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The oxidation of n-butane to maleic anhydride was investigated
over a series of model-supported vanadia catalysts where the vana-
dia phase was present as a two-dimensional metal oxide overlayer
on the different oxide supports (TiO, ZrO,, CeO,, NbyOs, AlOs3,
and SiO,). No correlation was found between the properties of the
terminal V=0 bond and the butane oxidation turnover frequency
(TOF) during in situ Raman spectroscopy study. Furthermore, nei-
ther the n-butane oxidation TOF nor maleic anhydride selectivity
was related to the extent of reduction of the surface vanadia species.
The n-butane oxidation TOF was essentially independent of the
surface vanadia coverage, suggesting that the n-butane activation
requires only one surface vanadia site. The maleic anhydride TOF,
however, increased by a factor of 2—-3 as the surface vanadia coverage
was increased to monolayer coverage. The higher maleic anhydride
TOF at near monolayer coverages suggests that a pair of adjacent
vanadia sites may efficiently oxidize n-butane to maleic anhydride,
but other factors may also play a contributing role (increase in
surface Brgnsted acidity and decrease in the number of exposed
support cation sites). Varying the specific oxide support changed
the n-butane oxidation TOF by ca. 50 (Ti > Ce > Zr ~ Nb > Al > Si)
as well as the maleic anhydride selectivity. The maleic anhydride
selectivity closely followed the Lewis acid strength of the oxide
support cations, Al>Nb> Ti> Si>Zr> Ce. The addition of
acidic surface metal oxides (W, Nb, and P) to the surface vanadia
layer was found to have a beneficial effect on the n-butane
oxidation TOF and the maleic anhydride selectivity. The creation
of bridging V-O—-P bonds had an especially positive effect on the
maleic anhydride selectivity.  © 1997 Academic Press
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INTRODUCTION

Oxidation of n-butane to maleic anhydride over the het-
erogeneous vanadium—phosphorus—oxide (VPO) catalysts
is currently the only industrial catalytic process for partial
oxidation of an alkane. Crystalline vanadyl(IVV) pyrophos-
phate, (VO),P,09, is present in the most selective cata-
lysts. However, various vanadium phosphates have been
detected in the VPO catalysts depending on the methods of
preparation and conditioning of the conventional catalyst
precursor, vanadyl(1V) hydrogen phosphate hemihydrate.
As a result, the current literature demonstrates the lack of
agreement on the nature of the active phase (1). Various
models of active sites in n-butane oxidation to maleic anhy-
dride have been proposed to date: (i) coherent interfaces
between various VOPQO, phases and (VO),P,07 (2), (ii) a
mixture of well-crystallized (VO),P,0O7 and an amorphous
VOPQ, phase involving corner-sharing octahedra (3, 4),
(iii) V°* species in strong interaction with the VO(PQ3),
structure in the VPO catalysts (5), and (iv) the presence of
V5 sites on the (200) planes of (VO),P,07 (6).

In many experimental studies, the limitations of the cur-
rently available bulk and surface characterization tech-
niques have been coupled with the complex solid-state
chemistry of vanadium phosphate. As a result, considerable
confusion and contradictions exist in the literature concern-
ing the identity of the active sites involved in different steps
of the catalytic reaction (1a, 6, 7). Experimental results sup-
port the conclusions that the best VPO catalysts preferen-
tially expose the (200) planes of (VO),P,0; and that the
bulk vanadyl pyrophosphate serves as a support for this
active surface (1a, 6-8). The recent models for n-butane
oxidation are based on the presence of vanadyl dimers in
the (200) plane of vanadyl pyrophosphate (6, 9, 10). The
following types of hypothetical active sites have been pro-
posed to exist on the surface (200) plane (8): (i) Bransted
acid sites: probably —POH groups; (ii) Lewis acid sites:
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probably V'V and VV; (iii) one electron redox couple:
VIVIVVY, VIV (iv) two electron redox couple: V'V
(v) bridging oxygen: V-O-V, V-O-P, or VO(P)V, (vi) ter-
minal oxygen: VV=0, V'V=0; and (vii) activated molec-
ular oxygen: peroxo and superoxo species. According to
a recent model (9) the vanadyl dimers from clusters on
the surface (200) planes, each composed of four vanadyl
dimers, which are isolated from other clusters by terminal
pyrophosphate groups. This so-called site isolation in VPO
catalysts, which requires only the local ordering in surface
structure for the selectivity as well as the inertness of the
bulk of the catalyst in n-butane oxidation (11), is analogous
to supported metal oxide catalysts (12). In order to inves-
tigate the analogy between the bulk VPO and supported
metal oxide catalysts we have performed a kinetic and
physicochemical study of model supported vanadia cata-
lysts in the n-butane oxidation. Such a study is particularly
valuable, as unlike the bulk VPO catalysts, detailed surface
structural information on a molecular level can be obtained
from model-supported vanadium oxide catalysts containing
two-dimentional vanadium oxide overlayers (13).

Several earlier studies of alkane oxidation, including that
of n-butane, have been reported in the literature (14-17).
Owens and Kung (14) studied n-butane dehydrogenation
on silica-supported vanadia catalysts. They employed an
oxygen-lean feed gas (O,/butane ratio of 2:1) and a high
reaction temperature (773-813 K) which resulted in pref-
erential formation of dehydrogenation products, such as
butenes, and only traces of maleic anhydride were de-
tected. Mori et al. (15) studied oxidation of n-butane on
titania-supported vanadia catalysts at very high tempera-
tures (~773 K) and high n-butane conversion. Such se-
vere experimental conditions led to an overoxidation of
n-butane to carbon oxides and, likely, to combustion of
the partial oxidation products, including maleic anhydride.
Busca et al. (16) employed titania-supported vanadia cata-
lysts in n-butane oxidation and observed overoxidation of
the hydrocarbon on very active high surface area catalyst
(117 m?/g) at ~723 K. When Busca et al. supported 10 wt.%
V,0s5 on the low surface area titania (17 m?/g), vanadia
formed microcrystals which were detrimental to selective
oxidation and led to n-butane combustion. A number of
studies of supported VPO catalysts have been described in
the literature (17). Nakamura et al. (17a) studied oxidation
of 1-butene on alumina-supported catalysts and reported
reasonably high selectivities to maleic anhydride. The re-
sults of their study (17a) showed that supported VPO cata-
lysts can selectively oxidize C4 hydrocarbons to maleic an-
hydride. Zazhigalov et al. (17b) immobilized the VPO com-
ponent by adsorption of V(V) and P(V) sources onto the
silanol groups of silica support in nonaqueous medium. The
formation of the amorphous VPO clusters improved selec-
tivity to maleic anhydride. The n-butane conversion and
selectivity to maleic anhydride depended on the P/V ra-

