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The oxygen insertion pathway over MoO; catalysts has been investigated for the partial oxida-
tion of methane to formaldehyde using transient isotopic labeling under steady-state reuction
conditions. Catalyst samples preferentially exposing basal (010) and side (100) planes have been
characterized using various techniques including scanning electron microscopy with three-dimen-
sional imaging, BET surface area, X-ray diffraction, X-ray photoelectron spectroscopy, and laser
Ramuan spectroscopy. In addition to isotopic lubeling studics. these catalysts have also been exam-
ined under steady-state reaction conditions to assess the eftfect of the concentration of gas-phase
oxygen. Results of the characterization and reaction studies suggest that the production of HCHO
proceeds via utilization of lattice oxygen through the Mo==0 sites. These sites are then preferen-
tially replenished through bulk diffusion of oxyvgen. The bridging Mo-O-Mo sites. on the other
hand, appear to be involved in complete oxidation and are more easily regenerated by gas-phase

oxygen. < 1993 Academic Press. Inc.

INTRODUCTION

The study of the partial oxidation of
methane to formaldehyde and methanol
over heterogeneous catalysts has gained in-
creasing attention in recent years as an al-
ternative to the costly, energy-intensive
steam-reforming method of production.
MoO; is among the most widely studied
systems, and has usually been studied as an
SiO>-supported catalyst, using both molec-
ular oxygen and nitrous oxide as the oxi-
dant (/-6). In studying the MoQO;/SiO> sys-
tem using nitrous oxide, Liu ¢t «l. (1) found
that the reaction is initiated by the abstrac-
tion of a H from CH, at O~ ions coordinated
to MoV! sites. The methyl radicals formed
by this abstraction rapidly react with the
surface forming methoxide complexes
which, in turn, decompose to HCHO or re-
act with water to form CH;OH. Barbaux e
al. (3) have investigated the MoO;/SiO;
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system and compared the mechanism of ox-
idation with both O, and N>O. Using sur-
face potential measurements, they showed
that in the case of O, oxidant, methane is
most likely attacked by adsorbed O~ spe-
cies, while with N-O oxidant, methane re-
acted with O species.

Methane oxidation to formaldehyde over
Mo05/Si0, has also been investigated by
Spencer et ul. (4-6) using molecular oxygen
as the oxidant. They also used HCHO and
CH;OH as feed materials over the catalyst
to investigate the reaction pathway, and
found that methane is directly oxidized to
CO, and HCHO, with the further oxidation
of HCHO to CO also occurring. Methanol
was thought to be another possible interme-
diate, as traces of CH;OH were also de-
tected.

Several studies of the supported MoO,
system have centered on the effect of the
surface species on activity and selectivity
in methane oxidation. Banares and Fierro
(7) have used several characterization tech-
niques to investigate the effect of MoO;
loading and impregnation conditions on the
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surface species formed on the support.
Smith er al. (8) have used several character-
ization techniques including Raman spec-
troscopy, X-ray photoelectron spectros-
copy, and temperature-programmed
reduction to investigate the surface species
formed on SiO, at different MoO; weight
loadings. They found that the silicomolyb-
dic species with terminal Mo=0 sites
found at lower weight loadings are trans-
formed to polymolybdate species contain-
ing Mo-O-Mo bridging sites at higher
weight loadings. The loss of Mo==0 sites
was found to adversely affect the selectiv-
ity to HCHO.

While much work has been done on sup-
ported MoO; for the partial oxidation of
methane, valuable information on the reac-
tion pathway may also be gained by the
study of unsupported MoOs, as there are
no catalyst/support interactions to be dealt
with. Previous work by this group has
shown that MoQO; exhibits catalytic anisot-
ropy in the partial oxidation of methane to
formaldehyde (9). Reaction studies per-
formed using CH,, HCHO. CH:OH. and
CO as feed materials have shown that cata-
lysts which exhibit a relatively larger
amount of basal (010) plane arc less sclec-
tive to partial oxidation than those exhibit-
ing relatively larger amounts of side (100}
plane. These studies have suggested that
the oxygen insertion to form HCHO took
place preferentially at Mo=0 sites, while
CO, formation occurred more readily at
Mo-O-Mo sites. These findings also ap-
peared to be in agreement with those con-
clusions drawn from the methane oxidation
studies performed over silica-supported
molybdenum oxide catalysts.

