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Oxygen pathways for CHy partial oxidation over a silica-supported molybdena catalyst
were investigated using a series of oxygen isotopic exchange experiments and steady state oxy-
gen isotope transients. The initial source of oxygen in the products is masked by rapid and
extensive oxygen exchange between the catalyst and the products CO, and HCHO. This
exchange process occurs at the surface molybdena site and is accompanied by rapid O inter-
change between the surface and support phases which allows access to the bulk of the support.
Laser desorption Fourier transform mass spectra, LDFTMS, indicate equal enrichment of
130 in both the silica and molybdena fragments.
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1. Introduction

The best current HCHO yields in the direct partial oxidation of methane over
heterogeneous catalysts are only several percent [1-4]. An understanding of the
oxygen pathways and the active oxygen species responsible for selective and non-
selective reactions is required in order to understand the current yield limits and aid
in the search for improved catalysts. Dynamic isotope tracing using an
160, — 180, feed switch is a powerful tool for studying oxygen pathways at steady
state reaction conditions [5-8]. After switching the reactant O, to the new 180 iso-
tope, the only sources of the old 1°0 isotope are the various catalyst-bound oxygen
species (adsorbed on surface, in surface silica and molybdena phases, and in bulk
silica). Monitoring the fraction of 150 evolved in each of the products yields infor-
mation on the size of the oxygen pools involved and the reaction pathways. Inter-
pretation of these results requires information about post-formation exchange of
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oxygen between the products and the catalyst. These processes can mask the iden-
tity of the active oxygen species [5,9].

Silica-supported molybdena catalysts have received much attention for selec-
tive methane oxidation and have shown the most promise to date. SiO, supported
molybdena catalysts like those studied here have been characterized by others
[10-12]. It is generally agreed that at low Mo loadings (<2% Mo) a well dispersed
and stable Mo surface species is formed. These species have been reported to be
monomeric tetrahedrally coordinated MoO2~ species [10], and octahedrally coor-
dinated Mo species such as polymolybdates and silicomolybdic acid (Moj2) [11]. It
has been shown that the formation of the above structure is dependent on prepara-
tion and treatment procedures such as calcination and hydration [12]. This dis-
persed surface phase has been correlated to methane partial oxidation activity. At
higher Mo loadings less stable and less active crystalline MoOj is observed on the
catalyst surface.

2. Experimental

The supported catalyst was prepared by the method described in ref. [1]. Fumed
silica (Cabosil M5, Cabot Corp.) was wetted with an ammonium heptamolybdate
(Baker) solution of appropriate strength. After drying and calcining in air
at 500°C, the catalyst was pressed, crushed and sieved to produce particles of
80-120 pm diameter. The catalyst used in this study contained 1.8 wt% Mo and
the total surface area was 125 m?/g. Based on previous extensive characterization
of similar catalysts [10~12], and the lack of any bulk MoO3 X-ray diffraction fea-
tures in ours, the MoO3 was assumed to be fully dispersed in an active surface
layer.

The experiments were performed in an apparatus similar to one described pre-
viously [13]. A quartz-lined downflow tubular reactor (4 mm inside diameter) held
the catalyst charge (0.11 g, 0.38 cm® bed volume). Temperatures were monitored
by a quartz-sheathed thermocouple imbedded in the top of the catalyst bed. Reac-
tant gas mixtures were produced with flow controllers, and two separate streams
(for the two isotopic variants) were produced simultaneously for the pulse and tran-
sient experiments. The gases were used without further purification: CHg
(99.99%, Matheson) and O, (ultrahigh purity, Matheson), C**0,, C'#0, and '#0,
(ICON, 99 at% '80). A small amount of either argon or neon in one stream pro-
vided a time mark for comparison of the transient behavior of the products.
Switches between reactant streams and data collection were under PC control. The
product composition was analyzed by mass spectrometry. The inlet, just under
the bed and made of quartz, showed no discernible propensity to hold up the oxyge-
nated products. A multi-loop sampling valve allowed the collection of time-
resolved samples for more detailed isotopic analysis (GCMS, NMR) when
desired.
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3. Results and discussion