tio employed during synthesis, which the authors related to
the changes in acidity (17b). The studies of others onssilica-,
titania-, alumina-, and AIPO4-supported catalysts (17c—g)
demonstrated further that the activity of supported cata-
lysts depends on the nature of the support used and that
the selectivity to maleic anhydride is affected by the aver-
age valence state of vanadium. Overbeek (18) studied n-
butane oxidation to maleic anhydride on titania-supported
VPO catalysts. The catalysts showed reasonable activity and
selectivity in n-butane oxidation at temperatures ~100 K
lower than commercial catalysts. Overbeek concluded that
the activity of titania-supported VPO catalysts was related
to their reducibility based on the results of the tempera-
ture programmed reduction experiments, as well as to the
average oxidation state of vanadium ions on the surface
(18). Haber et al. (19) have recently studied oxidation of
n-butane to maleic anhydride on the VPO catalysts con-
taining different concentrations of alkali and alkali earth
metal ion promoters. They found that the promoters af-
fected the basicity of surface oxygen atoms and that the
rate of n-butane activation was proportional to the basicity
of surface oxygen. On the other hand, selectivity to maleic
anhydride correlated with the concentration of the acidic
sites on the surface, passing through a maximum as the con-
centration of acid sites increased. Haber et al. (19) believe
that the surface acidic sites affect selectivity by controlling
adsorption of reaction intermediates with acidic properties.

Unlike the present study, the previous studies (14-19)
were largely conducted on poorly characterized vanadia
and VPO catalysts, where it was difficult to establish the
relationship between the catalytic behavior and structure.
In previous studies, the experimental conditions were also
frequently unfavorable for selective n-butane oxidation
(e.g., very high reaction temperature, high butane conver-
sion, oxygen-lean environment). The present study employs
well-defined model supported vanadium oxide catalysts,
oxygen-18 labeling, and in situ Raman characterization dur-
ing butane oxidation to provide structure reactivity rela-
tionships for this catalytic system.

EXPERIMENTAL

a. Materials and Preparation

Supported vanadium oxide catalysts on TiO, (Degussa,
~55 m?lg), ZrO, (Degussa, ~39 m?/g), Nb,Os (Niobium
Products Company, ~55 m?/g), CeO, (~36 m?g), Al,O3
(Harshaw, ~180 m?/g), and SiO, (Cab-O-Sil, EH 5, ~380
m?/g) were prepared by the incipient-wetness impregnation
method. A vanadium isopropoxide (Alfa, 95-99% purity)
in a methanol solution (Fisher, 99.9% purity) was used to
impregnate the oxide support under a nitrogen environ-
ment. The samples were initially dried at room tempera-
ture for 2 hr to remove excess methanol and further dried
at 393 K for 16 hr under flowing N2. The samples were finally
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calcined at 773 K for 1 hr under flowing N2; an additional
1 hr under flowing dry air for the TiO,, ZrO,, Nb,Os, and
CeO, supports; and an additional 15 hr under flowing dry
air for the Al,O3 and SiO; supports to form the surface
vanadium oxide species on oxide supports. Ammonium
metatungstate (Pfaltz & Bauer, 99.9% purity) in agueous
solution was used to impregnate the 1% V,Os5/TiO, sample
(20), and the same drying-and-calcining procedure as above
was followed to prepare the 6% WO3/1% V,0s/TiO, sam-
ple. Adiluted phosphoricacid (Aldrich, 85% in water) solu-
tion was preimpregnated on the TiO, support and used as a
support for the preparation of the 1% V,05/5% P,Os/TiO,
sample (21).

b. Raman Spectroscopy

In situ Raman spectroscopy. The in situ Raman spec-
trometer system consists of a quartz cell and a sample
holder, a triple-grating spectrometer (Spex, Model 1877),
a photodiode array detector (EG&G, Princeton Applied
Research, Model 1420), and an argon ion laser (Spectra-
Physics, Model 165). The sample holder is made from a
metal alloy (Hastalloy C), and a 100- to 200-mg sample
disc is held by the cap of the sample holder. The sample
holder is mounted onto a ceramic shaft which is rotated by
a 115V DC motor at a speed of 1000-2000 rpm. A cylindri-
cal heating coil surrounding the quartz cell is used to heat
the sample and the temperature is measured by an internal
thermocouple. The quartz cell is capable of operating up to
873 K, and flowing gas is introduced into the cell at a rate
of 50-300 cm®min at atmospheric pressure. The 514.5-nm
line of the Ar™ laser with 10-100 mW of power is focused
on the sample disc in a right-angle scattering geometry. An
ellipsoid mirror collects and reflects the scattered light into
the spectrometer’s filter stage to reject the elastic scattering
component. The resulting filtered light, consisting primar-
ily of the Raman component of the scattered light, is col-
lected with an EG&G intensified photodiode array detector
which is coupled to the spectrometer and is thermoelectri-
cally cooled to —238 K. The photodiode array detector is
scanned with an EG&G OMA |11 optical multichannel an-
alyzer (Model 1463).

The in situ Raman spectra were obtained employing the
following procedure. The samples were placed into the cell
and heated to 773 K for 1 hr in a flow of pure oxygen gas
(Linde Specialty Grade, 99.99% purity). The dehydrated
Raman spectra were collected after the sample was cooled
to 503 K in a flow of pure oxygen gas for 30 min. After
the above treatment, a 1/4 ratio of oxygen and a gaseous
mixture 1.49% C,Hio/He with a flow rate of 100 cm®/min
was introduced into the cell, and the Raman spectra under
reaction conditions were collected after reaching steady
state (~30 min at the 503 K reaction temperature). Raman
spectra were also recorded at higher reaction temperatures
of 573 and 623 K. At the 623 K reaction temperature, the

Raman spectra were also recorded by decreasing of the
reactant gas flow rate from 100 to 50 cm®/min. The catalysts
were subsequently reoxidized by flowing pure oxygen at
623 K for 1 hr.

The reactor aspects of the in situ Raman cell were also
determined with an on-line mass spectrometer and differ-
ent sample quantities. For the 4% V,0s/ZrO; catalyst, the
conversion of butane was less than 1% at 503 K and ca.
3% at 573 K. The low conversions are due to bypassing
of the catalyst by the gaseous reactants and the presence
of strong mass transfer limitations in the pressed catalyst
pellet. Consequently, only the exterior region of the cata-
lyst pellet participated in butane oxidation. Fortunately, for
such colored and dark samples the Raman signal primarily
originates from the sample exterior. Thus, the Raman signal
originates from the reaction zone.

c. Kinetic Tests

During kinetic tests, ca. 1 g of catalyst was placed into a U-
tube Pyrex glass reactor inside an aluminum split block. The
reactor was heated in the 1.2% n-butane flow at 20 cm®min
to 494 K, after which the kinetic data were collected for up
to 120 hr under the catalytic reaction conditions. All experi-
ments were carried out in once-through integral mode. The
reaction was run under conditions where diffusional limita-
tions could be neglected. CP grade n-butane from Mathe-
sonand dry house air were metered separately using Brooks
Model 52-36 A1 V Series mass flow controllers with Model
5876 two-channel power supply box and were mixed in de-
sired proportions. Only a small fraction of the total flow was
metered to the reactor, with the rest being vented.

