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The selective oxidation of methane to formaldehyde at atmospheric pressure was studied over
a series of silica supported molybdena catalysts. Two silica supports of substantially different
surface areas (80 and 200 m?¥/g) and molybdenum contents ranging from 0 to 3.5 Mo/nm? were
used for this purpose. The catalytic performance of the two catalyst series was compared for a
wide range of experimental conditions, including the influence of the oxidant in the feed (O, or
N,0). The main products of the oxidation reaction were formaldehyde, CO and CO,. Small amounts
of C,H, and CH,OH were also identified. For typical reaction conditions, i.e., reaction temperatures
863 K, W/F = 4.5 g h/mol and CH,/0, = 10 M both methane conversion and formaldehyde
selectivity were higher with O, as oxidant. Furthermore, formaldehyde selectivity reached a maxi-
mum for molybdenum concentrations ca. | Mo/nm® with both oxidants. The molybdenum exposure
on the surface of fresh and spent catalysts was monitored by X-ray photoelectron spectroscopy.

<1993 Academic Press, Inc.

INTRODUCTION

While interest in the catalytic conversion
of methane continues unabated, the focus
of attention has gradually shifted from the
partial oxidation process as pioneered by
Lunsford and co-workers (/) and Somorjai
and co-workers (2) to oxidative coupling
originally researched by Keller and Bhasin
(3). However, studies of the partial oxida-
tion process offer interesting practical and
fundamental aspects and as a consequence
merit continued attention.

As Pitchai and Klier noted in their 1986
review, catalysts based on MoO; were the
most widely studied for the partial oxidation
of methanol at least up to that date (4). A
more recent review by Brown and Parkyns
(5) provides an updated summary demon-
strating that the studies of this process have
extended to include compounds of chro-
mium, vanadium, iron, and tungsten. Other
reviews appearing in the last several years
include those of Garcia and Loffler (6), Fos-
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ter (7), Gesser et al. (8), Scurrell (9), Mi-
moun (/0), Sinev et al. (/1), Anderson (12),
and Lee and Oyama (/3).

The report from Brown and Parkyns (5)
emphasizes the importance of the direct pro-
cess from methane to methanol in order to
circumvent the route through syngas. How-
ever, as these authors emphasize the con-
versions and selectivities required to make
the direct process economical have not yet
been achieved.

Earlier work from one of our laboratories
focused on the partial oxidation of methane
over silica-supported metal-oxygen cluster
catalysts containing one or more of molyb-
denum, tungsten, and vanadium (/4-27).
The effect of replacing the proton in these
catalysts by larger cations was also evalu-
ated (2/-24). Comparisons with silica-sup-
ported molybdenum oxide were also re-
ported (i4). Later work provided evidence
for the formation of metal-oxygen clusters
such as 12-molybdosilicic acid from the in-
teraction of MoO, with the silica support
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(22). The production of oxidation products
over the silica support itself has also been
documented and the effect of the use of oxy-
gen or nitrous oxide noted (/5).

Most recently, Spencer and co-workers
have reported that the partial oxidation of
methane to formaldehyde by molecular oxy-
gen is catalyzed by both Mo00,/Si0, and
V.0,/Si0, (28-32). With the former cata-
lyst methane is converted to H,CO in paral-
lel with CO,, with the former product being
further oxidized to CO, while with the latter
catalyst a sequential mechanism appears to
exist in which the CO, is formed from the
CO. The most recent paper on this subject
from these authors proposes a mechanism
for the partial oxidation of methane on the
two aforementioned catalysts (32). The
same reaction was investigated by Kennedy
et al. (33) over a range of silica-supported
molybdena and vanadia catalysts promoted
with silver, iron, chromium, cobalt, and so-
dium, but none of these additives assisted
in the selective oxidation of methane to
formaldehyde.

The present work examines the partial ox-
idation of methane over a series of MoO,/
SiO, with a variety of loadings of MoO;,
with two silica supports of substantially dif-
ferent surface areas and with two oxidants,
nitrous oxide and oxygen.

EXPERIMENTAL

Two silica samples were employed in this
work. One was an Aerosil MOX 80 (Degussa
Iberica, S.A.) with surface area of 86 m’/g
and an Aerosil 200 of surface area 200
m?/g (Table 1). Chemical composition and
textural parameters for these silicas sup-
ports are summarized in Table 1.

