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Silica-supported molybdenum oxide and vanadium oxide cata-
lysts have been prepared with a wide range of surface metal load-
ings (0.3–3.5 metal atom/nm2). Isolated surface metal oxide species
are dominant at surface metal loadings on silica below ca. 1 metal
atom/nm2 while at higher loadings, the metal oxide species tend
to aggregate into crystalline MoO3 and V2O5 particles. Both cata-
lyst series have been tested in the selective oxidation of methane
with molecular oxygen at atmospheric pressure. The reactivity for
methane conversion appears to be essentially related to dispersed
isolated surface metal oxide species, with the surface vanadium
oxide species being more reactive than molybdenum oxide species.
The higher reactivity of the surface vanadium oxide sites may be
related to the different nature of the interaction of the oxides with
oxygen. Silica-supported vanadium oxide catalysts, despite their
higher activity, result in lower yields to HCHO than silica-supported
molybdenum oxide catalysts. c© 1996 Academic Press, Inc.

INTRODUCTION

The direct conversion of methane to formaldehyde and
methanol in a single catalytic step in sufficiently high yield
would give rise to new opportunities in the conversion
of natural gas to other useful fuels and chemicals. Both
the homogeneous and heterogeneous processes have been
studied under various conditions (1–3) although progress
toward obtaining a yield that would make such a process
industrially viable has been very slow. The majority of these
studies have involved metal oxide catalysts (4–24). In these
studies, the CH4/oxidant stoichiometry has been varied (20
to 0.5), with the temperature normally within the range 723–
923 K as a result of the extremely low reaction rate at low
temperatures, while above 900 K COx formation becomes
much more dominant. High selectivities to methanol and
formaldehyde (ca. 90%) at low methane conversion have
been reported in the reaction with oxygen or nitrous oxide,
although the selectivity drops drastically at increasing con-
version leading to few reports of yields higher than ca. 2%.

These limited yields arise from the unfavorable ratio of the
reactivity of methane to formaldehyde and methanol.

Studies by Spencer and Pereira (8, 9) in the selective oxi-
dation of methane over redox-type (MoO3 and V2O5) cata-
lysts indicate that the majority of carbon oxides are formed
as a result of the deep oxidation of formaldehyde (CH4 →
HCHO → COx). The rate constant for the HCHO oxida-
tion to CO derived from their data is 50–100 times higher
than the rate constant for methane conversion. In line with
the above argument, several authors have questioned the
heterogeneous nature of the CH4 oxidation. Baldwin et al.
(16) raised serious doubts of the necessity to use a catalyst
since the HCHO yield obtained from the heterogeneous
process is still lower than that obtained from the homo-
geneous reaction. Hargreaves et al. (25) claimed a high yield
to HCHO at 1023 K on MgO at very low oxygen conver-
sion, but were unable to distinguish whether the oxidation
of CH3· radicals to HCHO occurred in the gas phase or on
the surface.

The selection of appropriate experimental conditions as
well as a precise reactor design, which minimizes the com-
bustion or gas-phase reaction, would appear critical in ob-
taining reliable data. Using this approach, CH4 oxidation
on silica-supported molybdenum oxide was studied, and
results indicate that the activity depends markedly on the
MoO3 content (26, 27). As one of the major issues in a par-
tial oxidation reaction over oxide catalysts is the role of the
lattice oxygen, a tracer 18O2 isotopic technique was used
for studying the mechanism of oxygen incorporation into
CH4 (22, 23, 28, 29). The results confirmed that the selective
oxidation proceeds via a Mars–van Krevelen mechanism in
which the lattice oxygen is incorporated into the formalde-
hyde molecule while the consumed oxygen is restored by
dioxygen from gas phase (22, 23, 28, 29). The same applies
to silica-supported vanadia catalysts although the binding
energy of lattice oxygen is lower in V2O5 than in MoO3 (30).

This present study was aimed at evaluating the activity of
CH4 partial oxidation on silica-supported MoO3 and V2O5
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catalysts and attempting to relate catalytic performance
with surface characteristics of the supported oxide phases.

