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The oxidative coupling of methane over Mn/Na,W0,/Si0O,,
Mn/Na,WO0,/Mg0O, and NaMnQ,/MgO catalysts was studied
using both a cofeed flow system and a pulse reactor. At 800°C
and 1 atm, and using a CH,/Q, ratio of ca. 8/1, a methane
conversion of 20% was achieved at a C,, selectivity of =80%,
with no diluent in the reagents. The similar catalytic behaviors
of the three catalysts suggest that a common active site, con-
sisting of an Na—O-Mn species, may be involved. Results from
a pulse reaction sequence (an O, pulse followed by a series of
pure CH, pulses) indicate that the active species are not stable
under reaction conditions unless gas phase O, is present, and
that bulk lattice oxygen does not participate in the methane
coupling reaction when carried out in the cofeed mode. There
is a linear relationship between the specific activity for CH,
conversion and the concentration of surface Mn, which is be-
lieved to be responsible for the activation of O,. The resulting
form of oxygen then abstracts a hydrogen atom from CH,.
Sodium is essential for preventing the complete oxidation of
CH,, perhaps by isolating the Mn ions. The tungstate ions
appear to impart stability to the catalysts.

© 1995 Academic Press, Inc.

INTRODUCTION

The partial oxidation of methane with molecular oxygen
to produce C,. hydrocarbons has been the subject of in-
tense research during the past decade. A wide variety of
oxide catalysts has been studied for the oxidative coupling
of methane (OCM), and these have recently been reviewed
(1-3). However, only a few of the many catalysts studied
can achieve C,, selectivities of at least 80% at CH,4 conver-
sion levels >15% for long periods (4-10). Sodium-pro-
moted manganese oxides are among the most promising
catalysts reported thus far, in terms of stability and produc-
tivity (7, 8). Similar catalytic performances were observed
over several different supported manganese oxide cata-
lysts, and a common redox mechanism involving lattice
oxygen has been proposed (7, 8). Nevertheless, there re-
mains considerable disagreement concerning the nature of
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the active phases, the role of promoters, and the nature
of the active oxygen species in the catalysts.

Sofranko and co-workers (10) postulated that the species
responsible for selective oxidation on these catalysts may
be a manganese silicate or manganese oxide perturbed by
a strong support interaction. It is believed that the addition
of Na™ ions decreases the surface area and increases the
surface basicity of the catalyst, while the pyrophosphate
anion, which is a component of some of the catalysts, pro-
vides greater stability (11). It was found that the Mn/
Na,P,0,/Si0, and NaMnO,/MgO catalysts were active
and selective in both the cofeed and cyclic modes, although
the C,, yields were not greater in the cyclic mode (7).
Based on XRD data and the results of '*O exchange experi-
ments, Labinger er al. (12) proposed that the active species
in the NaMnO,/MgO catalyst is composed of ordered do-
mains of MgeMnOy in MgO. Burch er al. (13), who investi-
gated a series of K-promoted Mn oxide catalysts using XPS
and XRD, suggested that the active and selective species
was associated with a Mn;O4-like phase. Similarly, Mog-
gridge et al. (14) carried out in situ XRD studies of modified
manganese oxide catalysts, and concluded that a KCl-pro-
moted Mn;O, phase, which was formed upon injection of
CHCI; into the KC1/MnO, system, was responsible for the
high C; selectivity. Recently, a group of Chinese research-
ers found that a stable catalyst, comprising 1.9 wt% Mn/
5% Na,W0,/Si0,, was very active and selective for the
formation of C,, products in methane oxidative coupling
(8). The authors proposed that a surface W species con-
taining W==0 and three W-O-Si bonds is responsible for
the oxidative coupling of methane; whereas, manganese
oxide, present as Mn,O; in the catalyst, only enhances
exchange between gas-phase oxygen and lattice oxygen
and promotes lattice oxygen transport (15).