The silica was impregnated with aqueous
solutions of ammonium heptamolybdate
(Merck) whose concentrations were se-
lected to obtain surface concentrations up
to 3.5 Mo atoms per nm?*. The two-phase
system was dried in a rotary evaporator at
80°C and reduced pressure and then cal-
cined in two steps: 2 h at 350°C and 4 h at
650°C. The catalysts supported on low and
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TABLE 1

Chemical Composition and Textural Properties of
the Silica Supports

Support: Aerosil MOX-80 Aerosil 200
Source: Degussa Degussa
Composition (wt%)
Si05: >98.3 >99.8
ALO:: 0.3-1.3 <0.05
Fe,0s: <0.01 <(.003
TiO-: <0.02 <0.03
Na(ppm): <450 —
HCI: <0.025 <0.025
Average particle 30 12
size (nm):
Surface area 80 = 20 200 = 25
(m*/g):

high surface area silica are referred to here-
after as Mox and 2Mox, respectively, where
x denotes the surface concentration of Mo
atoms per nm>. The loadings and surface
areas (BET) of the supported catalysts are
shown in Table 2.

The catalytic reactions employed a quartz
reactor with either nitrous oxide or oxygen
as oxidant, CH,/oxidant molar ratios from
11/1to4.5/1 and W/F between 1.5and 7.0 g
h mol~!. Except where otherwise indicated
200 mg of the catalyst was employed. The
reactor system was equipped with an on-
line gas chromatograph (Shimadzu GC-9A,
when working with N,O and Konik-3000HR
when working with O,) fitted with a 10" x
%" Porapak-Q column and a 4A molecular
sieve column. Calibrations for formalde-
hyde were obtained with a 379% HCHO
aqueous solution stabilized with 10%
CH,OH. A suitable temperature was em-
ployed for the former column and 35°C for
the latter. The catalyst was heated in the
reactor under an oxygen flow from 25 to
200°C and held at the latter temperature for
approximately 2 h. The temperature was
subsequently increased to the reaction tem-
perature. Approximately 2 h were required
toreach apparently steady conditions. Sam-
pling of the products stream was repeated
untif the analytical results were reproduc-
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TABLE 2
Molybdena Loadings and BET Areas of the Supported Catalysts
Aerosil MOX-80 Aerosil-200
Label MoOs; Surface area MoOy4/ Label MoO; Surface area MoO¢/nm*
(Wt%) (m*/g) nm? (Wt%) (m*/g)
Mo 0.3 0.5 76.7 0.3 2Mo 0.3 0.5 182.7 0.3
Mo 0.4 0.8 69.3 0.4 2Mo 0.5 11 166.2 0.5
Mo 0.6 1.1 67.7 0.6 2Mo 0.8 1.7 160.2 0.8
Mo 1.0 1.7 69.3 1.0 2Mo 1.3 3.5 114.1 1.3
Mo 1.5 2.5 79.9 1.5 2Mo 1.9 6.7 69.0 1.9
Mo 1.9 3.5 40.1 1.9 2Mo 3.5 16.2 23.6 3.5
Mo 2.7 4.6 43.7 2.7
Mo 3.5 6.7 55.7 3.5

@« Number of molecules per nm’ of support assuming 1009 dispersion.

ible. To evaluate the formation of H,, paral-
lel analysis of the permanent gases was car-
ried out in an HP5890A gas chromatograph
with a 10" x 4" Chromosorb 107 and using
Ar as a carrier.

X-ray photoelectron spectra were ob-
tained with a Fisons ESCALAB 200R spec-
trometer interfaced to a data station and fit-
ted with a hemispherical electron analyzer
and a magnesium X-ray source (MgKa =
1253.6 eV). The samples were outgassed at
room temperature to 5 X 107° Torr in a
prechamber prior to being transferred into
the analysis chamber. The pressure in the
latter was maintained at less than 4 x 10~
Torr during analysis. The spectra were re-
corded in 20-eV-wide regions centred at the
relevant energies and at a pass energy of
20 eV. Each spectral region was signal-
averaged to a number of scans to obtain
good signal/noise ratios. Although surface
charging was observed in all samples,
accurate binding energies (BE) were calcu-
lated by referencing to the Si 2p line at 103.4
eV.