EXPERIMENTAL

Catalyst Preparation

A commercial silica (Aerosil 200), particle size 12 nm,
BET area 200 m2/g, and composition SiO2 > 99.8%, Al2O3

< 0.05%, Fe2O3 < 0.003%, and TiO2 < 0.03%, was used
as support. This was impregnated with an aqueous so-
lution of ammonium metavanadate (NH4VO3, Merck
reagent grade) with H2O2 or ammonium heptamolybdate
((NH4)6Mo7O24 · 6H2O, Merck reagent grade) in appropri-
ate amounts to give surface concentrations in the range 0.3–
3.0 V or 0.3–3.5 Mo atoms/nm2 of the silica surface assum-
ing that all of the supported metal oxide is 100% dispersed.
They are referred to as xV (or xMo), where x indicates
the surface concentration in V (or Mo) atoms/nm2 of the
support. The impregnated silicas were dried at 383 K and
calcined in two steps: 623 K for 2 h and 923 K for 5 h. Prior
to use in the reaction the catalysts were pelleted and sieved
within the particle size range 0.42–0.50 mm.

Methods

The reducibility and the initial rate of reduction of the cat-
alysts were obtained from reduction isotherms performed
at 823 K using a Cahn 2000 microbalance operating at a
sensitivity of 10 µg. Catalyst samples were first heated at
4 K/min to 823 K in a flow (60 cm3/min) of helium (99.997%
vol) before measuring the kinetic reduction curves in a flow
(60 cm3/min) of H2 (99.995% vol) at the same tempera-
ture. Weight changes as a function of time were collected
by microprocessor and then differentiated at zero time thus
allowing calculation of the initial rate of reduction.

Raman spectra of the dehydrated samples were mea-
sured using the 514.5 nm argon ion excitation line at a
maximum power of 70 mW. The scattered radiation was
passed through a Spex Triplemate spectrometer coupled to
a multichannel analyzer with an intensified photodiode ar-
ray cooled at 233 K. The overall resolution was better than
2 cm−1. A pressed wafer was placed into a stationary sam-
ple holder located in an in situ cell (31, 32). Spectra were
recorded in flowing oxygen at room temperature after the
samples were dehydrated in flowing oxygen at 573 K.

Activity measurements were carried out at atmospheric
pressure in a fixed-bed quartz microcatalytic reactor
(8 mm o.d.) by co-feeding CH4 (99.95% vol) and O2

(99.98% vol) without diluent. The CH4 : O2 ratio was
adjusted in the range 3–10 M by means of mass flow
controllers and the methane residence time was adjusted
to 0.4 or 2 g h/mol for vanadia and to 1.5 or 4.5 g h/mol for
molybdena catalysts. The reactor effluent were analyzed
by an on-line Konik 3000HR gas chromatograph fitted

with a thermal conductivity detector. Chromosorb 107
and Molecular Sieve 5A packed columns were used with a
column isolation analysis system.

RESULTS AND DISCUSSION

Structure of the Supported Oxides

Raman spectra of the dehydrated samples were recorded.
Although water is generated under reaction conditions,
which may influence the surface species resulting in changes
in the Raman spectra of supported oxides, spectra obtained
during methane oxidation conditions closely resemble spec-
tra of dehydrated samples (33). Therefore, it is justifiable
to compare spectra of dehydrated samples in order to dis-
tinguish between samples of different loadings. In the case
of MoO3/SiO2 catalysts, a band at ca. 982 cm−1 is detected
which is not present for silica alone. This band is due to
the vibration mode of the terminal Mo==O bond of iso-
lated distorted octahedral mono-oxo-molybdenum oxide
species. At higher loadings a broadening of the Raman
band toward lower wavenumber is observed, and a band
appears at ca. 368 cm−1 due to the bending mode of the
Mo==O. For 1.3Mo these features become broad Raman
bands at ca. 968, 871, and 368 cm−1, suggesting the pres-
ence of surface polymolybdate species in the dehydrated
catalyst at molybdenum loadings close to the dispersion
limit. For higher molybdenum loadings, Raman bands at
993, 817, 660, 284, 158, 129, and 117 cm−1 due to crystalline
orthorhombic molybdenum oxide were observed.

