V2O5/TiO2 at 300 ◦C under various en-
vironmental conditions. The strong Raman bands between 300 and 800 cm−1 are
from the TiO2 (anatase) support.

face VO4 species on Nb2O5 exhibit the surface V=O vibration at
1035 cm−1 at monolayer surface coverage [11].

The monolayer supported vanadia catalysts on the ZrO2, Al2O3,
TiO2 and Nb2O5 supports have been shown to primarily consist
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Table 2
Relative extents of reduction and edge energy, Eg, values of supported vanadia cat-
alysts (relative to the oxidized catalysts) during propylene oxidation/reduction from
UV–vis DRS

Catalysts Reduction at 300 ◦C (%) Eg (eV),
O2/He

"Eg

C3H6/O2 ratio C3H6/He
2.96%

C3H6/O2 ratio C3H6/He
2.96%1:6 1:1 3:1 1:6 1:1 3:1

1VSi 0.0 0.0 0.0 0.0 3.51 0.00 0.00 0.00 0.00
5VSi 0.0 0.0 0.0 0.0 3.51 0.00 0.00 0.00 0.00
8VSi 0.0 0.0 0.0 0.0 3.48 0.00 0.00 0.00 0.00

1VAl 0.0 0.0 0.0 0.4 3.77 0.00 0.00 0.00 0.00
5VAl 1.2 1.8 5.7 7.5 3.60 0.00 0.00 0.00 0.00
20VAl 5.7 11.2 15.5 18.3 3.03 0.01 0.02 0.08 0.09

1VZr 3.2 5.5 5.9 8.3 3.46 0.00 0.00 0.01 0.01
3VZr 5.4 9.6 10.3 20.2 3.26 0.00 0.02 0.08 0.12
4VZr 15.3 22.8 39.2 64.6 3.10 0.03 0.10 0.12 0.15

of polymeric surface VO4 species and only minor amounts of iso-
lated surface VO4 species under dehydrated conditions [19]. For
the supported V2O5/SiO2 catalysts, however, the dehydrated Raman
spectra reveal only the presence of isolated surface VO4 species
with the terminal V=O and bridging V–O–Si bands at ∼1038 and
905 cm−1, respectively, and the absence of bridging V–O–V bands
in the 500–800 cm−1 region [19,20]. The Raman spectra for the
dehydrated supported V2O5/SiO2 catalysts have previously been re-
ported [19,20]. The maximum dispersion of vanadia on SiO2, where
V2O5 NPs are not present, corresponds to ∼2.7 V/nm2. The lower
dispersion capacity of the SiO2 support is related to the lower re-
activity of the SiO2 surface hydroxyls [21].

3.2.2. In situ Raman spectroscopy during propylene oxidation (300 ◦C)
The in situ Raman spectra of the monolayer supported V2O5/

ZrO2, V2O5/Al2O3 and V2O5/TiO2 catalysts during propylene oxida-
tion reaction at 300 ◦C are presented in Figs. 1–3, respectively. The
surface VO4 species partially reduce in the propylene oxidation en-
vironment, especially with increasing C3H6/O2 ratio, as reflected
in the decrease of their Raman bands at ∼1035 cm−1 [19,22].
This trend was also found for monolayer supported V2O5/Nb2O5
catalysts [23], but not for supported V2O5/SiO2 that did not re-
duce during propylene oxidation [20]. The qualitative trends are
that the reduction extent of the surface VO4 species depends
on both the oxide support and surface vanadia coverage. Addi-
tional weak Raman bands at ∼1400 and ∼1600 cm−1 from minor
amounts of poly-aromatic carbon deposits are also present during
propylene oxidation when stoichiometric excess C3H6 is present
(O2/C3H6 < 1) [23]. The minor amount of surface carbon residue
is readily combusted in flowing O2/He at 450 ◦C and the supported
vanadia catalysts readily return to their initial fully oxidized states.