The effluent stream was analyzed by on-line gas chro-
matography. A side stream ran from the heated effluent
line to a HP 5790A Series gas chromatograph (GC), where
partial oxidation products (mainly MA and traces of acetic
and acrylic acids) were separated on a 2-m-long Porapak QS
column. After the partial oxidation products were stripped
from the effluent by passing through a water bubbler, the
effluent samples from a sample loop were injected into two
GC columnsin series: a 5-m-long 30% bis-2-ethoxyethyl se-
bacate column to separate CO, and butane, and a 4-m-long
molecular sieve 13X column to separate O;, N,, and CO.
The lines running from the reactor to the HP 5790A gas
chromatograph and the water bubbler were kept at 423 K
to prevent condensation of maleic anhydride. Calibration
for maleic anhydride was achieved by periodic acid-base
titrations of the bubbler solution using a phenolphthalein
indicator. The bubbler solution was sampled after passing
the effluent through the deionized water in the bubbler ata
constant space velocity for 1 hr. Concentrations of carbon
oxides, butane, nitrogen, and oxygen in the effluent were
determined using the calibration gas mixture (Airco) con-
taining certified concentrations of the above gases. Closure
on the overall carbon balances was +5%.
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RESULTS

In Situ Raman Spectra during Butane Oxidation

7% V,05/SiO,. The in situ Raman spectra of the 7%
V,05/SiO; catalyst at various stages of the butane oxida-
tion reaction are shown in Fig. 1. Prior to reaction, a sharp
and strong Raman band is present at 1038 cm~! which is
characteristic of the terminal V=0 bond of the dehydrated
surface vanadium oxide species (22). The 7% V,05/SiO,
catalyst corresponds to approximately a quarter monolayer
coverage of the two-dimentional surface vanadate over-
layer. Monolayer coverages of metal oxides on SiO; are
not achievable because of the weak interaction of oxides
with the silica surface (12a). During butane oxidation, the
Raman features of the surface vanadium oxide species are
not affected by the reaction environment. The Raman in-
tensities of silanol groups (Raman band at ~977 cm™?) de-
crease slightly during butane oxidation, which indicates ad-
sorption of some hydrocarbons on the SiO, surface. Raman
features of adsorbed hydrocarbon functionalities in the
2000-3000 cm ™ region, however, could not be detected dur-
ing butane oxidation. No crystalline V.05 (Raman bands
at ~994, ~702, ~527, ~404, ~284, and ~146 cm~!) was
present in this series of experiments.
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FIG. 1. Insitu Raman spectra of the 7% V,0s/SiO; catalyst during n-

butane oxidation. (a) O,, 100 cm®/min, 503 K; (b) C4H10/O2/He, 100 cm®/
min, 503 K; (c) C4H1/Ox/He, 100 cm®/min, 573 K; (d) C4H10/Oz/He,
100 cm®/min, 623 K; (e) C4H10/Oz/He, 50 cm®min, 623 K; (f) O,, 623 K.
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FIG. 2. Insitu Raman spectra of the 17.5% V,0s/Al,O3 catalyst dur-

ing n-butane oxidation. (a) O, 100 cm*/min, 503 K; (b) C4H10/Ox/He,
100 cm¥min, 503 K; (c) C4H1/Ox/He, 100 cm®min, 573 K; (d)
C4H10/02/He, 100 cm®min, 623 K; (e) C4H10/O,/He, 50 cm®/min, 623 K;
(f) O, 623 K.

17.5% V,05/Al,03. The in situ Raman spectra of the
17.5% V,0s5/Al,O3 catalyst during butane oxidation are
shown in Fig. 2. Monolayer coverage of surface vana-
dia species on Al,O3 corresponds to ~20% V,0s/Al;0s.
Both dehydrated terminal V=O bonds (Raman band
at ~1028 cm™1) and surface polyvanadate functionalities
(Raman band at ~920, ~800, ~600, ~550, ~350, and ~240
cm~1) are present on the alumina surface. During butane
oxidation, the Raman intensities of these two surface vana-
dium oxide functionalities simultaneously decrease. The
surface polyvanadate functionality is more extensively re-
duced than the terminal V=0 bond, which is manifested in
the dramatically decreased Raman band at ~550 cm~* char-
acteristic of the bending mode of the bridging V-O-V bond.
The Raman intensities of these two surface vanadia func-
tionalities further decrease at higher reaction temperatures.
Raman features of the surface vanadium oxide species on
alumina disappear with the absence of oxygen at 623 K.
The initial dehydrated Raman features of the surface vana-
dia species on alumina are obtained after reoxidation of the
catalyst at 623 K under flowing oxygen. No crystalline V,05
Raman features were detected in this series of experiments.
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FIG. 3. Insitu Raman spectra of the 6% V,05/Nb,Os catalyst during

n-butane oxidation. (a) O, 100 cm®/min, 503 K; (b) C4H10/O2/He, 100 cm?/
min, 503 K; (c) C4H10/O,/He, 100 cm®min, 573 K; (d) C4H10/O,/He, 100
cm3min, 623 K; (€) CaHi10/O/He, 50 cm¥/min, 623 K: (f) O, 623 K.

6% V,05/Nb,Os.  The in situ Raman spectra of the 6%
V,0s5/Nb,Os catalyst during butane oxidation are presented
in Fig. 3. Monolayer coverage of surface vanadia species on
Nb,Os corresponds to ~7% V,0s/Nb,Os (21). A sharp and
weak Raman band is present at ~1032 cm™, characteristic
of the terminal V=0 bond of the dehydrated surface vana-
dium oxide species. A broad Raman band at ~960 cm™,
characteristic of the polymeric surface vanadate function-
alities on the niobia surface, is also present. During butane
oxidation, the Raman intensities of these two surface vana-
dium oxide functionalities decrease somewhat. No crys-
talline V,05 Raman features were present in this series of
experiments.

4% V,05/ZrO,. The in situ Raman spectra of the 4%
V,0s/ZrO; catalyst during butane oxidation are shown in
Fig. 4. Monolayer coverage of the surface vanadia species
on ZrO, corresponds to ~4% V,0s/ZrO, (21). Both de-
hydrated surface terminal V=0 groups (Raman band at
~1032 cm™?) and surface polymeric vanadate functionali-
ties are present on the ZrO; surface. A trace of crystalline
V,0s5 (Raman band at ~992 cm™1) is also present on the
ZrO, surface. During butane oxidation, the Raman inten-
sities of the terminal V=0 and polymeric vanadate func-
tionalities decrease somewhat due to the reduction of the

surface vanadium oxide species. The crystalline V,O5 phase
is not affected by the butane oxidation environment.