Silica-supported vanadium oxide catalysts showed a
Raman band at ca. 1035 cm−1, characteristic of the stretch-
ing mode of the terminal bond V==O of isolated surface
mono-oxo-vanadium oxide species with C3v symmetry (34).
A weak interaction between surface vanadium species is in-
dicated by additional Raman bands at ca. 284 and 404 cm−1,
which are more apparent at higher vanadium loadings. Ag-
gregation of vanadium oxide species is indicated by Raman
features at 993, 702, 404, and 284 cm−1, characteristic of
crystalline V2O5 (34). Since the Raman bands of crystalline
species are much more intense than those of dispersed sur-
face species (32), the size and number of these crystals need
not necessarily be high.

As the catalytic reaction involves the consumption of
surface oxygen species, isothermal reduction experiments
were performed at 823 K (within the range of reaction tem-
peratures studied) and both the initial rate of reduction
and overall reducibility were calculated. Experiments were
conducted after no appreciable weight loss was observed
in flowing helium at 823 K, thus ensuring that the silica-
supported metal oxides were dehydrated prior to reduction
measurements. For the silica-supported vanadium oxide
catalysts, weight loss occurred during the first few minutes
of reduction and stabilized after approximately 2 h. This



           

216 FARALDOS ET AL.

FIG. 1. Reducibility of the silica-supported metal oxide catalysts ( ),
xMo and ( ), xV.

led to the removal of approximately one oxygen atom per
supported vanadium atom (Fig. 1), except for the highest
loaded (3.0V) sample. The higher reducibility of dispersed
vanadia compared with bulk V2O5 is consistent with previ-
ous reports (23, 35, 36). Temperature-programmed reduc-
tion (TPR) studies of vanadium oxide supported on alu-
mina, titania, and silica show a decrease in the reducibility of
vanadium oxide species with increasing coverage (37). Esti-
mation of the dispersion of V2O5 on SiO2 from TPR profiles
has been accomplished using this characteristic (38).

MoO3/SiO2 catalysts of low loading (0.3–0.9 Mo/nm2)
show the same weight loss pattern as the V2O5/SiO2 cata-
lysts. The higher-loaded (1.3–3.5 Mo/nm2) MoO3/SiO2 cata-
lysts exhibited two distinct reduction stages: an initial rapid
weight loss during the first few minutes (equivalent to that
of the low-loaded samples) and then a slow process which
reached equilibrium after approximately 3.5 h at 823 K. The
appearance of the second reduction stage is associated with
a decrease in the dispersion of molybdenum oxide species
on silica, consistent with the appearance of surface poly-
molybdate species and crystalline orthorhombic molybde-
num oxide features observed in Raman spectra of the de-
hydrated catalysts with concentrations of 1.3 Mo/nm2 and
above. This longer induction periods in isothermal reduc-
tions has been observed by Valyon et al. (39). Previous TPR
studies (40) show that the longer time required to reduce
the aggregated molybdenum oxide species appears to re-
sult in part to mass transfer limitations. In agreement with
this, an experiment conducted with catalyst 1.3Mo using a
H2/He mixture showed a single reduction maximum. Ki-
netic limitation is responsible for the two-stage reduction
observed in pure H2 since no difference can be observed be-
tween dispersed and aggregated molybdenum oxide species
in diluted hydrogen.

An increase in the reducibility of the higher-loaded
SiO2-supported molybdenum oxide catalysts is observed

(Fig. 1) with respect to the lowest loaded sample, in the
loading range characterized by dispersed surface molyb-
denum oxide species. Aggregation of the molybdenum
oxide species results in a significant increase in the overall
degree of reduction of the silica-supported molybdenum
oxide species (Fig. 1) implying that the dispersed surface
molybdenum oxide species are less reducible than the bulk
molybdenum oxide species. Highly dispersed particles
cannot be fully reduced as a minimum particle size is
required for stabilization. Additionally, silanol groups are
reported to oxidize isolated metal particles (41).

The increase in reducibility of molybdenum oxide
species is indicative of some modification in the nature of
molybdenum species. It may be related to the appearance
of weak additional Raman features. As indicated by Raman
spectroscopy, the amount of polymeric surface molybde-
num oxide species is not very high, thus explaining the mod-
erate increase in average reducibility of the silica-supported
molybdenum oxide catalysts at molybdenum loadings be-
low the onset of crystalline orthorhombic MoO3 for-
mation.