3.3. In situ UV–vis DRS spectroscopy

3.3.1. In situ UV–vis DRS of dehydrated catalysts (300 ◦C)
The UV–vis DRS edge energy, Eg, provides information about

the extent of polymerization of surface vanadia species on oxide
supports [13,19]. The Eg values for the fully oxidized and dehy-
drated supported vanadium oxide catalysts are given in Table 2.
For the dehydrated supported V2O5/SiO2 catalysts, the Eg values
are ∼3.48–3.51 eV that correspond to the Eg value of isolated sur-
face VO4 species [22]. For both dehydrated supported V2O5/Al2O3
and V2O5/ZrO2 catalysts, the Eg values decrease from 3.77/3.46 to
3.03/3.10 eV, respectively, with increasing vanadia surface density
in the sub-monolayer region. This trend reflects the progressive
polymerization of the surface VO4 species with surface coverage on
these supports [13,19]. These UV–vis DRS Eg values reveal that iso-
lated surface VO4 species predominate at low vanadia surface den-
sity and polymeric surface vanadia species are dominant at mono-

Fig. 4. In situ UV–vis DRS spectra of supported 4% V2O5/ZrO2 at 300 ◦C under var-
ious environmental conditions: (a) O2/He; (b) C3H6:O2 = 1:6; (c) C3H6:O2 = 1:1;
(d) C3H6:O2 = 3:1; and (e) C3H6/He.

Fig. 5. In situ UV–vis DRS spectra of supported 1% V2O5/ZrO2 at 300 ◦C under var-
ious environmental conditions: (a) O2/He; (b) C3H6:O2 = 1:6; (c) C3H6:O2 = 1:1;
(d) C3H6:O2 = 3:1; and (e) C3H6/He.

layer surface coverage for the dehydrated supported V2O5/Al2O3
and V2O5/ZrO2 catalysts. Thus, with the exception of supported
V2O5/SiO2 where only isolated surface VO4 species are present,
the extent of polymerization of the dehydrated surface VO4 species
on oxide supports depends on both the specific oxide support and
surface coverage in the sub-monolayer region. The UV–vis spectra
for the supported V2O5/TiO2 and V2O5/Nb2O5 catalyst were not
measured because of the strong UV–vis absorbance by the TiO2
and Nb2O5 supports in the region of interest, but the same Raman
shifts with surface vanadia coverage suggest that the same sur-
face VO4 polymerization process also takes place on these oxide
supports [19,22,23]. The in situ UV–vis spectra demonstrate that
isolated surface VO4 species predominate at low surface vanadia
coverage on all supports and polymeric surface VO4 species are
dominant as monolayer surface coverage is approached.

3.3.2. In situ UV–vis DRS during propylene oxidation (300 ◦C)
The in situ UV–vis DRS of the supported 4% V2O5/ZrO2 (8.1 V/

nm2) and 1% V2O5/ZrO2 (2.0 V/nm2) catalysts during propylene
oxidation at 300 ◦C are presented in Figs. 4 and 5, respectively. The
oxygen ligand to metal charge transfer (LMCT) band of the surface
V(V) species occurs above 22,000 cm−1 and the d–d transitions
of the surface V(IV)/V(III) cations appear below 22,000 cm−1 [13].
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For the supported 4% V2O5/ZrO2 catalyst, the surface V(V) cations
progressively reduce to surface V(IV)/V(III) cations with increas-
ing C3H6/O2 ratios. The supported 1% V2O5/ZrO2 catalyst, how-
ever, only exhibits minor reduction in the intensity of the LMCT
of the surface V(V) cations and minor increase in the intensity
of the d–d band under comparable reactive environments (see
Fig. 5). Thus, the polymeric surface VO4 species become more ex-
tensively reduced during propylene oxidation than isolated surface
VO4 species.