Operation of OCM catalysts in the cyclic mode supports
the postulate that, in many cases, bulk lattice oxygen partic-
ipates in the coupling reaction (10, 11, 16-18). For example,
Keller and Bhasin estimated that the oxidation-reduction
cycle involved 10-20 atomic layers near the surface, sug-
gesting that lattice oxide ions (i.e., O*7) are involved in
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the reaction (16). Sofranko et al. (7) proposed that the
same mechanism can be used to explain the catalytic chem-
istry over a Mn/Na P,0,/SiO; catalyst in both the cyclic
and the cofeed modes; that is, methane is first oxidized
to methyl radicals by the lattice oxygen species, and the
resulting reduced metal oxides are subsequently reoxidized
in a separate regeneration step. Recently, a redox mecha-
nism involving lattice oxygen ions and the W®/W>" jon
pair was also proposed for the OCM reaction over a Mn/
Na,WQ,/SiO; catalyst in the cofeed mode (8).

Otsukaetal. (17-19), who investigated the roles of lattice
oxygen in methane activation over LiNiO, and LiCl/NiO
catalysts, concluded that lattice oxygen ions in the LiNiO,
catalyst are responsible for the activation of methane; how-
ever, over the LiCl/NiO catalyst, the active oxygen species
are believed to be in the form of adsorbed oxygen in the
presence of gaseous oxygen. As a result of transient experi-
ments involving step, pulse, and steady-state isotopic
switches, Wolf and co-workers (20) concluded that there
was little involvement of lattice oxygen during the OCM
reaction over Na/NiTiO;; on a Li/NiTiO; catalyst, by con-
trast, the activity was mainly due to lattice oxygen partici-
pation.

In the present study, the catalytic performances of Mn/
Na,WQ0,/Si0O,, Mn/Na,WO,/MgO, and NaMnO,/MgO
catalysts were evaluated in both a continuous flow reactor
and a pulse mode. The roles of the various catalyst compo-
nents were established by correlating the catalytic results
with both bulk and surface properties of the catalysts. The
temporal results of pulse reactions provided information
concerning the possible role of bulk lattice oxygen and
adsorbed oxygen in the selective oxidation reactions.

EXPERIMENTAL

Catalysts. The SiO,-supported catalysts were prepared
by incipient wetness impregnation, at 85°C, of a silica gel
support (Davison, 57-08-5) with aqueous solutions having
appropriate concentrations of Mn(NOs); and Na,WO,.
The catalysts were then dried for 4-8 h at 130°C and cal-
cined for 8 h at 800°C. The MgO-supported catalysts were
prepared by slurrying MgO (Fisher “light”, M-349-4, 98%
pure) with HO at 85°C in a 500-ml, 3-neck round-bot-
tomed flask, equipped with an addition funnel and a water-
cooled condenser. Mn(NOs3), and Na,WO, were added to
the slurry during a 1 h period while maintaining the same
temperature for an additional 5 h. The resulting slurry was
then dried for 4-5 h at 130°C and calcined for 8 h at 800°C.
NaMnQ,/MgO catalysts were prepared by slurrying MgO
with a solution of NaMnQ,, and then calcining for 16 h at
900°C. All of the dried catalyst samples were crushed and
sieved to 20/45 mesh size; in all subsequent references,
the amounts of the various components are expressed in
weight percent.
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Reactor systems. Reactions were carried out in both
a cofeed flow system and a pulse mode, using reactors
constructed from alumina tubes (Coors, AD-998, 99.8%
Al,O,). The flow reactor had an i.d. of 6.4 mm, and the
volume of the catalyst used was 1.0 ml, unless otherwise
specified. The microreactor used to perform pulse reaction
studies had an i.d. of 4.5 mm, and approximately 0.15 ml
(0.05-0.13 g) of catalyst was used in each case. To minimize
the contribution from any gas-phase reactions, quartz chips
filled the space above and below the catalyst beds in both
the flow and the pulse reactors. A thermocouple in a
smaller alumina tube was attached to the outside wall of
each of the reactors.