RESULTS

Blank Experiments

The conversion of methane on silica and
in homogeneous gas-phase reactions was in-
vestigated. For a feed ratio of CH,/O, equal
to 11, the gas-phase reaction was found to

occur only to a very small extent at the high-
est reaction temperature (630°C) with trace
amounts of C, H, detected in the reactor exit
stream. Blank experiments with the Aerosil
200 carrier were also performed in the tem-
perature range 550-630°C with feed ratios of
CH,/0, equal to 11 and methane residence
time of 4.5 g h/mol. The conversion of meth-
ane was found to be extremely low at tem-
peratures below 600°C, with traces of car-
bon oxides and HCHO being the only
detectable carbon-containing compounds.
At higher temperatures the conversion of
methane increased slightly up to levels of
the order of 0.1% but only carbon oxides
were detected.

XPS Results

The Mo 3d and Si 2p core-level spectra
were recorded for both fresh and used cata-
lysts. The binding energies of the most in-
tense Mo 3d,, peak are tabulated in Table
3. The values range from 232.2 to 233.0eV.
Since no systematic changes are evident, it
can be concluded that neither changes in
loading nor use of the catalyst alter the posi-
tion of the Mo 3d,, peak. A common feature
to all these spectra is the poor resolution of
the Mo 3d doublet irrespective of the Mo-
loading, which indicates the formation of
some reduced molybdenum oxides by X-ray
irradiation during analysis.
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TABLE 3

Binding Energies for Mo 3ds,; Peak for M00,/Si10,
Catalysts at Various Loadings on a Low- and a High-
Surface-Area Support

Catalyst SBET Mo 3ds, (eV)
(m?*/g)
Fresh  O,-used  N,O-used

Mo 0.3 77 233.0 232.8 —
Mo 0.4 69 232.4 232.5 232.6
Mo 0.6 68 233.0 232.3 2326
Mo 1.0 69 2329 232.6 2325
Mo 1.5 65 232.8 2325 232.8
Mo 1.9 40 233.0 232.9 232.7
Mo 2.7 44 233.0 232.7 232.6
Mo 3.5 42 2326 232.6 2327
2Mo 0.3 183 2325 2322 2324
2Mo 0.5 166 232.6 232.5 232.5
2Mo0 0.8 161 232.7 232.5 232.3
2Mo 1.3 114 232.4 232.6 232.6
2Mo 1.9 69 2326 232.4 232.4
2Mo 3.5 24 232.8 232.6 232.6

The intensity of Mo 3d peaks relative to
that of the Si 2p in the support as calculated
from the XPS data for the catalysts both
new and used shows the expected trends
with loading except for the higher area sup-

TABLE 4

XPS Relative Intensities of Fresh and Used Catalysts
at Various Loadings on a Low- and a High-Surface-
Area Support

Catalyst SBET I/
(m*/g)
Fresh O,-used  N,0-used

Mo 0.3 77 0.0397 0.0530 —
Mo 0.4 69 0.0533 0.0670 0.0517
Mo 0.6 68 0.0871 0.1124 0.2279
Mo 1.0 69 0.0941 0.1850 0.1067
Mo 1.5 65 0.1864 0.1882 0.2308
Mo 1.9 40 0.3174 0.3760 0.2968
Mo 2.7 44 0.4890 0.5208 0.3898
Mo 3.5 42 0.2944 0.4080 0.4440
2Mo0 0.3 183 0.0338 0.0324 0.0510
2Mo 0.5 166 0.0687 0.0653 0.0796
2Mo 0.8 161 0.0786 0.0997 0.1195
2Mo 1.3 114 0.1732 0.3500 0.1761
2Mo 1.9 69 0.1620 0.1344 0.2620
2Mo 3.5 24 0.4770 0.4473 0.3371
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Fi1G. 1. Influence of contact time on product distribu-
tion for the catalyst Mo 0.6: (®) HCHO, (<) CO, and
(A) CO,. CH4/0O, = 11, reaction temperature, 590°C.

ports with relatively high loading (Table 4).
As a consequence of the relatively large
variation in measured surface areas for a
given support, the differences between mo-
lybdenum concentrations as prepared and
as measured, vary considerably. It is partic-
ularly interesting to note that the 7 //; val-
ues for the used catalysts are higher than
those for the new catalysts for all loadings
and both supports. In particular, catalysts
with N,O as oxidant showed a wide full
width at half maxima of the Mo 3d doublet,
which suggests the presence of reduced Mo-
species in these catalysts.