3% V,05/CeO,. The in situ Raman spectra of the 3%
V,05/CeO;, catalyst during butane oxidation are shown in
Fig. 5. Monolayer coverage of surface vanadia species on
CeO; corresponds to ~4% V,0s/CeO; (23). Dehydrated
surface vanadium oxide species with the terminal V=0
(Raman band at ~1027 cm~1) and surface polymeric vana-
date functionalities (Raman band at ~920 cm™!) coexist
on the ceria surface. During butane oxidation, the Raman
intensities of these two surface vanadium oxide functionali-
ties (~1027 and ~920 cm 1) decrease slightly. No crystalline
V,05 Raman features were found in this series of experi-
ments.

1% V,05/TiO,. The in situ Raman spectra of the
1% V,0s/TiO, catalyst during butane oxidation are pre-
sented in Fig. 6. Monolayer coverage of vanadia on titania
corresponds to ~6% V,05/TiO; (21). A sharp and strong
Raman band is present at 1026 cm™!, characteristic of the
terminal V=0 group of the dehydrated surface vanadium
oxide species (20). During butane oxidation, the Raman in-
tensity of the surface vanadium oxide species (~1026 cm™1)
decreases somewhat at 503 K. At higher reaction tempera-
tures (573 and 623 K), the increased Raman intensity of the
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FIG. 4. In situ Raman spectra of the 4% V,05/ZrO, catalyst during

n-butane oxidation. (a) O, 100 cm®/min, 503 K; (b) C4H10/O2/He, 100 cm?/
min, 503 K; (c) C4H10/Oz/He, 100 cm®min, 573 K; (d) C4H10/O2/He, 100
cm?®/min, 623 K; (e) CsH10/O2/He, 50 cm®/min, 623 K; (f) O, 623 K.
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FIG. 5. Insitu Raman spectra of the 3% V,05/CeO, catalyst during

n-butane oxidation. (a) O, 100 cm®min, 503 K; (b) C4H10/O2/He, 100 cm®/
min, 503 K; (c) C4H10/O/He, 100 cm®/min, 573 K; (d) C4H10/O»/He, 100
cm®/min, 623 K; (e) C4H10/02/He, 50 cm®/min, 623 K; (f) O,, 623 K.

surface vanadium oxide species indicates that the presence
of water at the lower reaction temperature is primarily re-
sponsible for the reduced Raman intensity at 503 K (24).
There is no apparent reduction of the surface vanadium
oxide species during butane oxidation at 623 K (compare
Figs. 6e and 6f).

5% V,0s5/TiO,. The in situ Raman spectra of the
5% V,05/TiO, catalyst during butane oxidation are shown
in Fig. 7. Both dehydrated surface terminal V=0 groups
(sharp Raman band at ~1032 cm~1) and surface polyvana-
date functionalities (broad Raman band at ~940 cm™)
coexist on the titania surface. During butane oxidation,
the Raman intensities of these two surface vanadium ox-
ide functionalities (~1032 and ~940 cm™!) decrease at all
temperatures. No crystalline V.05 Raman features were
present in this series of experiments. Thus, the surface vana-
dium oxide species are partially reduced during butane ox-
idation for the 5% V,0s/TiO, catalyst.

1% V,05/5% P,05/TiO,. The in situ Raman spectra of
the 1% V,05/5% P,0s/TiO, catalyst during butane oxida-
tion are presented in Fig. 8. The Raman band at ~1034 cm~!
is characteristic of the dehydrated surface vanadate species.
The broadening of this Raman band is due to the pres-

ence of the surface phosphate species (weak Raman band
at ~1000 cm™?) on the titania surface. Monolayer cover-
age of surface phosphate species on TiO, corresponds to
~5% P,0O5/TiO; (25). There is no apparent change of the
Raman features of the surface vanadium oxide species dur-
ing butane oxidation at various temperatures. Thus, the sur-
face vanadium oxide species on P,Os/TiO, do not appear
to be reduced during butane oxidation.

6% WO3/1% V,05/TiO,. The in situ Raman spectra of
the 6% WO3/1% V,0s/TiO; catalyst during butane oxida-
tion are presented in Fig. 9. The dehydrated surface vana-
dium oxide species (Raman band at ~1028 cm~! due to
terminal V=0 bond) and surface tungsten oxide species
(Raman band at ~1012 cm~! due to W=0 bond) coexist
on the titinia surface. Monolayer coverage of the surface
tungsten oxide species corresponds to ~8% WOQO3/TiO; (20).
The Raman intensity of the dehydrated surface vanadium
oxide species decreases somewhat in the butane oxidation
environment, but the Raman intensity of the surface tung-
sten oxide species remains unaffected. The presence of
the Raman feature at ~920 cm~? indicates that the addi-
tion of tungsten oxide to the 1% V,0s/TiO, sample affects
the surface vanadia coverage and somewhat increases the
concentration of the surface polyvanadate functionalities

1%V2°5 /Ti02 793
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FIG. 6. In situ Raman spectra of the 1% V,0s/TiO, catalyst during

n-butane oxidation. (a) Oz, 100 cm®min, 503 K; (b) C4H10/O2/He, 100 cm®/
min, 503 K; (c) C4H10/O/He, 100 cm®/min, 573 K; (d) C4H10/O,/He, 100
cm®/min, 623 K; (e) C4H10/O2/He, 50 cm®/min, 623 K; (f) O,, 623 K.
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FIG.7. In situ Raman spectra of the 5% V,0s/TiO, catalyst dur-

ing n-butane oxidation. (a) Oz, 100 cm®min, 503 K; (b) C4H10/Oz/He,
100 cm®min, 503 K; (c) C4H10/O,/He, 100 cm¥min, 573 K; (d) C4H1o/
Oy/He, 100 cm®min, 623 K; (e) C4H10/O2/He, 50 cm®/min, 623 K; (f) Oy,
623 K.

(compare Figs. 6 and 9). Neither crystalline V,Os5 hor WO3
Raman features (~805, ~710, and ~320 cm~1) were present
in this series of experiments.

Oxygen-18 Labeled Studies

In situ Raman studies employing labeled oxygen-18 were
also performed to obtain additional insight into the nature
of the metal oxide functionalities participating in the bu-
tane oxidation reaction. In these oxygen-18-labeled stud-
ies, the V=0 bonds were replaced with V=0 bonds by
reduction in a butane/He stream and reoxidation with an
180,/He mixture at 723 K. This oxygen exchange resulted
in shifting the Raman band associated with the terminal
V=0 group from 1025 to 983 cm~* as shown in Fig. 10 for
the 4% V,0s/ZrO,. The bridging oxygen in the V-O-V
functionality was also exchanged by this treatment. How-
ever, this exchange is not readily detected in Fig. 10 because
of the broad V-O-V Raman features and short data collec-
tion times employed for the oxygen exchange during butane
oxidation. The V,0s5/ZrO, catalyst system was chosen for
these oxygen exchange experiments because preliminary
studies showed that this exchange can be readily achieved
with this catalytic system. The oxygen exchange was not to-

tally complete since some V=10 still remained after the
oxygen-18 exchange process due to a small air leak in the
in situ cell. The 600 cm~! Raman band in Fig. 10 is due to
the ZrO, support (see Ref. (24)). The butane oxidation was
carried out over this oxygen-exchanged catalyst at 573 K in
the in situ Raman cell in order to monitor the lifetime of
the V=0 bond during this reaction. As shown in Fig. 10,
approximately half of the V=80 groups was still present
after 17 min of reaction and after 25 min essentially no
V=0 could be detected. The conversion of butane under
these conditions was monitored with an on-line mass spec-
trometer and found to be ca. 3% (the selectivity could not
be determined because the lines to the mass spectrometer
were not sufficiently heated).