The relative extent of reduction under the different reactive en-
vironments for the supported V2O5/ZrO2, V2O5/Al2O3 and V2O5/
SiO2 catalysts are determined from the reduction of the LMCT
band of the V(V) cation and are listed in Table 2. The supported
V2O5/SiO2 catalysts (0.2–2.7 V/nm2), which exclusively consist
of isolated surface VO4 species [19,22], however, does not un-
dergo any reduction during propylene oxidation. The supported
1% V2O5/Al2O3 catalyst (0.3 V/nm2) that also exclusively contains
isolated surface VO4 species [19,22] also does not become reduced
during propylene oxidation. The minor reduction of the supported
1% V2O5/ZrO2 catalyst (2.0 V/nm2) is related to the presence of
some polymeric surface VO4 species in this higher vanadia sur-
face density sample [19,22]. At monolayer surface vanadia coverage
(∼8 V/nm2), the polymeric surface VO4 species are more reduced
on the ZrO2 support than the Al2O3 support during propylene
oxidation. Similar conclusions were made above from the in situ
Raman measurements about the reduction extent of the supported
V2O5/TiO2 and V2O5/Nb2O5 catalysts during propylene oxidation
reaction conditions.

The in situ UV–vis DRS data reveal that the surface VO4 species
(i) are predominantly oxidized during propylene oxidation at
300 ◦C, especially under typical oxidizing conditions (O2/C3H6 ratio
( 1), (ii) the extent of reduction strongly depends on the specific
oxide support at the same coverage (V2O5/ZrO2 > V2O5/Al2O3 >

V2O5/SiO2), (iii) the extent of reduction increases with vanadia sur-
face density and (iv) increasing the partial pressure of molecular
O2 decreases the extent of reduction for highly reducing reaction
environments (O2/C3H6 < 1).

3.4. Propylene oxidation catalytic studies

The catalytic performance for the selective oxidation of propy-
lene over the supported vanadium oxide catalysts are presented in
Tables 3 and 4 as a function of the oxide support, vanadia surface
density in the sub-monolayer region and the C3H6/O2 ratio.

3.4.1. Reaction selectivity
The acrolein selectivity varies from ∼35 to 90% for the dif-

ferent supported vanadia catalysts. Among the various supported
vanadia catalysts, only the supported V2O5/Nb2O5 catalyst yields
acrolein selectivity in the 90% range. For low surface vanadia cov-
erage (∼1–2 V/nm2), where isolated surface VO4 species predom-
inate, comparable acrolein selectivity is found for all the sup-
ported vanadia catalysts. The acrolein selectivity is not a function
of vanadia surface density for supported V2O5/ZrO2, V2O5/TiO2 and
V2O5/SiO2, but the acrolein selectivity does increase with vana-
dia surface density for the supported V2O5/Nb2O5 and V2O5/Al2O3
catalysts. The relatively constant acrolein selectivity with surface
vanadia coverage on supported V2O5/ZrO2 and V2O5/TiO2 cata-
lysts suggests that isolated and polymeric surface VO4 species
intrinsically exhibit the same acrolein selectivity during propy-
lene oxidation. The acrolein selectivity was also relatively inde-
pendent for different C3H6/O2 ratios. In addition to acrolein, the
supported V2O5/Nb2O5 and V2O5/SiO2 catalysts also produce sig-
nificant amounts of acetone.

Table 3
Catalytic results of propylene oxidation to acrolein at 300 ◦C (C3H6/O2/He= 1:4:5,
total flow rate 50 ml/min)

Support Catalyst TOFa

(10−3 s−1) 300 ◦C
Selectivityb (%)

Acr Ace AA CO2 CO Others

ZrO2 1VZr 6.1 44.7 3.1 8.0 19.6 24.6 tr
3VZr 11 35.8 2.0 5.7 26.7 25.8 4.0
4VZr 24 38.8 0.7 3.1 13.1 33.1 11.2

TiO2 1VTi 3.1 49.2 1.1 1.9 14.0 33.8 0.0
2VTi 6.0 43.2 0.8 0.8 25.6 29.6 tr
3VTi 12 50.4 0.6 3.3 10.1 35.2 0.4
5VTi 20 46.7 1.8 2.1 21.5 26.7 1.2

Nb2O5 1VNb 1.0 51.6 21.8 3.8 7.2 1.1 14.5
3VNb 2.1 71.9 14.2 3.9 2.8 0.0 7.2
5VNb 3.2 75.3 14.1 2.9 2.1 0.0 5.6
7VNb 4.7 90.7 7.3 0.0 0.0 0.9 1.1