The results of an isotopic switch (:0,-!30,) are shown in fig. 1. From the slow
decays in the 1°0 content of oxygen containing products it is clear that large quanti-
ties of catalyst 1°0 appear in the products CO, CO,, and HCHO well after the gas
phase O has been switched to the new 80 label. The amount of %0 incorporated
into the products (1100 pumol/g by the end of the experiment) far exceeds that asso-
ciated with the surface molybdena phase (600 umol/g). At this point, the fact that
the products still contain 80% 'O indicates that most of the bulk catalyst oxygen
(including the silica support) participates in the reaction. Such results have been
seen in several investigations of selective oxidation reaction mechanisms in non-
steady state experiments (for examples see ref. [14]). Often such results are inter-
preted as showing that the bulk catalyst oxygen is responsible for the oxidation
pathway(s). However, post-reaction oxygen exchange between the catalyst and the
products can erase the connection between the initial reactive oxygen and that leav-
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Fig. 1. Transient isotopic response in products CO (@), CO2 (), and HCHO (M) to an abrupt reac-
tant change (CH4(0.63)/160,(0.07)/Ar with Ne tracer (0.30) = CHa(0.63)/'%0,(0.07)/Ar(0.30))
at ¢ = 0 s. The dashed line represents the decay in 10, and the Ne tracer which both go to zero in
the first 5 s of the transient. Reaction conditions: T = 650°C, 0.15 g catalyst, total reactant flow
45m](STP)/min, CH, conversion = 0.03, selectivities: HCHO = 0.75,CO, = 0.10, CO = 0.15.
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ing with the products (for a complete discussion of earlier work, see ref. [15]). The
following oxygen exchange results demonstrate that thisisin fact the case here.
Oxygen exchange between CO, and the silica-supported molybdena catalyst
was examined by introducing a pulse of C¥0, over the catalyst at reaction condi-
tions and monitoring the isotope distribution of the resulting effluent CO,. The
results are shown in fig. 2. The injection of CO; into an empty reactor results in a
pulse in the m/e 48 signal as expected. When repeated over the catalyst, no
response at m/e 48 is observed, but instead a similar response in the m/e 44 signal
occurs. Carbon dioxide thus undergoes a large number of exchange events during
its residence time in the reactor, and acquires the isotopic make-up of this catalyst
oxygen pool, initially all '°0. This exchange continues with time and eventually
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Fig. 2. Mass spectrometer response to a pulse of C'30; (4% of total gas flow) added to a mixture
CH4(0.63)/160,(0.07)/ Ar(0.30) fed at 650°C to (a) an empty reactor, (b) 0.15 g of 1.8% Mo/Si0O, and
(c)0.15 g of SiO; support only: m/e = 44 (M), 46 (O)and 48 (A).
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involves a large fraction of the catalyst oxygen, a result similar to that in the isoto-
pic transient. This rapid exchange also persists to temperatures well below reaction
conditions. Oxygen exchange between CO, and various methane coupling cata-
lysts has been observed [5,9] but the extensive involvement of the support here is
unusual. Although a surface carbonate is a likely intermediate in this exchange pro-
cess, previous 2C-13C transient studies [13] show that the surface abundances of
all carbon containing intermediates (including any surface carbonates) are extre-
mely small under these conditions. That the molybdenum phase is responsible for
most of this exchange is shown by a similar exchange measurement with the silica
support alone (fig. 2¢). By comparison with the supported molybdena catalyst, the
initial exchange rates are at least 100 times slower on the support and this exchange
involves a much smaller amount of oxygen (~ 150 pmol/g).

Oxygen scrambling between HCHO and the supported molybdena is also extre-
mely rapid. This exchange process was examined by passing an inert gas stream
containing approximately 1% HCHO over the catalyst bed after the catalyst had
been 180 doped by an isotopic transient. Fig. 3 shows the results of this experimen-
tal sequence. The GCMS results in panel ¢ show that HCHO acquires the same
130 content as the catalyst, indicating very rapid exchange similar to the CO beha-
vior. This rapid equilibration persists to temperatures as low as 300°C. The survi-
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Fig. 3. Fraction of 20 found in formaldehyde (a) during reaction with CH,4(0.63)/!60,(0.07) fol-
lowed by (b) CH4/'%0; asin fig. 1, (¢) as 1% HCH'O in Ar is fed to the resulting labelled catalyst.
Between (b) and (c) the reactor was purged with Ar for 30 s.
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val of formaldehyde under these severe reaction conditions while undergoing multi-
ple oxygen exchange reactions is surprising, but can be explained by the reversible
formation of a dioxymethylene (surface acetal) intermediate:

H
Ty

Oxygen scrambling between formaldehyde and a ferric molybdate catalyst has
been reported in the literature [16], although experimental details were not pre-
sented. Similar oxygen scrambling at low temperatures (200-300°C) between ace-
tone and silica-supported vanadia [17] and also between propylene oxide and a
CuO catalyst have been documented [18].

Oxygen exchange between C180, 130, and the catalyst was also investigated.
By contrast to the HCHO and CO; results, CO and O, show no measurable oxygen
exchange under these conditions.

As previously mentioned, the silica support must be involved to supply the
amounts of exchangeable oxygen seen in these experiments. Further evidence of
involvement of both the silica support and the surface molybdena phase was
obtained by laser desorption Fourier transform mass spectroscopy (LDFTMYS)
performed on a sample of the catalyst enriched in 1830 during the course of CHy oxi-
dation reactions using 130,. The spectra indicate equal 180 enrichment in silica
and molybdena ions **. Although oxygen exchange involves both molybdena and
silica phases, the exchange experiments show that the molybdena phase is responsi-
ble for the overwhelming majority of the exchange activity. This overall phenom-
enon may be described as a “spill-through” effect, whereby a rapid flow of oxygen
between CO, and bulk silica is channelled through the surface molybdena sites
where the gas—solid exchange occurs. For the rate of CH, oxidation in our experi-
ment, the self-diffusion coefficient of oxygen atoms in bulk silica of approximately
10-1% cm?2/s (coefficient for fused silica) is sufficient to mix the oxygen atoms
within the primary (15 nm})ssilica particles, thus making the entire oxygen inventory
in the catalyst available for exchange at the surface.

It is evident that isotopic tracing of the origin of oxygen in HCHO and CO, is
completely dominated by post-formation oxygen exchange between these products
and the catalyst and no information about the original oxygen source remains.
The CO product does not suffer from this limitation, but since the majority of CO
forms sequentially from HCHO [4], its transient behavior in fig. 1 is also dominated

#! I DFTMS data indicates that the molecular species [2Si'0,'30]~, m/e 77.9659, has an
abundance of 9.9% relative to [*2Si'®03]~, m/e 75.9617. Similarly species ['*Mo!°0,'30]-,
m/e 149.8970, has an abundance of 8% relative to ['®Mo!03]~, m/e 147.8923. These data indi-
cate that within experimental error equal enrichment of both silica and molybdena phases oc-

curs, however the possibility of oxygen scrambling during sample handling and treatment cannot
be ruled out.
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by HCHO oxygen exchange. The small amount of CO which shows a prompt 20
uptake could result from a minor direct CH4 oxidation channel.
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