While previous work on MoQOs-based cat-
alysts has provided important clues about
the catalytic sites involved in partial oxida-
tion of methane, questions still remain
about the oxygen insertion pathway and the
role of gas-phase vs ‘‘lattice’” oxygen over
these catalysts. Valuable information about
the oxygen insertion pathway may be ob-
tained by using isotopic oxygen ('*0-) as a
tracer in conjunction with a mass spectrom-

eter for detection. Simple pulsing experi-
ments, in which a pulse of feed mixture
containing hydrocarbon and labeled oxygen
is fed over a degassed catalyst can yield
some information on the contribution of
gas-phase and lattice oxygen (/0). One dis-
advantage of this type of experiment is that
it is not performed under steady-state con-
ditions, allowing for only transient re-
sponse data. An alternate isotopic labeling
technique involves obtaining isotope tran-
sients under steady-state reaction condi-
tions where the oxygen source is abruptly
switched from 'O, to 'O, after steady state
has been achieved (/7). This technique has
also been described in detail in application
to the oxidative coupling of methane (/2-
14).

In this paper, we present the results of
our investigation into the oxygen insertion
pathway over MoO; catalysts used in the
partial oxidation of methane to formalde-
hyde. Characterization methods included
BET surface area measurement. X-ray
diffraction, X-ray photoelectron spec-
troscopy, laser Raman spectroscopy, and
scanning electron  microscopy  with
three-dimensional imaging technique. In or-
der to study the effect of gas-phase oxygen
concentration, steady-state experiments
were also performed at different oxygen
concentrations over two MoO; catalysts
with different relative basal-to-side plane
areas. A set of steady-state isotopic switch
experiments utilizing '*0, was performed
over both samples to investigate the role of
gas-phase vs lattice oxygen over both MoO;
catalysts. Results from isotopic labeling
studies have been combined with our pre-
vious work involving characterization and
structural  specificity investigations on
MoO; catalysts to draw conclusions about
the oxygen insertion scheme as well as the
role of different catalytic sites.

EXPERIMENTAL METHODS
Catalyst Preparation

The MoO; catalysts used in these studies
were prepared using temperature pro-
grammed techniques (9). The first sample,
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denoted Mo0Os-C, was prepared by calcina-
tion of MoQO; (Aldrich) under oxygen at
675°C for 1 h. This technique produced
rather thick MoO; crystals. The second
technique used to prepare catalysts was to
melt MoO; samples by heating them to
795°C for 12 min, then cooling rapidly to
form long, thin crystallites, referred to as
MOO_}'R.

Catalyst Characterization

Catalysts were characterized by several
methods. The BET surface area measure-
ments were performed using a Micromerit-
ics Accusorb 2100E with Kr as the adsor-
bate. X-ray diffraction patterns were
obtained using a Scintag PAD V Diffrac-
tometer and Cu K, radiation (1.543 A) at 45
kV and 20 mA. Raman spectra of the sam-
ples were collected using either a Spex Tri-
plemate Raman spectrometer with CCD de-
tector or a Spex Double Monochromator
model 1403. The 514.5-nm linc of a 5-W ar-
gon ion laser was used as the excitation
source. X-ray photoelectron spectra were
accumulated using a Physical Electronic/
Perkin—Elmer model 550 ESCA/Auger
spectrometer at 15 kV, 20 mA with Mg K,
radiation (1253.6 eV). Scanning electron
micrographs were obtained using an Hi-
tachi S-510 scanning electron microscope.
Stereo pairs of micrographs were used in
conjunction with a FORTRAN program to
quantify the relative amounts of basal (010)
to side (100) plane area in each sample. De-
tails of these characterization experiments
have been reported previously (9).