Al2O3 5VAl 0.35 58.8 3.2 5.2 13.6 19.2 0.0
10VAl 0.42 65.4 5.9 4.1 10.7 13.9 0.0
20VAl 1.3 74.4 0.7 0.9 10.9 12.8 0.3

SiO2 1VSi 0.5 51.9 43.9 2.2 0.1 0.7 1.2
5VSi 0.5 48.9 45.1 5.7 0.0 0.3 0.0
8VSi 0.6 48.2 49.7 0.3 0.0 1.3 0.5

a TOF based on acrolein formation.
b Acr: acrolein; Ace: acetone; AA: acrylic acid; Others: mainly two carbon prod-

ucts including acetaldehyde and ethylene, etc.

Table 4
Effect of O2 and propylene partial pressures on the TOF and selectivity values
for propylene oxidation to acrolein over supported vanadium oxide catalysts with
monolayer surface VO4 coverage, with the exception of SiO2 where monolayer cov-
erage is not achievable

Catalysts Gas condition TOFa

10−3 s−1
Selectivityb (%)

C3H6:O2 Acr Ace AA CO CO2 Others

4VZr 1:4 24 39 1 3 33 13 11
1:2 19 29 Trace 0 38 25 8
1:1 16 30 Trace 0 29 29 12

5VTi 1:4 20 47 2 2 27 21 1
1:2 18 42 5 1 28 23 1
1:1 15 44 3 1 30 22 0

7VNb 1:4 4.7 91 7 0 1 0 1
1:2 4.4 88 8 0 2 0 2
1:1 3.8 90 7 0 2 0 1

20VAl 1:4 1.3 74 1 1 13 11 0
1:2 0.98 72 3 2 12 8 3
1:1 0.88 74 4 0 12 9 1

5VSi 1:4 0.50 49 45 6 0 0 0
1:2 0.50 48 46 6 0 0 0
1:1 0.30 48 47 5 0 0 0

a TOF based on acrolein formation.
b Acr: acrolein; Ace: acetone; AA: acrylic acid; Others: mainly two carbon prod-

ucts including acetaldehyde and ethylene, etc.

3.4.2. Reaction activity
The acrolein TOF (TOF is defined as acrolein formed per ex-

posed surface vanadia site per second) varies by more than a
factor of 102 at 300 ◦C with the specific oxide support both at
low coverage and monolayer coverage. The supported V2O5/ZrO2
and V2O5/TiO2 catalysts are the most active while the supported
V2O5/SiO2 catalyst system displays the lowest activity. The acrolein
TOF reactivity trend of V2O5/ZrO2 > V2O5/TiO2 > V2O5/Nb2O5 >

V2O5/Al2O3 > V2O5/SiO2 reflects the pronounced effect of the spe-
cific oxide support upon the TOF values. The acrolein TOF also
increases by a factor of 4–6 with surface vanadia coverage for the
supported vanadia catalysts and is relatively constant for the sup-
ported V2O5/SiO2 catalysts with surface coverage. Furthermore, for
a given support vanadia catalyst system, increasing the O2/C3H6
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Fig. 6. Dependence of kinetics for propylene oxidation to acrolein on the gas phase
molecular O2 partial pressure at 300 ◦C.

Fig. 7. Dependence of kinetic for propylene oxidation to acrolein on the gas phase
C3H6 partial pressure at 300 ◦C.

ratio leads to a factor of ∼1.5 increase in acrolein TOF for the
supported vanadium oxide catalysts (see Table 4). This latter ob-
servation suggests that fully oxidized V(V) surface VO4 species are
more efficient than reduced V(IV/III) for propylene oxidation to
acrolein.