Activity Results

Oxygen as oxidant. With either nitrous
oxide or oxygen, the products of the reac-
tion are predominantly CO, CO,, and
HCHO with, in some cases, ethane and
methanol. Molar balances on the carbon and
oxygen were 1.00 + 0.01 and 1.00 = 0.05,
respectively. It has been observed that ei-
ther an increase of methane residence time
or of the reaction temperature is reflected
in an increase of the methane and oxygen
conversions. The product distributions are
affected in the sense that increasing conver-
sion levels of CH, are followed by decreas-
ing selectivity to HCHO with a concurrent
increase in the selectivity to CO, while that
to CO, is largely unchanged. This trend is
illustrated in Fig. 1 for the catalyst Mo 0.6.
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TABLE 5
Effect of the Reaction Temperature on the Oxidation of CH, with O,
Temperature % Conversion % Selectivity (M)
(K)
CH;, 0, CO CO, C,H, HCHO CH,0H
843 0.6 7.0 2.2 4.0 — 93.8 _
863 1.2 13.9 12.0 5.6 — 82.4 0.1
883 2.2 27.8 26.2 8.6 0.4 64.7 0.1

Note. Catalyst Mo 1.0; W/F = 4.5 g h/mol; CH,/O, = 10 M.

Upon increasing W/F, the HCHO selectiv-
ity decreases markedly while that of CO in-
creases; only a slight increase of CO, is ob-
served. This indicates that HCHO is a
primary product that decomposes to CO.
The origin of CO, is much more complex.
It may be produced directly from CH, as
results at methane conversions as low as
0.6% have shown (Table 5). Similar findings
have already been reported by Spencer and
Pereira (28) for the selective oxidation of
methane on catalysts with comparable mo-
lybdenum loadings. Recent work carried out
in one of our laboratories using isotopic la-
belling techniques indicated that CO, comes
directly from the interaction of methane
with molybdena (34). It can be seen that
more than one oxidation site is formed on
the supported molybdenum oxide phase.
With C, oxidation Ozkan et al. (35) sug-
gested that molybdena has two oxidation
sites: (i) complete oxidation, associated
with Mo-O-Mo sites, and (ii) selective oxi-
dation, thought to be associated with termi-
nal oxygen sites (Mo=0). CO, may not only
be produced directly from methane but also
from the oxidation of CO or the water—gas
shift (WGS) reaction of CO. In fact, ac-
cording to the amounts of H, detected, ca.
i of the CO, observed probably originates
from the WGS reaction. Even when the lat-
tice oxygen of molybdena is incorporated in
the methane molecule, some kind of acti-
vated adsorbed oxygen, which operates
through a suprafacial mechanism, will be
responsible for the nonselective oxidation

of methane to carbon monoxide (34). How-
ever, the extent of this reaction appears to
be unimportant since the close link between
CO and HCHO suggests that the latter is
the main source of CO. Moreover the com-
petitive adsorption of CO, will decrease this
possibility (36). As a whole, the picture of
the reaction is that lattice oxygen will yield
selective and complete oxidation products
while gas phase molecular oxygen will be
responsible for the non-selective oxidation
of CH, to CO (Fig. 2).

At a reaction temperature of 590°C,
CH,/O, = 11 M and W/F = 4.5 g h/mol
the conversions of methane and the yield
to formaldehyde increase with molybdenum
loading on the two catalyst series, pass
through a maximum at intermediate load-
ings and then decrease at higher loadings
(Figs. 3a and 3b). It is noteworthy that the
maximum appears on the two catalyst series
at an apparent surface density of approxi-
mately 1 Mo/nm?, although the maximum

0
CHa = —& HCHO
GAS
Nﬁ L PHASE
co
0 LAT ‘ wgszor
CO,

F1G. 2. Reaction pathway for the selective oxidation
of methane over M0Q,/SiO, catalysts.
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F1G. 3. Conversion of methane and yield of formalde-
hyde on MoO; supported on (a) Moux series and (b)
2Mox series. Reaction temperature 590°C; W/F = 4.5
g h/mol; CH,/O, = 11 molar.

with the lower area support is more pro-
nounced. However, the conversion of the
catalysts prepared from the lower area sup-
ports achieves maximum values approxi-
mately twice as large as those obtained with
the higher area silica.