Reaction Studies

Steady-state reaction studies were per-
formed using a quartz reactor consisting of
a quartz tube of 5 mm i.d. at the catalyst
bed portion. The bed length was held at 4.0
cm. The exit of the reactor was reduced to 2
mm i.d. to allow the gas stream to rapidly
exit the heated portion of the bed. A quartz
frit was used to hold the catalyst in place.
The reactor temperature was maintained at
650°C by means of a stainless steel block
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and resistive heating cartridges. Feed
streams were maintained at desired compo-
sition and flow rate by flowing methane, ox-
ygen and nitrogen through mass flow con-
trollers calibrated for each gas (Tylan). The
total volumetric flow rate was 8.5
¢cm*(STP)/min. An automated on-line gas
chromatograph (HP 5890 Series 1I) was
used in conjunction with two HP 3386A in-
tegrators for feed and product analyses. A
Hayesep T column was used with both a
flame ionization detector and a thermal
conductivity detector for separation of
CO,, CH;0H, HCHO, and other partial ox-
ygenates. A molecular sieve SA column
was also used with the TCD in conjunction
with a four-port valve for separation of
CH,. N>, O, and CO. H, detection was
also possible. The gas stream could also be
diverted to a GC/mass spectrometer for
analysis. Details of the system have been
reported previously (9).

Steady-state reaction runs to assess the
effect of oxygen concentration in the feed
were performed at methane concentrations
of 67 vol%, and the oxygen concentration
was varied from 7.11 to 21.95 vol%. Nitro-
gen was used as an internal calibration stan-
dard for GC analysis. The reaction temper-
ature was 650°C and pressure was 1 psig.

Transient Isotopic Labeling Experiments
under Steady-State Reaction Conditions

The steady-state isotopic switching ex-
periments were run using the reactor and
feed system described above. However, a
four-port valve and a second oxygen mass
flow controller were included in the oxygen
line. Feed composition was 67.14% CH,,
7.11% O», and 25.75% He. The total feed
flow rate was 8.5 c¢cm?® (STP)/min. After
steady-state was reached, usually in 4
hours, the flow of isotopic oxygen ('*0-,
purity of 99 atom%) was started through its
mass flow controller. The composition of
the feed was abruptly switched from 'O to
80, without upsetting the steady-state by
turning the four-port valve. Reactor efflu-
ent was monitored by a GC/mass spectrom-



TRANSIENT ISOTOPE LABELING STUDIES

eter (HP 5989 Mass spectrometer engine)
and a Hewlett—Packard workstation. Sam-
ple was leaked to the GC/MS through a
capillary column inserted in the gas stream.
The experimental setup used has been pre-
viously described (/5). The reactor effluent
could also be sent to a gas chromatograph
with multiple columns and flame ionization
and thermal conductivity detectors for
quantification of conversion and yields
through the GC.

Two sets of experiments were performed
over each catalyst sample, as well as over a
blank reactor, all at 650°C. In the first set of
experiments, no methane was present, the
normal methane contribution to the feed
concentration being made up by inert He. A
switch from '%0, to 'O, was made, and the
oxygen transients for isotopes 32, 34, and
36 were monitored. The second type of ex-
periment was performed using the feed con-
centrations described above with methane
present. In this case, oxygen transients, as
well as transients for the products HCHO,
CO,, H.0, and CO were monitored. lso-
topic oxygen was replaced by Ar for one
switching sequence over each catalyst to
measure the gas-phase holdup time. Blank
reactor runs were also performed to mea-
sure the relaxation time for each isotope in
the absence of any catalyst.

RESULTS

Catalyst Characterization

Characterization of Mo0O;-C and Mo0O;-R
has shown several differences in the two
preparations. Three-dimensional imaging of
SEM stereo pairs gave values for the basal-
to-side-plane area ratio of 3.5 and 6.5 for
MoO;-C and MoOs-R, respectively. The
BET surface area of MoO:;-C was (.32
m?2/g, while that of MoO;-R was 0.12 m’/g.

X-ray diffraction patterns of the two sam-
ples provided additional evidence of the
preferred exposure of different crystal
planes through significant differences in the
relative intensities of the diffraction bands
resulting from (040) and (#00) planes. The
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unit cell dimensions for the orthorhombic
system are chosen as ¢« = 3.9639, b =
13.856, ¢ = 3.6996 A. The details of these
results have been presented earlier (9).