3.4.3. Reaction kinetics and number of participating catalytic active
sites

The kinetics of propylene oxidation to acrolein follows 1st- and
½-order in the partial pressures of C3H6 and O2, respectively, as
shown in Figs. 6 and 7. With the exception of the supported
V2O5/SiO2 catalyst system, the supported vanadia catalysts exhibit
a continuous increase in acrolein TOF with surface VO4 coverage in
the sub-monolayer region. An increase in TOF with surface vana-
dia coverage was previously not observed for oxidative dehydro-
genation reactions over supported vanadium oxide catalysts (e.g.,
CH3OH to H2CO [16], C2H6 to C2H4 [24], C3H8 to C3H6 [13,19]).
The current increase in acrolein TOF with surface vanadia coverage
suggests that more than one surface VO4 site may be involved in
the rate-determining-step (rds) of propylene oxidation to acrolein.
It is possible to determine the dependence of the propylene oxi-
dation reaction on the number of participating surface VO4 sites
since the surface vanadia coverage on the oxide supports can be
controlled below the sub-monolayer region.

Fig. 8. Plot of log activity (mmol/g h) vs log Ns (V/g) for T = 300 ◦C and
C3H6:O2 = 1:4.

For supported vanadium oxide catalysts, the number of catalytic
active surface VO4 sites/g increases linearly with vanadia load-
ing in the sub-monolayer region where vanadia is 100% dispersed
on the supports. This linear relationship allows for the quantita-
tive determination of the number of surface catalytic active sites
involved in the rate-determining-step of propylene oxidation to
acrolein since. Thus, the kinetic expression for the rate of propy-
lene oxidation to acrolein can be expressed as:

r = k′[C3H6]1[O2]0.5[Ns]n, (1)

in which r represents the rate of reaction of propylene oxidation to
acrolein (mmol acrolein/(g h)), k′ is the product of the equilibrium
adsorption constant (Kads) and the Arrhenius rate constant (krds),
Ns is the number of surface vanadia sites/g, and n represents the
number of catalytic sites involved in the rate-determining-step of
propylene oxidation to acrolein. For constant partial pressures of
the reactants, temperature, and flow rates, Eq. (1) can be further
simplified as

r = k′′[Ns]n, (2)

in which k′′ includes all the constant parameters (k′ , [C3H6]1 and
[O2]0.5). The exponent n can be readily determined from the slope
of the plot of log [rate (mmol acrolein/(g h))] vs log[Ns (V/g)].
Such plots are shown in Fig. 8 for the supported V2O5/ZrO2,
V2O5/TiO2, V2O5/Nb2O5, and V2O5/Al2O3 catalysts. For propylene
oxidation to acrolein over the supported vanadia catalysts, such
plots yield slopes of n = 1.9–2.2 for the various supported vanadia
catalysts. Interestingly, comparable slopes are obtained for cata-
lysts that have constant acrolein selectivity with vanadia surface
density as well as catalysts where the acrolein selectivity increases
with surface vanadia coverage. A slope of ∼2 suggests that two
surface VO4 sites are involved in the rds of the selective oxidation
of propylene to acrolein over the supported catalysts.

4. Discussion

The combination of propylene oxidation catalytic activity/selec-
tivity and in situ spectroscopic information presented above allows
for the determination of the fundamental relationships between
the molecular/electronic structure of the catalytic active surface
vanadia sites and their catalytic performance (activity/selectivity)
for propylene oxidation to acrolein.
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Fig. 9. Relationship between oxidation state of surface vanadia species and TOF for
acrolein formation over supported V2O5/ZrO2 at 300 ◦C.

Fig. 10. Relationship between oxidation state of surface vanadia and TOF for acrolein
formation over supported V2O5/Al2O3 at 300 ◦C.

4.1. Nature of catalytic active site

The surface VO4 species are the catalytic active sites for propy-
lene oxidation to acrolein since the vanadium-free oxide supports
do not selectively oxidize propylene and the acrolein TOF also in-
creases with increasing surface vanadia coverage. The in situ Ra-
man and UV–vis spectroscopy measurements revealed that the
surface VO4 species partially reduce during the propylene oxida-
tion reaction at 300 ◦C. The extent of reduction for a given sup-
ported vanadium oxide catalyst system was found to be greater for
polymeric surface VO4 species than isolated surface VO4 species.
The extent of reduction of the surface vanadia species, however,
does not alter the acrolein selectivity (see Table 4). Increasing
the molecular O2 partial pressure is found to increase both the
concentration of surface V(V) sites and the acrolein TOF spe-
cific activity, as shown in Figs. 9 and 10, demonstrating that
the fully oxidized surface V(V) sites are more active than re-
duced surface vanadia sites for propylene oxidation on a given
oxide support. Note, however, that this increase is less than a fac-
tor of 1.5 over the region investigated since the majority of the
surface VO4 sites are present as V(V) under the reaction condi-
tions.