At methane conversions of 1.09% and un-
der the same reaction conditions the selec-
tivities to formaldehyde also show a maxi-
mum with either support (Figs. 4a and 4b)
but the values of the selectivity at the maxi-
mum are similar for both Mox and 2Mox
catalyst series. The selectivities to the vari-
ous products at 1.0% conversion of meth-
ane, 590°C and CH,/O, = 11 are tabulated
in Table 6 for the two catalyst series. It is
evident that the increase in selectivity to
formaldehyde with increasing loading is pri-
marily at the expense of carbon dioxide with
the lower surface area support but with con-
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current decrease in the selectivity to CO on
the higher surface area support.

Oxidation with nitrous oxide. The selec-
tive oxidation of methane with nitrous oxide
also yielded CO, HCHO, and CO, as the
principal products. The trends in the con-
versions and product distributions with in-
creasing reaction temperature or methane
residence time in the bed of the catalyst are
the same as those observed with molecular
oxygen. However, there are significant dif-
ferences in both activity and selectivity. Not
only the methane and oxidant conversions
are significantly lower, but also at the same
level of methane conversion and reaction
temperature HCHO selectivity is much
lower than that in the presence of molecular
oxygen (Figs. 5a and 5b).

In addition, the effect of the molybdenum
loading on the catalytic performance in the
reaction using N,O as oxidant (Fig. 6) fol-

% HCHO
100
e a
75 |
. .
50 F . v
25
0 A _ -
] 1 2 3 4
Mo/nm 2
9% HCHO
100
b
90 -
80 L .
L
70 -
60 o
50 L " L
[¢] 1 2 3 4
Mo/nm z

FiG. 4. Selectivities to formaldehyde on (a) Mox
series and (b) 2Moux series. Conversion of methane
1.0%:; reaction temperature 590°C; CH,/O, = 11 molar.
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TABLE 6

Product Distribution at 1.0% CH, Conversion on the Two Catalyst Series

Catalyst % Selectivity (M)
CO CO, C,H, HCHO CH,0OH
Low surface area
Mo 0.3 23.7 16.5 1.0 57.9 0.2
Mo 0.4 27.4 3.4 1.2 66.4 0.3
Mo 0.6 19.2 1.9 0.8 77.0 0.2
Mo 1.0 8.5 5.0 —_ 86.4 0.1
Mo 1.5 46.7 4.2 0.5 48.5 —
Mo 1.9 33.1 5.5 —_ 61.3 —_
Mo 2.7 42.4 7.4 — 50.1 _
Mo 3.5 34.8 33 — 61.8 —
High surface area
2Mo 0.3 24.8 4.3 4.6 65.8 0.4
2Mo 0.5 22.7 8.6 0.2 68.4 t
2Mo 0.8 15.5 4.6 — 79.8 t
2Mo 1.3 18.7 5.1 —_ 76.2 1
2Mo 1.9 14.9 1.7 — 83.0 —_—
2Mo 3.5 21.2 49 — 73.8 —

Note. T = 590°C and CH/O, = 1.

lowed almost the same profile as that with
molecular oxygen. The two profiles for Mox
and 2Mox catalysts series display a maxi-
mum in methane conversion for loadings
close to 1.0 Mo/nm?.

DISCUSSION
Effect of Molybdenum Loading

The catalytic activity data for the selec-
tive oxidation of methane with molecular
oxygen on Mox and 2Mox catalysts series
show a clear dependence on the molybde-
num content. The characterization of the
catalysts by Raman, XPS, and XRD reveals
that molybdenum loading determines the
nature of the supported species. Some infor-
mation about the mode of distribution of
the various molybdenum species can also
be derived from the analysis of the ensemble
of data.

The almost linear dependence of the nor-
malized XPS Mo/Si intensity ratios (Fig. 7)
on molybdenum concentrations up to about
1.0 and 2.5 Mo/nm’ in the two Mox and
2Mox series, respectively, indicates that

molybdenum species were distributed uni-
formly on the silica surface. The loss of reso-
lution of the Mo 3d doublet in this concen-
tration range as compared with that in bulk
MoO; and the progressive decrease in sur-
face area, particularly in the 2Mox series,
indicate that the supported molybdenum ox-
ide phase interacted strongly with the silica

o 9% CONVERSION 9% SELECTIVITY (molar)