Raman spectra have also reflected the
differences in the MoQO; samples, the most
noticeable being in the relative intensity of
the bands associated with Mo=0 and Mo-
O-Mo stretching vibrations (818 and 995
cm™!, respectively). The bands associated
with Mo-0O-Mo sites were seen to be con-
siderably more intense relative to bands
which are due to terminal oxygen sites in
samples which had a larger percentage of
the (010) plane area. Similar trends were
observed at low-wavenumber bands which
are assigned to deformation of bridging and
terminal oxygen bonds (9).

Reaction Studies

Results of steady-state reaction experi-
ments to assess the effect of gas-phase con-
centration of oxygen in the feed stream are
shown in Fig. 1. From the figure, it is seen
that over both catalysts, the selectivity to
HCHO decreases while the CO; selectivity
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increases with increasing O, concentration.
However, this trend was more pronounced
over MoO;-R than over MoO;-C. Also, for-
maldehyde was the major reaction product
over MoOs-C at every oxygen concentra-
tion level, while, over MoO;-R, CO- selec-
tivity is higher than HCHO selectivity with
the exception of the lowest O» level, where
the selectivity to HCHQO s slightly higher
than the selectivity to CO,. Finally, it is
noted that over MoO:-R. the change in
HCHO selectivity was strongly dependent
on oxygen concentration, while the
changes in selectivity for CO, and CO were
more gradual.

Transient Isotopic Labeling Experiments
under Steady-State Reaction Conditions

The oxygen isotope transients obtained
by switching from 'O, to '*O- in the gas
phase without any methane present are
shown in Fig. 2 for MoO;-C and MoOs-R.
The transients are presented for the first 5
min, although data were collected for a to-
tal of 16 min. The isotope signals have been
normalized so that the sum of the signals
from isotopes 32 ('*0Q'*0Q), 34 ('*0"0), and
36 ('*O'™0) is unity. An interesting feature
of the transient data is that the signals for
16010 and '"O'*0O do not relax all the way
10 zero, but continue at a nonzero level rep-
resenting a “"pscudo-steady-state™ involve-
ment of the fattice oxygen. When the '*0'°O
transients are compared for the two cata-
lysts, 1t is seen that the pseudo-steady-state
value over MoOs-R 1s greater than that over
MoO;-C. The pseudo-steady-state signal
for '*O"Q, although relatively small, is
larger over MoOs-R than over MoO;-C.
When similar oxygen switching experi-
ments were performed with a blank reactor,
the relaxation of '°O, transient was almost
instantaneous, following that of the inert
very closely. These experiments showed
that the interaction of oxygen with the reac-
tor surfaces was not a factor in isotopic
transients. These experiments also showed
that the nonzero signals for 'O, and 'O'*Q
that continued for several minutes after the
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Fi1G. 2. Normalized isotope concentrations for oxy-
gen without methane.

switch were not due to the presence of O
as an impurity in the '*O, stream. The tran-
sient relaxation time for an inert of the
same concentration as the oxygen was also
determined in a separate switch from Ar to
160, . This represents the gas-phase holdup
over the catalyst bed (Fig. 3).

The total flux of 'O into the gas phase
(wmol/m*-min) is plotted by combining the
10 contribution of the signals from %00
and %080 and using the oxygen flow rate
(Fig. 4). One major difference between the
total 'O transients for the two catalysts is
in the *‘pseudo-steady-state’” value at times
greater than 1.5 min. At this point in time,
all of %0, originally present in the gas
stream has already exited the reactor, so



TRANSIENT ISOTOPE LABELING STUDIES

1.0 Pty
" 4
H .
& . MoO,5-C
X []
O 084 .
v
*
g
< -
< 064 -
28 . @ Ar
2 . 161
g * 'Sol6g
- 044 *
2 .
s
[ *q
h-d
& o2+ o B
-
E a
H ¢ =
= sc#’——k
0.0 4 ; - -
[} 1 2 3 4 5
Yime, min
10 ) P VY
c a O
@ *
[
> Iy MOOs-R
S 084 e
° *
<
L]
< 564 ° 8 Ar
§ Ly ‘50\60
L]
B
2 044 «
[
=
=
b3
2 o021 *
E
2 N "g
0.0 > B : 3 ama
[o] 1 2 3 4 5