Kinetic Studies

The results of n-butane oxidation over a number of sup-
ported vanadia catalysts are summarized in Tables 1-3. As
shown in Tables 1-3, two important observations can be
made: (i) maleic anhydride was the dominant partial oxi-
dation product of n-butane oxidation over these supported
vanadia catalysts, and (ii) selective oxidation of n-butane
to maleic anhydride on supported vanadia catalysts took
place at a much lower temperature than in the case of
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FIG. 8. Insitu Raman spectra of the 1% V,0s/5% P,0Os/TiO, catalyst

during n-butane oxidation. (a) Oz, 100 cm®/min, 503 K; (b) C4H10/O2/He,
100 cm®/min, 503 K; (c) C4H10/O»/He, 100 cm®min, 573 K; (d) C4H10/O2/
He, 100 cm®min, 623 K; (e) C4H10/O2/He, 50 cm®/min, 623 K; (f) Oy, 623 K.
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FIG.9. In situ Raman spectra of the 6% WO3/1% V,0s5/TiO;

catalyst during n-butane oxidation. (a) O, 100 cm®min, 503 K; (b)
C4H10/02/He, 100 cm®/min, 503 K; (c) C4H10/O/He, 100 cm®/min, 573 K;
(d) C4H10/O4/He, 100 cm®/min, 623 K; (€) C4H10/O/He, 50 cm®min, 623 K;
(f) Oy, 623 K.

conventional VPO catalysts (494 K vs 650 K). For the cat-
alysts containing approximately a monolayer coverage of
surface vanadia (with the exception of vanadia/silica that
possessed only ca. a quarter monolayer coverage), the bu-
tane oxidation turnover frequency (TOF), the number of
n-butane molecules converted per vanadium per second,
was a strong function of the specific oxide support and var-
ied by a factor of ~50 (see Table 1). The vanadia/silica sys-
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FIG. 10. Insitu Raman spectra of ¥O-labeled 4% V,0s/ZrO, catalyst
during n-butane oxidation at 494 K in 1.2 vol.% n-butane in air.

tem was the least active catalyst and the vanadia/titania sys-
tem was the most active catalyst for butane oxidation. The
general activity pattern was Ti > Ce > Zr~Nb > Al > Si.
The corresponding maleic anhydride TOF for these cata-
lysts was Ti> Nbx>Ce>Zr~ Al>Si. Thus, the vana-
dia/titania catalyst system was the most efficient catalyst
for the oxidation of butane to maleic anhydride over the
supported vanadia catalysts.

The vanadia/titania catalysts were further investigated
because of the relatively favorable properties of this catalyst

TABLE 1

The Effect of the Metal Oxide Support on n-Butane Oxidation on Supported Vanadia Catalysts
at 494 K in 1.2 vol.% n-Butane in Air

Weight Flow Butane conversion ~ MA?selectivity Butane TOF  MA TOF

Catalyst (9) (cm®¥min) (mol.%) (mol.%) (107557 (10-°s7Y
7% V,05/SiO,P 0.577 74 2.8 91.8 0.4 0.3
17.5% V,05/Al,03 0.625 17.8 7.2 445 0.9 0.4
6% V,05/Nb,Os 0.885 13.9 17.3 36.7 3.6 1.3
4% V,05/ZrO, 0.794 113 16.0 9.3 45 0.4
3% V,05/CeO;, 0.622 14.2 10.6 12.6 6.3 0.8
5% V,05/TiO; 0.566 255 27.8 305 19.6 6.0

2 MA, maleic anhydride.

b Considerable error is involved in determining the MA selectivity for this sample due to the extremely low

conversion.



BUTANE OXIDATION OVER MODEL-SUPPORTED VPO CATALYSTS

83

TABLE 2

Performance of Titania Support in n-Butane Oxidation at 494 K in 1.2 vol.% n-Butane in Air

Weight Flow Butane conversion  MA selectivity Butane TOF  MA TOF

Catalyst (9) (cm®/min) (mol.%) (mol.%) (10557 (10-°s7Y
1% V,0s/TiO, 0.890 8.7 16.0 22.8 124 2.8
2% V,05/TiO, 0.612 17.6 24.2 9.9 27.7 2.7
3% V,05/TiO, 0.603 19.9 27.0 17.0 234 4.0
4% V,05/TiO; 0.700 30.7 30.7 29.9 255 6.6
5% V,05/TiO, 0.566 255 27.8 30.5 19.6 6.0
7% V,0s5/TiO, 0.572 219 18.5 247 8.0 2.0

system for the partial oxidation of butane to maleic anhy-
dride. The TiO, support was essentially inactive for butane
oxidation. The influence of surface vanadia coverage on ti-
tania upon the activity and selectivity of butane oxidation to
maleic anhydride are presented in Table 2 and Fig. 11. The
butane oxidation TOF is relatively constant below mono-
layer coverage (~6% V,0s5/TiO;). Although the butane ox-
idation TOF for the V,O5/TiO; catalysts increases slightly at
low vanadia coverage, this increase is almost within the ex-
perimental error. However, the butane oxidation TOF de-
creases some 50% at coverages above monolayer because
of the presence of microcrystalline V,0s particles in this
sample. The maleic anhydride TOF depends somewhat on
the surface vanadia coverage and increases by a factor of 2
to 3 up to monolayer coverage. Above monolayer coverage,
the maleic anhydride TOF declines, reflecting the lower ac-
tivity of microcrystalline V,Os particles for the oxidation
of butane. Thus, both the butane oxidation and the maleic
TOFsare influenced by the surface vanadia coverage on the
titania support and the most efficient catalyst corresponds
to monolayer coverage.

The influence of acidic promoters upon butane oxidation
over the 1% V,0s/TiO, catalyst is summarized in Table 3.
All the acidic additives had a positive effect on both butane
and maleic TOFs. The addition of surface tungsten oxide
species in the case of the 6% WO3/1% V,05/TiO; catalyst
had a modest effect on both the butane oxidation and the
maleic TOFs. However, the presence of microcrystalline
WQO; particles in the 9% WO3/1% V,0s5/TiO, catalyst can-
celled the positive influence of the surface tungsten oxide

species on the maleic TOF. The addition of surface niobia
species in the 6% Nb,Os/1% V,0s5/TiO, catalyst had amore
positive effect on both the butane oxidation and the maleic
anhydride TOFs. The surface phosphorus oxide additive,
however, most significantly enhanced the maleic anhydride
TOF because of the high maleic selectivity. Thus, the bu-
tane oxidation and maleic TOFs are positively influenced
by the presence of acidic surface metal oxide additives. Mi-
crocrystalline metal oxide particles, WO3, appear to have a
detrimental effect on this reaction.