Fig. 11. Relationship between propylene oxidation to acrolein TOF and percent poly-
meric surface vanadia species over supported V2O5/Al2O3 catalysts at 300 ◦C. (Per-
cent polymer obtained from Ref. [19].)

4.2. Surface VO4 coverage

As is well established in the literature [19,22] and shown
above with the UV–vis DRS data (see Table 2), both isolated and
polymeric surface VO4 species exist on the oxide supports and,
with the exception of supported V2O5/SiO2, the ratio of poly-
meric/monomeric species increases with surface vanadia cover-
age. For propylene oxidation, the acrolein selectivity is found to
be independent of surface vanadia coverage or surface VO4 poly-
mer/monomer ratio for the supported V2O5/ZrO2 and V2O5/TiO2
catalysts. This finding suggests that the acrolein selectivity is com-
parable for surface VO4 monomeric and polymeric species. For
supported V2O5/Nb2O5 and V2O5/Al2O3, however, the acrolein se-
lectivity increases with surface vanadia coverage or surface VO4
polymer/monomer ratio. This finding suggests that a factor be-
sides the surface VO4 polymer/monomer ratio is contributing to
the enhanced selectivity with increasing surface vanadia coverage.
Both the Al2O3 and Nb2O5 supports are the most acidic oxide sup-
ports in this series and coverage of these exposed acid sites by the
surface VO4 overlayer most probably is responsible for enhancing
their acrolein selectivity with increasing surface vanadia coverage.

The TOF values for propylene oxidation to acrolein increase by
a factor of ∼5 with increasing surface vanadia coverage or vana-
dia surface density, even for those catalytic systems that exhibit
constant acrolein selectivity with surface vanadia coverage. This in-
crease in acrolein TOF could possibly be interpreted as polymeric
surface VO4 species being more active than isolated surface VO4
species. The number of polymeric and monomeric surface VO4
species present in the supported V2O5/Al2O3 and V2O5/ZrO2 are
provided from the UV–vis DRS measurements (see Table 2) [19,22].
The plots of propylene oxidation to acrolein TOF vs number of
polymeric VO4 sites in these two supported vanadium oxide cat-
alysts (sites/g) are shown in Figs. 11 and 12 and do not result
in a linear relationship between these two parameters. At inter-
mediate amounts of polymeric surface VO4 species, increasing the
concentration of polymeric surface VO4 species has a minor ef-
fect on TOF. At high amounts of polymeric surface VO4 species
concentrations, increasing the concentration polymeric surface VO4
species gives rise to an exponential-type relationship. The absence
of a linear relationship between the acrolein TOF and number of
polymeric surface VO4 sites in the catalysts, especially at inter-
mediate concentrations, demonstrates that polymeric surface VO4
species are not responsible for the increase in propylene oxidation
to acrolein TOF with surface vanadia coverage. This is also born
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Fig. 12. Relationship between propylene oxidation to acrolein TOF and percent poly-
meric surface vanadia species over supported V2O5/ZrO2 catalysts at 300 ◦C. (Per-
cent polymer obtained from Ref. [19].)

Fig. 13. The number of participating catalytic active sites in the rate-determin-
ing-step for oxidation of different molecules over supported V2O5/ZrO2 catalysts is
provided by the slope of log activity vs log V atoms/g.

out by many other oxidation reactions over supported vanadia cat-
alysts that exhibit the same TOF for isolated and polymeric surface
VO4 species [13,16,19–32].