a b
7] :é//;‘
[ N20
S *;{é 60

CHy OXIDANT

Fi1G. 5. (a) Conversions of methane and oxidant for
the Mo 0.6 catalyst at W/F = 4.5 g h/mol and T =
863 K. CHy/O, = 11 M and CH,/N,O = 5 M. (b)
Product distribution at methane conversion of 0.6%
and T = 863 K.
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surface. Surface molybdate species may be
identified through the use of the Raman data
reported earlier (37). For molybdenum con-
centrations of 0.8 Mo/nm? only a weak band
at ca. 960 cm ~! was observed which may be
attributed to a highly dispersed molybdate
species previously proposed by Jeziorow-
sky and Knozinger (38), Stencel et al. (39),
and Wachs and co-workers (40) for similar
catalysts prepared by a variety of methods.
At molybdenum concentrations above 0.8
Mo/nm® the Raman spectra are dominated
by the bands of MoO; crystalline structures,
but these results do not exclude the simulta-
neous presence of polymolybdates and
MoO; crystallites. In this point it must be
noted that the latter are good Raman scatter-
ers while the former are poor scatterers
since they are heterogeneously distributed
on the surface (4/). The appearance of an
XRD pattern of crystalline MoO; and the
decrease of the XPS Mo/Si ratios in this
concentration range (42), particularly for
the 2Mo x catalyst series, are also consistent
with that observation.

In a previous study using labelling tech-
niques we have shown that only lattice oxy-
gen of molybdenum oxide in Mo0O,/SiO,
catalysts is responsible for the selective oxi-
dation of methane to formaldehyde (34).
Judging from the data of Fig. 3, and particu-
larly of Fig. 6, one would infer that the

S86HCHO
100
7s k- .

/\ —
w0 | \
25
o & I A [

0 0,5 1 1.5 2

Moonmz

F16. 6. HCHO selectivity at 863 K for CH, conver-
sion of 0.2% and CH,/N,O = 5 M for catalysts of Mox
series (@) and of 2Mo.x series ({).
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Fi1G. 7. Dependence of Mo concentration of the XPS
Mo/Si intensity ratios for Mox (&) and 2Mox (@) cata-
lyst series.

HCHO selectivity is directly related to dis-
persed molybdate structures in these cata-
lysts. It can be noted in these figures that
HCHO selectivity increases gradually with
molybdenum concentration up to 0.8 Mo/
nm?’ for the two catalysts series when mo-
lecular oxygen is used as an oxidant (Fig.
4), however, the increase is much more
marked in that region of compositions when
N,O is fed into the reactor. As discussed
below, although these differences may re-
side in the inability of N,O torestore a given
oxidation state of molybdenum, there is a
common feature, that is, the best HCHO
selectivity is obtained in the composition
range where polymolybdates are developed.
It is presumed that the binding energy of
oxygen in these structures attains values
which make these selective. In line with this
interpretation one would expect that molyb-
dena dispersion is not related to HCHO se-
lectivity. To verify this, HCHO selectivities
have been plotted against normalized I,,,/
I, in Fig. 8. Although some variation of the
selectivity to HCHO with the XPS 1,//g;
ratio is evident, particularly for the Mox
series of catalysts, nevertheless the data in
Fig. 8 suggest that the molybdate species
are developed at very low molybdenum con-
centrations and these are preserved on the
catalyst surface as the molybdenum loading
increases.
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FiG. 8. Dependence of HCHO selectivity at 590°C,
W/F = 4.5 g h/mol and CH/O, = 11 M on the XPS
Mo/Si intensity ratios for (a) Mox series and (b) 2Mox
series.

The smoother profiles observed in the
catalytic activity of the 2Mox catalysts
series with respect to its Mox counterpart
as a function of the molybdenum loading
can be due to the smaller size of the silica
microspheres (12 nm versus 30 nm diameter)
that will favour the larger participation of
aggregates from lower apparent surface mo-
lybdenum densities. This will give a more
uniform behaviour of the series as the
change in the nature of molybdenum species
will be smaller.