The relative weight loss measured in each stage can be
used to evaluate the dispersion of silica-supported molyb-
denum oxide species since the two stages observed in the
isothermal reduction of silica-supported molybdenum ox-
ide catalysts can be related to the reduction of essen-
tially dispersed (rapidly reduced) and bulk (slow reduction)
molybdenum oxide phases. The percentage of dispersed
molybdenum oxide estimated according to this method is
presented in Fig. 2. It has previously been noted that the dis-
persed molybdenum oxide species show a Raman band at
ca. 982 cm−1. The evolution of the intensity of that Raman
band with respect to the silica support band at 495 cm−1,
which is essentially constant, is indicative of the amount of
dispersed surface molybdenum oxide species. Since at low
molybdenum content most of the molybdenum is present as

FIG. 2. Amount of dispersed surface mono-oxo-molybdenum oxide
species estimated from I(Mo==O) at 982 cm−1 (4) versus the intensity of
the silica band at 495 cm−1 and degree of dispersion of molybdenum oxide
species estimated from the reduction measurements (s).
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isolated surface molybdenum oxide species, this band pro-
vides a good estimation of the amount of dispersed surface
molybdenum oxide species. These Raman intensities are
included in Fig. 2. Initial increases in molybdenum loading
results in an equivalent increase in the ratio of intensities at
982/495 cm−1. The maximum in isolated molybdenum oxide
species reached for a concentration of ca. 1.0 Mo/nm2 indi-
cated by the Raman signal corresponds with a silica surface
in which very few available silanol groups remain (31, 42).
For higher Mo concentrations, therefore, further formation
of dispersed molybdenum oxide species is not expected.
The appearance of additional Raman features and the in-
tense Raman bands of crystalline orthorhombic MoO3 for
1.9Mo and 3.5Mo support this assumption. Consequently, a
significant decrease in the dispersion of the silica-supported
molybdenum oxide species is expected. The dispersion es-
timations by the isothermal reduction experiments and the
Raman spectroscopy show a good degree of correlation
(Fig. 2). This estimation, however, cannot be made in a
system where the bulk oxide is less reducible than the dis-
persed phase, as is the case for silica-supported vanadium
oxide catalyst.

For both series, increasing the metal loading results in an
increase in the initial reduction rate, (R0) (Fig. 3). For the
Mo/SiO2 series, the sharp increase of initial reduction rate
(R0) in the low molybdenum loading region corresponds to
the presence of incipient surface polymerization of molyb-
denum oxide species. With a further increase in size, as
suggested by the improved definition of Raman bands due
to polymeric surface molybdenum oxide species, the crys-
talline orthorhombic MoO3 phase appears and a significant
decrease in R0 takes place. For V2O5/SiO2 loadings above
1 V/nm2, a less dramatic increase in R0 with increasing load-
ing is observed when compared with lower-loaded catalysts.
At higher vanadium loadings (3.0 V/nm2) the initial reduc-
tion rate declined significantly.

FIG. 3. Initial reduction rates (R0) for xMo ( ) and xV ( ) series.

For supported vanadia catalysts, the change in slope ob-
served between 0.8V and 1.8V corresponds with the forma-
tion of microcrystalline vanadium oxide, whereas the sharp
decrease in R0 above 2 V/nm2 corresponds with the onset
of formation of larger vanadium oxide crystallites.

The reduction of molybdenum oxide species has been
shown to be highly dependent on its dispersion (40) and
the initial rate of reduction for V2O5 crystals sensitive to
the crystal thickness, according to the lattice parameter c
(43). The reduction isotherms show that reduction occurs
in two stages for the xMo series at concentrations above
those showing a maximum in R0. This reduction behavior is
characteristic of bulk crystalline oxide (39). At 1.3 Mo/nm2

molybdate species are formed while at higher loadings the
formation of crystalline orthorhombic α-MoO3 occurs. For
the xV series the initial deviation of R0 is associated with
the onset of microcrystalline V2O5 species and the sharp
decrease in R0 corresponds with the onset of crystalline
vanadium oxide formation.