Time, min
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ert relaxation.

the only continuing source for 'O contribu-
tion is desorption/exchange from the cata-
lyst surface. The total amount of '"O that
was incorporated into the gas phase over 16
min, through either desorption of surface
oxygen, or through oxygen exchange, was
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calculated by integrating the area under the
curve and correcting for the gas-phase
holdup (Table 1). The amount of readily
available surface/subsurface oxygen atoms
was also calculated by correcting this value
for the pseudo-steady-state contribution

TABLE |

Comparison of *O Incorporation into the Gas Phase with No Methane Present

Catalyst

gas phase (over 16 min)
Mo0O:-C 2.88 x 10* atoms/m?
5.88 x 10

MoO:-R

« Corrected for pseudo-steady-state contribution.

Total *O incorporated into the Total O incorporated into the
gas phase“ (over 16 min)

1.02 x 10 atoms/m?
1.73 x 10

Pseudo-steady-state O
incorporation rate at the
16th min

1.25 x 10™ atoms/m-min
285 x [O"
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from the bulk of the catalyst. These values
are shown in Table I along with the pseudo-
steady-state %0 incorporation rate. Com-
parison between the catalysts shows that
MoO;-R is desorbing/exchanging more ox-
ygen atoms than is MoO;-C.

Similar isotope switching experiments
were performed under steady-state reaction
conditions. The methane conversion levels
were 1.3 and 1.6% for MoO;-C and MoOs-
R, respectively. Normalized oxygen tran-
sients obtained during steady-state meth-
ane oxidation experiments did not show
major differences between the two cata-
lysts. One other interesting point about
these experiments was that the total contri-
bution from 'O declined much more rap-
idly and the ‘’pseudo-stcady-state’ con-
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FiG. 5. Normalized isotope concentrations for car-
bon dioxide during steady-state methane oxidation.
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centration of '*O in the gas phase was much
smaller compared to the case where there
was no methane present in the reactor.

The normalized product transients were
also obtained for steady-state methane oxi-
dation runs. The CO- transients are shown
in Fig. 5 for MoO:-C and MoO;-R. Over
both catalysts, the signal for the mixed iso-
tope, C*O'™0, was greater than that for the
C"®O"O throughout the duration of the
transient experiment. The normalized tran-
sients for water isotopes over Mo0Os-C and
MoO;-R are shown in Fig. 6. While the
transicnts show that '*O was being incorpo-
rated into water, the decay of the H,'O
signal and the rise in the H,"®O signal were
gradual.
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Transients were also plotted for formal-
dehyde and CO, and are shown in Figs. 7
and 8. The MoOs-C catalyst did not show
any quantifiable CO production. The most
striking observation about the HCHO tran-
sients is that they did not show much "0
incorporation for HCHO over the duration
of the transient experiment, even though
HCHO was the major product over MoOs-
C. The CO transients show that there was
some incorporation of *O into CO, how-
ever, the decay rate for C'*"O was much
slower than that for C'*0Q'*Q.

By combining the rate of formation of
each product with normalized transient iso-
tope signals, it was possible to quantify the
amount of '*O incorporated into each prod-
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uct. Percentages of 'O incorporated into
each product at the 16th minute are shown
in Table 2. This table shows oxygen incor-
porated into HCHO to consist almost ex-
clusively of **O, while the percentages for
CO- and H-O are substantially lower. Un-
der reaction conditions, when mecthane is
present, the total '*O incorporation into the
gas phase over MoOs-R is still higher than
that over MoO;-C. This is shown in Table 3,
where the total amount of 'O incorporated
into the gas phase, in the form of products
or molecular oxygen, over 16 min is pre-
sented after correction for gas-phase
holdup. Values corrected for pscudo-
steady-state contribution as well as the
pseudo-steady-state '*O incorporation rate
are also shown. 1t is interesting to note the
pseudo-steady-state value for the 'O incor-
poration rate is still higher over MoOs-R
than over MoO»-C, although over MoOs-C
the rate has increased from the rate with no

TABLE 2
Percentage of '"O Incorporated into Products at the
16th Min
Catalyst CO; H.O HCHO cO
Mo0s-C 71.5 73.8 97.5
MoO:-R 61.6 65.3 94.8 86.2
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TABLE 3

Comparison of '*Q Incorporation into the Gas Phase under Steady-State Methane Oxidation Conditions

Catalyst Total ") incorporated into the

gas phase (over 16 min)
MoQ;-C 3.02 x 10™ atoms/m?*

MoO,-R 4.88 x 10"

« Corrected tor pseudo steady-state contribution.

methane present, while over MoO+-R, the
rate has decreased slightly from the rate
with no methane present.