The major difference between propylene oxidation and the
above mentioned oxidation reactions over supported vanadia cat-
alysts is that propylene oxidation to acrolein is a 4e− reaction
involving two surface VO4 sites while the 2e− reactions for the
oxidative dehydrogenation (ODH) reactions of propane to propy-
lene and CH3OH to HCHO only involve one surface VO4 site. This
is shown in Fig. 13 where the number of sites involved in the
rds is determined from the plots of activity vs V/g present in
the catalysts for these oxidation reactions as a function of surface
vanadia coverage. Thus, the increase in acrolein TOF with surface
vanadia coverage is strictly a consequence of the requirement of
two surface VO4 sites for the more complex propylene oxidation
to acrolein reaction. A similar finding was earlier made for the
even more complex oxidation of n-butane to maleic anhydride, an
8e− reaction, over supported vanadia catalysts [33].

4.3. Specific oxide support

Although increasing the surface vanadium oxide coverage gen-
erally increases the acrolein TOF by a factor ∼5, the acrolein TOF

Fig. 14. Relationship between propylene oxidation to acrolein TOF and electronega-
tivity of the oxide support cation over monolayer supported vanadium oxide cata-
lysts, with the exception of the supported V2O5/SiO2 catalyst that does not possess
monolayer coverage.

changes by a factor of ∼101–102 with the specific oxide support.
At low surface vanadia coverage (∼1–2 V/nm2), the surface VO4
species are almost exclusively isolated and the acrolein TOF varies
by a factor of ∼20 with oxide support. At monolayer surface vana-
dia coverage (∼8 V/nm2), the surface VO4 species are almost en-
tirely present as polymeric species and the acrolein TOF also varies
by a factor of ∼20. The overall support effect further increase by a
factor of ∼50 when the maximum dispersed supported V2O5/SiO2
catalyst is also taken into consideration. Thus, the specific oxide
support has the most pronounced effect on the propylene oxida-
tion to acrolein TOF (ZrO2 ∼ TiO2 > Nb2O5 > Al2O3 > SiO2).

The propylene oxidation to acrolein TOF is found to correlate
with the electronegativity of the oxide support cation as shown
in Fig. 14. Decreasing the electronegativity of the oxide support
cation qualitatively increases the acrolein TOF. This reflects the in-
creased electron density on the bridging V–O–support bond and
the bridging oxygen atom’s availability for redox reactions such
as propylene oxidation to acrolein. This also appears to result in
greater reduction of the surface VO4 sites for the more active sup-
ported vanadium oxide catalysts at the same surface VO4 coverage
during propylene oxidation to acrolein (see Table 2). Essentially the
same TOF trends with the specific oxide support have also been
found for other oxidation reaction over supported vanadium oxide
catalysts and reflects the generality of the bridging V–O–support
bond as the kinetic critical catalytic active site during oxidation
reactions [13,15–18,21–24,26,29,30,34]. This suggests the universal
effect of the oxide support on the activity of supported vanadium
oxide catalysts as well as other supported metal oxide catalysts
(MoO3 [35], CrO3 [36], Re2O7 [37], WO3 [38], Nb2O5 [39,40] and
Ta2O5 [39,40]).

5. Conclusions

The in situ Raman and UV–vis spectroscopic studies of the sup-
ported vanadia catalysts during propylene selective oxidation to
acrolein indicate that the catalytic active surface VO4 sites be-
come partially reduced under reaction conditions. Combination of
the catalytic activity with in situ spectroscopic information reveals
that fully oxidized surface V(V) sites are the catalytic active sites.
The selective oxidation of propylene to acrolein was found to in-
volve two surface VO4 sites in the rds of this 4e− redox reac-
tion. Although increasing the surface vanadia coverage increases
the propylene oxidation to acrolein TOF by a factor of ∼5, chang-
ing the specific oxide support has a much more pronounced ef-
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fect and varies the acrolein TOF by a factor ∼101–102. This en-
hancement in catalytic activity is attributed to the electronega-
tivity of the oxide support cation that controls the electron den-
sity on the bridging V–O–support bond available for redox reac-
tions.
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