Catalytic Activity

Prior to any measurement, the contribution of the gas-
phase reaction was evaluated by performing a series of ex-
periments with the empty reactor. The data obtained with
the 8-mm-o.d. reactor and the results obtained in another
series of experiments performed using an empty and SiC-
filled 12-mm-o.d. reactor confirmed that the contribution of
the gas-phase reaction in the temperature range studied is
negligible, giving only trace amounts of dimerization prod-
ucts, mainly ethane, at temperatures above 873 K. Blank
experiments were performed with the untreated support
as formation of HCHO on several commercial silica sub-
strates has been reported (15, 20). No significant activity
would be expected as the Degussa Aerosil-200 used here is a
fumed silica, prepared at high temperature. In the tempera-
ture range 823–953 K, for methane pseudo-contact time
W/F = 2.0 g h/mol and CH4/O2 = 10 (molar ratio) in the
feed, no HCHO was detected and carbon oxides and water
were the major reaction products, with only trace amounts
of ethane (dimerization) at the highest temperatures. The
MoO3/SiO2 catalysts reached steady state according to GC
analysis, whereas the V2O5/SiO2 catalysts required ca. 4 h
on stream to reach steady state.

The selective oxidation of methane on both the MoO3/
SiO2 and V2O5/SiO2 catalysts yielded essentially HCHO,
CO, CO2, and H2O. Minor amounts of dimerization prod-
ucts and methanol were also observed. A reactor specifi-
cally designed to reduce the dead volume was used since
the participation of the gas-phase reaction plays a signifi-
cant role in further oxidizing the selective oxidation prod-
ucts (HCHO) (16). To understand the role played by the
lattice oxygen of MoO3 and V2O5 oxides in the selective
oxidation of methane and to explain the relative reactivi-
ties of the two oxides, which provide basic insights into the
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FIG. 4. Influence of (a) reaction temperature and (b) pseudo-residence time (W/F) on the conversion of methane for ( ) 0.8V and ( ) 0.8Mo.
Reaction conditions: (a) W/F = 2.0 g h/mol; CH4/O2 = 11 M and (b) T = 863 K; CH4/O2 = 11 M.

reaction mechanism, a comparison of the catalytic behav-
iors in terms of : (i) methane conversion vs temperature,
(ii) methane conversion vs contact time, and (iii) selectivity
to HCHO vs conversion are described below. Activity and
selectivity data obtained for a given set of experimental
conditions were practically identical for repeated experi-
ments.

The influence of the reaction temperature on methane
conversion for two representative 0.8V and 0.8Mo samples
(i.e., containing the same metal oxide surface concentra-
tion) is presented in Fig. 4a. An increase in reaction tem-
perature results, as expected, in an increase in the methane
and oxygen conversion. Figure 4b depicts the conversion
of methane vs pseudo-residence time (W/F). Under any
specific reaction condition V2O5/SiO2 catalysts are signifi-
cantly more reactive than MoO3/SiO2 catalysts. In fact, it
is apparent that the onset reaction temperature for 0.8V
is ca. 60 K less than that needed for 0.8Mo to obtain the
same level of conversion. Similar observations have been
reported by Spencer and Pereira (9) and Parmaliana et al.
(15, 18).

FIG. 5. Selectivity to HCHO (s); CO (4); and CO2 (r) vs CH4 conversion for (a) 0.8Mo and (b) 0.8V.

Figure 5 shows the selectivity to HCHO, CO, and CO2 vs
methane conversion on the representative catalysts, 0.8V
and 0.8Mo. The complementary selectivity trends between
HCHO and CO strongly suggest that HCHO is further ox-
idized to CO for both MoO3/SiO2 and V2O5/SiO2. How-
ever, the selectivity to CO2 shows a different trend. CO2 is
formed at very low conversion on silica-supported molyb-
denum oxide catalysts and its selectivity does not appear
to change significantly in the range of methane conver-
sion studied. Conversely, for V2O5/SiO2, no CO2 is formed
at very low methane conversion, but a further increase in
CH4 conversion results in an increase in formation of CO2.
It is apparent that carbon dioxide is a primary product
for silica-supported molybdenum oxide catalysts whereas it
would appear to be formed by further oxidation of CO on
vanadia/silica catalysts. The reaction pathway for methane
conversion initially proposed by Spencer and Pereira (9)
has been verified by isotopic studies (22, 23, 28, 29). We
have previously shown a simple means of demonstrating
that CO2 is a primary product on MoO3/SiO2 catalysts and
that it can be enhanced by promoting secondary gas-phase
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FIG. 6. Selectivity to HCHO on 0.8V and 0.8Mo vs methane conver-
sion. (4) 0.8Mo at 863 K; (♦) 0.8Mo at 883 K; (r) 0.8V at 803 K; (∗) 0.8V
at 833 K; and (d) 0.8V at 863 K.