DISCUSSION

The molecular structure of the surface vanadia species
supported on metal oxides has been extensively charac-
terized with molecular spectroscopies (Raman, IR, solid
state vanadium-51 NMR and EXAFS/XANES) in recent
years (13). Under dehydrated conditions, the surface vana-
dia species possess terminal V=0 groups and polymeric
functionalities associated with isolated and polymerized
species on the oxide supports (20, 22, 26). The silica support
represents one exception where only isolated surface vana-
dia species exist. The surface vanadia species contain only
one terminal V=0 bond, mono-oxo (27), and three bridg-
ing V-O-M' bonds, where M’ is either another V atom or
the oxide support cation (22, 28). The in situ Raman spectra
collected in flowing oxygen at 503 and 623 K (Figs. 1-9) cor-
respond to the dehydrated surface vanadia species on the
different oxide supports. The terminal V=0 vibrations for
such dehydrated species occur at 1026-1038 cm~1. These

TABLE 3

The Effect of Acidic Promoters on n-Butane Oxidation on the 1% V,0s/TiO, Catalyst
at 494 K in 1.2 vol.% n-Butane in Air

Weight Flow Butane conversion ~ MA selectivity Butane TOF MA TOF

Catalyst ) (cm®/min) (mol.%) (mol.%) (10-5s7Y (10%s7Y)
1% V,05/5% P,05/TiO; 0.172 5.0 12.1 56.2 27.0 15.2
6% WO3/1% V,05/TiO, 0.708 8.9 23.6 26.2 34.1 8.9
9% WO3/1% V,0s/TiO, 0.465 11.1 14.8 6.8 40.5 2.8
6% Nb,0s/1% V,0s/TiO; 0.181 75 10.7 35.1 50.8 17.8
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FIG.11. Performance of titania support in n-butane oxidation on sup-

ported vanadia catalyst at 494 K in 1.2 vol.% n-butane in air.

dehydrated surface vanadia species can become hydrated
in the presence of moisture (24, 29). At temperatures be-
low ~473 K, the amount of adsorbed moisture can be sig-
nificant, equivalent to several monolayers of water. This
adsorbed water can cause the hydrolysis of the bridging
V-O-support bonds with the resulting formation of hy-
drated vanadium oxide clusters. At temperatures of 473—
573 K, the amount of adsorbed moisture present on the
surface corresponds to submonolayer quantities and the
adsorbed water molecules coordinate to the oxygen func-
tionalities via hydrogen bonding. The in situ Raman spec-
tra during butane oxidation at 503 K reflect the presence of
submonolayer quantities of adsorbed moisture in the slight
shift, ~0-7 cm~, of the terminal V=0 Raman bands to
lower wavenumbers. At temperatures in excess of 573 K,
the amount of the adsorbed moisture present on the sup-
ported vanadia catalysts is further reduced and the influ-
ence of adsorbed moisture on the in situ Raman spectra
is almost undetectable. The in situ Raman spectra during
butane oxidation at 503-673 K reveal that the dehydrated
surface vanadia species are stable in the reaction environ-
mentand do notagglomerate to form microcrystalline V.05
particles even in the presence of small amounts of adsorbed
moisture.

The in situ Raman spectra during butane oxidation at
573 K and higher temperatures also reveal that the surface
vanadia species can become partially reduced by the reac-
tion environment (reflected by a decrease in the Raman
intensity in Figs. 1-9). It also appears that the polymeric
functionalities, manifested in broad Raman bands below
1000 cm~?, are somewhat more reducible than the termi-
nal V=0 groups (Raman bands at 1020-1040 cm™1). For
example, the reduction of the polymeric functionalities is
more extensive than the terminal V=0 groups during bu-
tane oxidation over the vanadia/alumina catalyst. However,
we did not observe a relationship between the extent of
reduction of the surface vanadia species and the butane

oxidation TOF. The extent of reduction of the surface vana-
dia species during butane oxidation over the supported
vanadia catalysts containing approximately monolayer cov-
erage followed the pattern Al > Ti> Zr~ Nb~ Ce > Si.
Furthermore, both the 1% and the 5% V,0s/TiO, catalysts
were very active for butane oxidation, but the 1% catalyst
did not exhibit any reduction and the 5% catalyst exhib-
ited some reduction during butane oxidation. The maleic
anhydride selectivity did not appear to directly correlate
with the extent of reduction, since the selectivity pattern is
Al > Nb > Ti> Si > Zr ~ Ce. Furthermore, the most active
and selective catalyst, 1% V,05/5% P,0s/TiO,, was not re-
duced during butane oxidation (see Fig. 8). Thus, the extent
of reduction of the surface vanadia species during butane
oxidation does not appear to relate to the butane oxidation
TOF and the maleic anhydride selectivity.

The Raman band positions during butane oxidation sug-
gest that the terminal vanadyl oxygen is not involved in the
critical kinetic steps of this reaction (most likely the activa-
tion of butane). At near monolayer coverages, the Raman
band positions of the terminal V=0 stretch occur between
1027 and 1032 cm~! for the dehydrated catalysts and 1025
and 1028 cm~! during butane oxidation at 503 K, with the
exception of vanadia/silica catalyst which possesses approx-
imately a quarter monolayer of surface vanadia species and
has a Raman band at 1038 cm ~*. The Raman band position
of the terminal V=0 stretch is directly related to the V=0
bond strength (30). However, the Raman band positions of
the terminal V=0 group for the supported vanadia cata-
lysts are almost identical, while the butane oxidation TOF
simultaneously varies by more than an order of magnitude.
Thus, the absence of a relationship between the terminal
V=0 bond strength and the butane oxidation TOF strongly
suggests that this functionality is not involved in the criti-
cal kinetic steps (most likely the activated adsorption of
butane) during butane oxidation.