It is of interest to compare the present
results on the effect of loading with those
obtained earlier in one of our laboratories
for the 12-molybdophosphoric acid/SiO,
system (/4-18, 21-24), particularly since
there appear to be some interesting similari-
ties between the results for the two catalytic
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systems. With 12-molybdophosphoric acid
supported on silica (abbreviated to HPMo/
Si0,) conversion increased linearly to a
maximum at approximately 20 wt% HPMo
on Si0,. This corresponds to a coverage
of approximately one anion per 10 nm* as
compared with the value of 1 nm? estimated
for the cross-sectional area of an anion of
HPMo. In addition the XPS Mo, /Si,, inten-
sity ratio was found to be approximately
linear up to a HPMo loading of approxi-
mately 0.1 anion/nm” again, as in the present
work indicating a uniform distribution of the
supported species on the surface. Finally
the earlier studies of M00O,/Si0O, provided
Raman spectra showing the formation of
molybdosilicic acid (22). However it is ap-
parent that the generation of such species
on the surface of the silica is undoubtedly
favoured by an acidic environment. Al-
though a semiquantitative correspondence
between these earlier results on HPMo/SiO,
and the present data is evident, it is im-
portant to note that no evidence for the for-
mation of molybdosilicic acid has been
found in the present work.

Effect of the Oxidant

It is generally believed that the selective
oxidation of methane on redox catalysts oc-
curs via a Mars—van Krevelen mechanism
in which the catalyst is alternately reduced
by methane and reoxidized by the gaseous
oxidant. Such a mechanism has been al-
ready confirmed by a tracer isotopic tech-
nique which demonstrated that the oxygen
of HCHO comes directly from the molybde-
num oxide lattice (34). Apart from this,
there is no general consensus on the type of
oxygen species responsible for the reaction.
Thus, Barbaux et al. (43) pointed out that
oxidation of methane with molecular oxy-
gen on bulk and low Mo-content catalysts
occurs via O~ species, carbon monoxide
and carbon dioxide being only reaction
products. Conversely, when nitrous oxide
was used as an oxidizing agent, the type of
oxygen species which participated in the re-
action depended on the type of catalyst. Par-
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ticularly, at low Mo-loadings, the O*~ spe-
cies were involved in methane oxidation;
however, on bulk MoO,, on which only
combustion was observed, the O~ species
were shown to be active in the reaction. The
work of Liu et al. (44) proposed, however,
that both O~ and O°~ species are active:
the former in the activation of methane to
yield methyl radicals, and the latter in fur-
ther oxidation of these radicals into formal-
dehyde.

The use of nitrous oxide instead of molec-
ular oxygen is reflected in a lower methane
conversion and formaldehyde selectivity.
As the oxygen selectively incorporated in
the methane comes from the lattice of mo-
lybdenum oxide and the role of the oxidant
is to regenerate the oxide, the catalytic dif-
ferences between these two systems may
well arise from the different oxidizing power
of N-O and O,. Accordingly, the reoxida-
tion of the catalyst should be less effective
in the presence of nitrous oxide. In favour
of this interpretation is also the colour of
the catalyst after reaction, which is light yel-
low or white after reaction with O, and pre-
sents an intense dark blue colour after reac-

7/\ c

2¢

FiG. 9. X-ray diffraction patterns (A = 0.1541 nm)
of the 2Mo 1.9 catalyst: (a) fresh, (b) used with O, as
oxidant, and (c) used with N,O as oxidant.
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Fig. 10. XP spectra of Mo 3d level in catalyst 2Mo
1.9: (a) fresh, (b} after reaction in O,, and (c) after
reaction in N,O.

tion with N, O, a colour which is characteris-
tic of partially reduced molybdenum oxide
(45). Also, the X-ray diffraction patterns re-
veal the presence of MoO, in the supported
molybdenum after reaction under the latter
conditions (Fig. 9) and the XP spectra
showed a decrease in the resolution of the
Mo 3d doublet with an increase in the full
width at half maxima which suggests an
overlapping in that energy region of Mo(VI)
and Mo(1V) photoelectrons (Fig. 10). All
these findings indicate that the average oxi-
dation level in the supported molybdenum
oxide is lower in the presence of N,O than
in molecular oxygen, thus limiting to some
extent the availability of lattice oxygen for
the selective oxidation.

CONCLUSIONS

Silica-supported molybdenum oxide is ac-
tive in the selective oxidation with oxygen
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of methane to formaldehyde, which is a pri-
mary product that decomposes to CO. The
carbon dioxide will come from the subse-
quent water—gas shift reaction of CO or,
most likely, directly from methane reacting
with molybdenum oxide. The molybdenum
loadings close to the limit of dispersion pre-
sent the kind of molybdenum oxide species
most effective in the selective oxidation and
correspond to the identification of polymo-
lybdates by laser Raman spectroscopy. Ni-
trous oxide appears to be less effective than
oxygen to regenerate the catalyst during op-
eration in a redox cycle.
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