reactions (16). The activity of the 0.8Mo catalyst was mea-
sured using two reactors, one of which had a small dead
volume downstream of the catalyst bed. Under the same
reaction conditions, methane conversion was not altered al-
though the product distribution was modified. An increase
in residence time of the products in the hot zone (reactor
with larger dead volume, 10-mm-o.d. reactor) decreased
markedly the selectivity to HCHO with a corresponding
increase to CO. The selectivity to carbon dioxide was only
slightly affected. It would appear that HCHO and CO2 are
primary products in the oxidation of methane on silica-
supported MoO3 catalysts.

Figure 6 shows the selectivity to HCHO of 0.8V and
0.8Mo. The selectivity to HCHO is always lower for the
silica-supported vanadium oxide catalysts. The differences
observed between silica-supported molybdenum oxide and
silica-supported vanadium oxide cannot be explained from
the differences observed in their reducibility and initial
reduction rates. In line with other studies on the selective
oxidation of hydrocarbons, no definite correlation has been
found between catalytic activity and catalyst reducibility
(44, 45). We have already reported a similar absence of a
link between catalyst reducibility and its activity in the se-
lective conversion of methane (46). This trend is in contrast
to behavior in methanol oxidation where hydrogen abstrac-
tion takes place and catalytic activity may be correlated
with catalyst reducibility (46). In the case of methane oxi-
dation, radicals are reported to be generated mainly in the
gas phase and then converted on the supported metal oxide
(20). Therefore, the main difference between both catalyst
series must be related to their different capabilities to ac-
tivate oxygen. Oxygen species transform upon adsorption
on a metal oxide according to the following scheme (47):

O2 (ads) → O−
2 (ads) → O− (ads) → O2− (lattice).

Predominant species should be determined by the nature

of specific oxides. A continuous gradation of these species
is expected to occur on the adsorption site. Molybdates
are reported not to adsorb oxygen, in contrast to silica-
supported vanadia (47). Isotopic studies show no oxygen
exchange on silica-supported molybdenum oxide (22) and
a small degree of oxygen exchange on silica-supported
vanadium oxide (23, 29). This result leads us to assume a
higher interaction of the silica-supported vanadium sites
with gas-phase oxygen than in the case of silica-supported
molybdenum oxide. Under catalytic reaction conditions
interaction of both silica-supported oxides with methyl
radicals results in the incorporation of lattice oxygen
in the formaldehyde molecule, as indicated by isotopic
studies on silica-supported molybdenum oxide (22, 28)
and on silica-supported vanadium oxide (23, 29) during
the selective oxidation of methane. For both systems
oxygen vacancies are regenerated by gas-phase oxygen.
In addition to surface lattice oxygen, adsorbed oxygen
species (O2

− and O−) are also expected to be formed
on silica-supported vanadium oxide catalysts (47). Ionic
adsorbed oxygen species are reported to be more reactive
and lead to nonselective oxidation, as in the case of
methane combustion catalysts (48). Scarcity of adsorbed
oxygen prevents lowering reaction selectivity (49). This
may be the origin of the higher reactivity and lower
selectivity of silica-supported vanadium oxide catalysts.