In situ Raman experiments employing oxygen-18 ex-
change were also conducted in an attempt to obtain ad-
ditional insights into the role of the terminal V=0 bond
during butane oxidation. Unfortunately, the very short data
collection times employed during this exchange experiment
could not provide any meaningful Raman information as-
sociated with the bridging V—O-V functionalities, which
also underwent oxygen exchange. The characteristic time
required to exchange the ¥ O-labeled terminal vanadyl oxy-
gen during butane oxidation was tex ~ 35 min (when cor-
rected for the incomplete incorporation of oxygen-18 at the
beginning of the experiment). This long period of time can
not be due to bypassing in the in situ Raman cell since com-
plete exchange occurs in a H,**0/**0, stream in less than
7 min (24) (probably even much faster, but good quality
Raman signals cannot be obtained with the current OMA
detectors for very short collection times). The combined
effects of bypassing and strong mass transfer limitations
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in the pressed catalyst wafer do not allow for an accurate
determination of the TOF for butane oxidation or the tyy,
the characteristic reaction time in the in situ Raman cell.
However, the Raman signal does measure the exterior of
the catalyst pellet, i.e., the reaction zone, where the cata-
lyst is directly exposed to the butane/oxygen stream and
mass transfer limitations are minimal. The characteristic
reaction time, tyx, was estimated to be ~100 s at 573 K by
extrapolating the measured TOF at 494 K and using the
experimental activation energy for butane oxidation over
supported vanadia catalysts (31). Thus, to a first approxi-
mation, the ratio of the two characteristic reaction times
is tex/trx ~ 20, which suggests that the terminal V=0 bond
is relatively stable during butane oxidation (surviving 20
reaction cycles). However, more accurate measurements
need to be performed with in situ Raman cells containing
packed beds of catalysts. Such in situ cell implementation
will prevent bypassing and minimize mass transfer limita-
tions associated with the pressed catalyst wafers employed
in the present study. Moreover, faster Raman detectors will
also aid in completely resolving the issue of the stability of
the V=0 bond during butane oxidation.

The lack of correlation of the terminal V=0 bond sta-
bility with the butane oxidation TOFs shifts attention to
the bridging V-O-M'. The bridging V-O-V bonds in the
polymeric surface vanadia species do not contribute to a
significant change in the butane oxidation TOF. For ex-
ample, the concentration of polymerized surface function-
alities increases with vanadium oxide coverage on titania
(compare 1% and 5% V,0s/TiO, Raman spectra in Figs. 6
and 7), but the butane oxidation TOF does not significantly
change within experimental error. However, changing the
specific oxide support does have a significant effect on the
butane oxidation TOF as shown in Table 1. This observa-
tion suggests that the bridging V—O-support bonds may be
involved in the critical Kinetic steps of butane oxidation. In
order to verify the hypothesis that the V—O—-support bonds
are involved in the C—H bond activation, we resorted to the
concepts of the density functional theory (32): the abso-
lute hardness, h, the absolute electronegativity, ¢ (33), and
the principle of hard and soft acids and bases, or HSAB
(34). However, the catalytic activity of supported vanadia
catalysts in the heterolytic C—H bond cleavage did not cor-
relate with the hardness of metal in the metal oxide sup-
port and, therefore, with the higher electron density on the
bridging oxygen. Furthermore, the straightforward corre-
lation between the electronegativity of the oxide support
metal and the activity of the supported vanadia catalysts in
n-butane oxidation is not observed when the Pauling (35)
and Sanderson (36) scales of electronegativity are em-
ployed. Recently, Haber et al. have studied n-butane ox-
idation on a number of promoted bulk VPO catalysts
(19). They found that the activity of the promoted VPO
catalysts in n-butane oxidation correlated with the surface

basicity measured by the CO; adsorption and the effective
negative charge on surface oxygen atoms from the XPS ex-
periments. Therefore, we believe that additional characteri-
zation of vanadia monolayers on the above supports, such as
measurements of basicity, the binding energy of oxygen 1s-
electrons, is necessary to both understand the fundamentals
of hydrocarbon activation by supported monolayer cata-
lysts and establish further mechanistic parallels between
supported vanadia and bulk VPO catalysts for n-butane
oxidation.

The maleic anhydride selectivity trends reveal that the
electronegativity (33, 35, 36) properties of the bridging
V—-O-support bond are not related to selectivity since the
selectivity trend is Al > Nb > Ti > Si > Zr > Ce. This selec-
tivity trend parallels the strength of the Lewis acidity of the
oxide supports since alumina has the strongest Lewis acid
sites followed by niobia; the other supports have very weak
(titania and zirconia) or no Lewis acid sites (silica) (37).
This observation is in agreement with the results of Haber
etal. (19), who found that selectivity to maleic anhydride on
promoted VPO catalysts correlated with the surface acid-
ity. The low selectivity of the vanadia/ceria catalyst may be
related to the ability of ceria to directly supply oxygen to
reactants or products which may result in nonselective reac-
tions (38). The maleic anhydride TOF and selectivity, how-
ever, do appear to increase with increasing surface vanadia
coverage on titania or decreasing average distance between
surface vanadia species (see Fig. 11 and Table 2). This trend
suggests that the efficiency for maleic anhydride formation
may be related to the presence of two adjacent surface vana-
dia sites. This observation is reminiscent of the mechanism
of n-butane oxidation on bulk VPO catalysts proposed by
Trifiro etal. (6), who found that the rates of hydrocarbon ox-
idation on the VPO catalysts correlated with the process of
simultaneous abstraction of two methylene hydrogen atoms
and proposed an active site for butane oxidation based on
vanadyl dimers present in the (100) plane of vanadyl py-
rophosphate, (VO),P,07 (6). The current butane oxidation
kinetics on the supported vanadia catalysts also reveal that
both isolated and adjacent surface vanadia species are able
to oxidize butane to maleic anhydride. For example, maleic
anhydride is formed from vanadia/silica catalysts and the
1% V,0s/TiO, catalysts where the isolated surface vanadia
species is the only species or the dominant species present.
The mechanism by which butane is oxidized to maleic an-
hydride over the surface vanadia species is currently un-
known. However, it appears that both isolated and adja-
cent surface vanadia species can selectively activate butane.
However, other factors may also contribute to the increase
in maleic anhydride TOF with increasing surface vanadia
coverage. The exposed titania sites present at lower sur-
face vanadia coverages may also partially contribute to the
lower maleic anhydride TOF since such sites are known to
decompose phthalic anhydride during o-xylene oxidation
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over vanadia/titania catalysts (39). The surface concentra-
tion of Bransted acid sites also increases with surface vana-
dia coverage and may contribute to the efficient formation
of maleic anhydride (40). In summary, the maleic anhydride
selectivity appears to be optimum near monolayer cover-
ages at a high concentration of adjacent surface vanadia
species and in the presence of support cations that possess
strong Lewis acid sites.

The enhancement in butane oxidation TOF and maleic
selectivity upon the introduction of acidic secondary metal
oxide additives further confirms the positive role of acidity
in this reaction. The butane oxidation TOF was increased
by a factor of 2-3 when acidic surface metal oxide were
introduced to the 1% V,0s/TiO, catalysts (see Table 3).
The surface tungsten oxide and niobia species coordinate
to the titania support and only interact with the surface
vanadia species via lateral interactions in the monolayer
(21). The surface niobia species possess very weak Bransted
acid sites (detectable with ammonia adsorption, but not
pyridine adsorption). The surface tungsten oxide species
possess stronger Brgnsted acid sites (detectable by both
ammonia and pyridine adsorption), and they are predom-
inantly present as surface Lewis acid sites (41). Thus, the
presence of these adjacent acidic metal oxide sites to the
surface vanadia species has a beneficial effect on butane
oxidation TOF and maleic anhydride selectivity. The sur-
face phosphate species coordinate to the titania support as
tridentate hydrogenphosphate species which possess weak
Brgnsted acid sites (42). Unlike the surface tungsten ox-
ide and niobia, the surface phosphate directly coordinates
with the surface vanadia species via reaction of the P-OH
bonds (21). The formation of this V-O-P bond has a pos-
itive effect on the butane oxidation TOF and a significant
enhancement of the maleic anhydride selectivity. This ob-
servation is consistent with the above observations that
bridging V-O—-M' bonds are critical in the oxidation of bu-
tane to maleic anhydride and is also in agreement with re-
cent electron microscopy results revealing that the V-O—-P
bonds are selectively reduced during butane reduction of
bulk V-P-0 catalysts (43). However, the conditions of the
electron microscopy experiment were very different from
those of conventional VPO catalysis (6). Thus, the incorpo-
ration of acidic secondary metal oxide additives to the sur-
face vanadia overlayer has a positive effect on the butane
oxidation TOF and maleic anhydride selectivity. Further-
more, the formation of bridging V-O-P bonds significantly
enhances the maleic anhydride selectivity.