DISCUSSION

When the results from our previous char-
acterization and catalytic anisotropy inves-
tigations on MoO; crystals are considered
in conjunction with the transicnt isotopic
labeling studies under reaction conditions,
important clues arc obtained about the cata-
lytic role of different oxygen sites and the
oxygen insertion scheme in partial vs com-
plete oxidation of methane.

Different thermal treatment techniques
led to the growth of MoO; crystals which
preferentially exposed (010) or (100) planes.
While scanning clectron microscopy im-
ages provided the visual evidence for vary-
ing crystal size and dimensions, three-di-
mensional imaging technique allowed for
accurate quantification of these crystal
planes. The differences in crystal dimen-
sions were also verified by X-ray diffraction
technique.

Another important feature observed in
the characterization of these catalysts was
the change in the relative intensity of the
Raman bands associated with stretching
and deformation vibrations of Mo==0 and
Mo-O-Mo sites. The samples with a larger
percentage of the (010) planes gave higher
relative intensities for vibrations associated
with bridging oxygen sites. When the crys-
tal structure of MoQO; is considered, the
(010) plane is seen to contain three different
oxygen sites, one being a terminal oxygen

Total O incorporated into the
gas phase” (over 16 min)

3.58 x 10" atoms/m’®
1.25 > 1™

Pseudo-steady-state "0
incorporation rate at the
l6th min

1.81 x 10 atoms/m*-min
2.40 x 10"

site, and the other two being “*double-bridg-
ing”” and “‘triple-bridging”” oxygen sites
(16, 17). On the (100) face, on the other
hand, the Mo==0 site density is much
higher than it is on the basal plane. There
are no Mo-O-Mo sites present on this
plane, the only bridging oxygen sites being
shared by threce molybdenum octahedral
centers. Another point that should be noted
15 that the terminal oxygen sites present on
(010) and (100) planes are not only different
from one another in site density, but also in
bond length and the angle they make with
the crystal plane in question due to the dis-
torted nature of MoO; octahedra. These
considerations lead us to suggest that the
catalytic performance difterences observed
over these MoO; crystals, which preferen-
tially expose different crystal planes, are
due to the relative abundance of the Mo=0
and Mo-0O-Mo sites exposed on these sam-
ples.

While TPR experiments showed the sites
on (010) planes to reduce more readily, the
steady-state-reaction conditions showed a
strong dependence of HCHO selectivity on
the relative abundance of (100) planes (9).
These observations, when combined with
the results from previous studies on SiO»>-
supported molybdena catalysts (8) seem to
suggest that HCHO formation takes place
on the Mo=0 sites, whereas Mo-~-0O-Mo
sites promote complete oxidation more
readily. Our previous results (9), which
showed that HCHO formation rates nor-
malized with respect to the surface area of
the (100) planes were equal for the two cat-
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alysts, reinforce this hypothesis. If this ar-
gument is extended to the silica-supported
catalysts, it can be said that the major role
of the silica support is to help the formation
of silica molybdic species exposing Mo=0
sites at low loading levels.