The methane turnover frequency (TOF) values are pre-
sented in Fig. 7 for the silica-supported metal oxide cata-
lysts as a function of the surface metal coverage (metal
atom/nm2). The TOF values have been calculated under
the assumption that all the supported metal is active. At low
metal loadings (below 1.3 metal atom/nm2) the TOF values
remain essentially constant, except for 0.3V, which presents
a remarkably low TOF. Similar profiles have been obtained

FIG. 7. Turnover frequency vs metal/nm2 for Mo/SiO2 ( ) and
V2O5/SiO2. ( ). Reaction conditions for MoO3/SiO2 863 K, W/F = 3.0
g h/mol and CH4/O2 = 10 M; for V2O5/SiO2 : 833 K, W/F = 0.4 g h/mol
CH4/O2 = 10 M.
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by Karthereuser et al. (29) using V2O5/SiO2 catalysts for
methane conversion. This loading range (<1 metal atom/
nm2) is characterized essentially by the existence of dis-
persed isolated surface metal (V or Mo) oxide species.
The yield to partial oxidation products (HCHO) is less for
V2O5/SiO2 catalysts despite its higher reactivity (Fig. 6).
The higher reactivity of the V2O5/SiO2 series is essentially
related to nonselective oxidation products. In situ Raman
experiments during methane oxidation conditions show
that supported vanadium oxide species undergo a slight
reduction to lower oxidation states, thus providing oxygen
adsorption sites (33). This reduction is not observed for
MoO3/SiO2 catalysts (46). The reduced sites generated on
V2O5/SiO2 surfaces during methane oxidation, which act
as adsorption sites to activate oxygen, appear to promote
non-selective oxidation (33, 48). The high TOF number dif-
ference between the 0.3V sample and the other members of
the series of low loadings is not clear. One possibility is that
the very low conversion values do not allow a quantitative
study of this specific catalyst. However, it is possible that,
for very low loadings and consequently high dispersions
where essentially all vanadium species exist as isolated en-
tities, these species are incapable of providing both active
oxygen and methane/methyl radical adsorption sites (e.g.,
H abstraction sites) and that this combination is only pro-
vided when nearest-neighbor vanadium species are present
at higher loadings. At yet higher loadings, better-defined
and larger crystals of V2O5 are present, decreasing the num-
ber of exposed vanadium sites, resulting in the dramatic
drop in TOF. The TOF profile for MoO3/SiO2 is quite sim-
ilar. Below the dispersion limit, the TOF number remains
essentially constant and decreases for molybdenum load-
ings where crystalline MoO3 species are present.

It appears that methane conversion on V2O5 materi-
als is not only related to the surface vanadium species
present but also to the partial reduction of these sites. These
provide sites for nonselective oxidation products. During
reaction under reducing conditions, the surface of the vana-
dium species undergoes a reduction that may be the ori-
gin of the induction period observed for V2O5/SiO2, which
was not detected for MoO3/SiO2 catalysts. Reactivity of
MoO3/SiO2 catalysts is essentially linked to dispersed sur-
face molybdenum oxide species and no surface reduc-
tion and consequently additional sources of reactivity are
generated.

CONCLUSIONS

Characterization of the silica-supported molybdenum
and vanadium oxides by laser Raman spectroscopy and
reduction isotherms allows a critical surface metal load-
ing to be determined above which supported metal oxide
species are present as bulk oxide. Isolated dispersed metal
oxide species are dominant on both catalyst series at lower

metal loading. The higher reducibility of bulk-like molyb-
dena vs surface molybdenum oxide species provides a sim-
ple means to evaluate dispersion of silica-supported molyb-
denum oxide.

Both supported V and Mo oxides are active in the conver-
sion of methane to C1-oxygenates and COx. Formaldehyde
is a primary oxidation product, which is further oxidized to
CO. The vanadium oxide catalysts are more reactive than
the molybdenum oxide catalysts in conversion of methane;
however, its higher reactivity also results in a further oxi-
dation of HCHO to CO thus resulting in a lower yield to
selective oxidation products.

Characterization and activity measurements indicate that
surface dispersed metal oxide species are more reactive
than aggregated metal oxide species.
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and P. Tétényi, Eds.), p. 1131, Elsevier, Amsterdam, 1993.

23. Koranne, M. J., Goodwin, J. G., and Marcelin, G., J. Catal. 148, 378
(1994).

24. Koranne, M. J., Goodwin, J. G., and Marcelin, G., J. Catal. 148, 388
(1994).

25. Hargreaves, S. J., Hutchings, G. J., and Joyner, R. W., Nature 348, 428
(1992).
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