Comparison of the butane oxidation over supported
vanadia catalysts with other oxidation reactions over the
same catalysts can provide additional insights into the
fundamental aspects of this reaction. The oxidation of
methanol to formaldehyde, as well as the formaldehyde
selectivity, over supported vanadia catalysts was found to
be essentially independent of the surface vanadia coverage

(44). Furthermore, the addition of surface tungsten oxide
and niobia species also did not influence the methanol ox-
idation TOF and the formaldehyde selectivity (21). These
observations suggest that this unimolecular oxidation re-
action requires only one surface vanadia redox site and
is insensitive to its immediate environment. In contrast to
methanol oxidation, the selective catalytic oxidation of NO
with ammonia to N, and water over the supported vana-
dia catalysts strongly depended on the surface coverage
and the presence of the surface tungsten oxide and nio-
bia (an increase of about an order of magnitude in TOF).
These observations suggest that the bimolecular DeNOXx
reaction requires two adjacent surface sites: a surface vana-
dia redox site and an adjacent surface acid site (41, 45). The
oxidation of butane over the supported vanadia catalysts
does not appear to significantly vary with surface vana-
dia coverage and the presence of adjacent acidic surface
tungsten oxide and niobia species (see Tables 2 and 3), but
these parameters appear to have a modest beneficial ef-
fect. These observations suggest that the oxidation of bu-
tane, most likely the activated adsorption step, essentially
requires only one surface vanadia redox site and that adja-
cent acidic sites have only a second-order effect on butane
oxidation. The influence of surface phosphate on the re-
activity of the vanadia/titania catalyst system is extremely
informative. For methanol oxidation, the addition of the
surface phosphate additive decreases the TOF by an order
of magnitude due to the replacement of bridging V-O-Ti
bonds with V—O-P bonds, and there is a modest decrease in
formaldehyde selectivity due to the acidic nature of the sur-
face phosphate group. For butane oxidation, however, the
addition of the surface phosphate group and the formation
of bridging V—O—-P bonds has a positive effect on the TOF
and the maleic selectivity. The different responses of these
two oxidation reactions reflect their different requirements.
The oxidation of methanol to formaldehyde requires only a
redox site and the substitution of V—O-P bonds for V-O-Ti
bonds decreases the redox activity of the surface vanadia
site. The more complex oxidation of butane to maleic an-
hydride requires both a redox site and some acidic charac-
ter. Thus, the substitution of less reducible and more acidic
V-O-P bonds for V-O-Ti bonds results in an increase in
both the butane oxidation TOF and the maleic anhydride
selectivity. The different requirements of these two oxida-
tion reactions are also observed in the reaction selectivities
when the specific oxide supports are varied. For methanol
oxidation, the selectivity towards redox products decreases
with increasing Lewis acid strength of the oxide support
cation (Ti~ Zr ~ Ce > Nb > Al). In contrast, for butane ox-
idation the maleic anhydride selectivity increases with in-
creasing Lewis acid strength of the oxide support cation
(Al > Nb > Ti > Zr ~ Ce). For all three oxidation reactions
the influence of the specific oxide support on the TOF
follows a very similar trend (Ti~ Zr ~ Ce > Nb > Al > Si)
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and is consistent with the conclusion that the bridging
V—-O-support bond is involved in the critical Kinetic steps.
However, the range of TOFs is ~10* for methanol oxidation
and ~10? for butane oxidation and DeNOXx. The lower vari-
ation of the TOFs for butane oxidation and DeNOx may
reflect the additional role of acidity in the controlling kinetic
steps of these reactions. In summary, the oxidation of bu-
tane to maleic anhydride depends on both the redox prop-
erties and acidic character of the bridging V—O-support
bond.

CONCLUSION

In the present study the supported vanadia catalysts
possessing the molecular structures reliably established by
Raman spectroscopy were employed in selective oxidation
of n-butane. The results of the present study demonstrate
that the nature of the metal oxide support plays a crucial
role in defining catalytic properties of vanadia monolayers
in n-butane oxidation to maleic anhydride. The butane ox-
idation TOF varied by ~100 on changing the specific oxide
support. No evidence to suggest that the reducibility and
the average oxidation state of vanadium affect the catalytic
behavior has been found. The in situ Raman experiments
also demonstrated that the characteristics of the terminal
vanadyl oxygen do not correlate with the n-butane oxida-
tion TOFs and suggest the critical involvement of the bridg-
ing V-O-support bond in n-butane oxidation (most likely
in the activated adsorption step).

Titania as a support resulted in favorably high activity
and selectivity to maleic anhydride in accordance with pre-
vious observations (18) and was, therefore, used to study
the effect of vanadia coverage on catalytic performance.
This study indicated that the specific activity per surface
vanadia species remained essentially unchanged with vana-
dia coverage until some microcrystalline vanadia detected
in the catalysts at high coverages resulted in reduced spe-
cific activity. The results of this study also suggested that
isolated surface vanadate species are capable of butane ox-
idation to maleic anhydride, although this oxidation was
more efficient when multiple vanadate sites were present
at higher coverages (two- to threefold increase in maleic
anhydride TOF). This correlation probably reflects the ac-
tivated adsorption of butane, since the complete reaction is
very complicated. Microcrystalline vanadia was found to be
detrimental for the process of maleic anhydride formation.
The negative effect of supported microcrystalline oxides
was also observed in the case of tungsten oxide promoter.

The selectivity of the supported catalysts to maleic anhy-
dride correlated with the Lewis acid strength of the metal
oxide promoters. Especially high selectivity to maleic an-
hydride was found when the V—O-P bonds formed after
addition of phosphorus oxide in accordance with previous
observations (17, 18). These findings indicate that the sup-

ported vanadia catalysts represent a suitable model sys-
tem capable of providing insights into the mechanism of
n-butane oxidation on bulk VPO catalysts. The results of
this work also demonstrate that the goal of preparing the
active and selective supported catalysts for n-butane oxi-
dation to maleic anhydride can be achieved by varying the
properties of the metal oxide support.
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