The transient isotopic labeling studies
performed under steady-state reaction con-
ditions provided some very important clues
about the way oxygen is incorporated in the
formation of formaldehyde. As mentioned
before, this technique is a powerful tool in
following isotopic tracers without disturb-
ing the steady state once it is established.
The most noteworthy feature of these
results 1s the rate of 'O incorporation into
the HCHO molecule well after the 'O,
present in the gas phase has exited the rcac-
tor. As shown in Table 2. even after 16 min
following the switch of gas phase oxygen
source from 05 to %O, the oxygen used in
the formation of HCHO is almost exclu-
sively 1°0O (~98%). At this point in time the
only continuing source of '*O in the reactor
1s the catalyst lattice. This clearly indicates
that oxygen incorporation into HCHO
takes place on the catalyst surface using lat-
tice oxygen. Another important point that
should be noted is that at 16 min. the total
180 incorporated into products is equivalent
to using between 13-30 layers of ““surface/
subsurface™ oxygen. Hence, this high per-
centage of 'O incorporation cannot be ex-
plained by O atoms which may have been
chemisorbed to the surface. This evidence
suggests not only that oxygen incorporation
into HCHO takes place on the catalyst sur-
face. but also that the replenishment of the
reduced oxygen sites used in HCHO forma-
tion is achieved primarily by diffusion of
bulk oxygen to the surface from the catalyst
lattice. If the assumption that HCHO for-
mation takes place on the Mo=0 sites lo-
cated on (100) planes is true, this would
also mean a rapid reoxidation of these sites
by bulk diffusion from the lattice.

Our previous in situ laser Raman spec-
troscopy studies combined with isotopic la-
beling technique provide evidence which

(89
78]
'n

support this possibility (9). When an MoO;
sample was reduced by limiting the reduc-
tion as close to the surface as possible, both
the 818- and 995-cm~! bands were substan-
tially reduced in intensity. After the sample
was brought into contact with 'O, in the
gas phase for a short period of time, the
band associated with Mo=0 sites was seen
to gain its original intensity without show-
ing any shift or band broadening, whereas
the band due to Mo-0O-Mo sites was seen
to gain only part of its prereduction inten-
sity while showing a small shift in the posi-
tion and, more importantly, showing close
to 33% increase in full band width at half
height. This evidence seems to suggest that
Mo-0-Mo site are more easily replenished
with gas-phase oxygen than Mo==0 sites.
On the other hand, reduced Mo==0 sites
scem to be reoxidized by diffusion from the
catalyst lattice. Similar conclusions were
drawn when the catalysts were reduced in
sitt. and allowed to sit in an inert atmo-
sphere without being exposed to any gas-
phase oxygen. This experiment also
showed that oxygen diffusing from the bulk
was an important factor in replenishment of
certain sites in MoQOs.

The steady-state reaction studies, where
the effect of gas-phase oxygen was investi-
gated, have indicated that MoOs-R 1s much
more sensitive to the gas-phase oxygen con-
centration than is MoOs-C, although in-
creased oxygen concentration adversely af-
fects the HCHO selectivity over both cata-
lysts. As CO- i1s the major product over
MoOs-R, this suggests a stronger involve-
ment of gas-phase oxygen in formation of
CO» although it is very likely that CO- for-
mation takes place through a network of
multiple reactions. CH, could be directly
oxidized to COs, although the number of
oxygen insertion steps would make this di-
rect pathway unlikely. HCHO and CO may
also further oxidize to form CO-. The for-
mation of CO- may involve either lattice or
gas-phase oxygen. The steady-state iso-
topic switch experiments have shown that
the '"®O incorporation to COs is larger than
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in any other product although '*O incorpo-
ration was still significant (Table 2). Al-
though this evidence would not completely
rule out the presence of an Eley—Rideal
type mechanism where, for example.
HCHO on the surface is oxidized by gas-
phase oxygen. it is more likely that the pre-
dominant step for CO;, formation involves a
surface oxygen site, possibly the Mo-O-
Mo site on the (010) plane, which appears
to be replenished preferentially by gas-
phase oxygen. It should be noted that there
is evidence of partial reoxidation of Mo-O-
Mo sites by bulk diffusion of oxygen as
well. However. it appears that Mo==0 sites
are reoxidized more easily with lattice oxy-
gen diffusion than bridging oxygen sites.
This could be due to a faster oxygen diffu-
sion rate along the c-axis of the catalyst lat-
tice, possibly because of the chain forming
structure of MoO; along this axis. It should
also be noted that further study is needed
on the secondary oxygen exchange of car-
bon dioxide, since this phenomenon could
also be affecting the relative distribution of
labeled and unlabeled oxygen in CO», as
reported in the literature (/8. 19), and stud-
ies are currently underway to examine this
interaction.
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