Reactant gases, which included CH, (99.9%), O,
(99.95%), He (99.999%). and CO, (99.5%), were obtained
from Matheson and were used without further purification.
Gas flows were regulated by mass flow controllers (MKS
Model 1159A). In the flow system, the catalyst was heated
in a flow of O, to 800°C before admission of reaction gases.
At the reactor outlet, two traps cooled to 0°C were used
to remove most of the water from the exit gas stream. The
reaction mixtures were then analyzed by gas chromatogra-
phy (HP5890A), using a Spherocarb column. All studies,
unless otherwise stated, were carried out at atmospheric
pressure, without diluting the reagents with an inert gas.
For the pulse-flow system, He was used as the carrier gas,
at a flow rate of 44 ml/min. The reactor was first heated
to 800°C in a flow of O, and then in a flow of He for 30
min before beginning to inject reactant pulses. The reaction
mixtures were analyzed using a gas chromatograph (Carle)
equipped with a Porapak-R column.

Catalyst characterization. Inductively coupled plasma
(ICP) spectroscopy was used to analyze the bulk composi-
tions of the catalysts. X-ray diffraction (XRD), using a
Seifert-Scintag PAD V diffractometer, was employed to
determine the bulk crystalline phases of fresh catalysts.

XPS and ISS spectra, which were used to determine the
abundance and chemical state of surface components of
the catalysts, were acquired using a Perkin—-Elmer (PHI)
Model 5500 spectrometer. All spectra were obtained using
samples prepared in the form of pressed wafers and treated
in one of two ways: (i) *‘fresh™ samples were prepared by
treating the previously calcined samples in a separate
quartz reactor system in a stream of O, at 800°C for 6-12
h, and (ii) ““used” samples were prepared by treating the
fresh catalysts in a CH,: O, reaction mixture at 800°C for
a certain time, duplicating those employed in the catalytic
reaction experiments. The quartz reactor system used for
these treatments allowed in situ transfer of the ceramic
holder containing the treated sample into an O-ring-sealed
stainless steel transport vessel. The removable vessel was
then transferred to the inlet system of the XPS spectrome-
ter, and the sample was introduced into the UHV analysis
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FIG. 1. Oxidative coupling of methane as a function of time on

stream over 2% Mn/5% Na,WO,/MgO (T = 800°C, CH,/O, = 670/90
Torr, total flow rate = 115 ml/min, 1.0 ml catalyst).

chamber of the instrument without exposure to the air. In
a typical XPS data acquisition, a pass energy of 29.3 eV,
a step increment of 0.125 eV, and an Mg anode power of
400 W were employed. All binding energies were refer-
enced to the C 1s line of adventitious carbon at 284.6 eV.
In cases where the amount of adventitious carbon was too
small to provide an accurate reference, the binding energy
was referenced to the Au 4f;,, peak at 83.8 eV, resulting
from prior deposition of a small gold spot onto the sample.
Near-surface compositions were calculated from peak
areas using sensitivity factors that are provided in the soft-
ware of the instrument. Stoichiometries were measured
for several pure samples that contained the relevant ele-
ments, and the values obtained were within 10 to 20% of
those expected from the bulk composition. For example,
the near-surface O/Si ratio in SiO, was 2.0 and the Na/
W/O ratio in Na,WO, was 2:1.1:4.4, ISS spectra were
obtained using He* ions at a scattering angle of 134.5°
and ~1 kV accelerating potential.

RESULTS AND DISCUSSION

Catalytic Reaction Results

Flow reactor studies. Asshown in Fig. 1, a CH,4 conver-
sion of 20% and a C,. selectivity of 80%, with a C;H,/
C,Hg product ratio of 1.3, were achieved over a 2% Mn/
5% Na,W0,/MgO catalyst at 800°C using a CH,/O; re-
actant ratio of 7.4, with no dilution of the reagent gas.
Moreover,-these levels could be sustained unchanged for
more than 30 h of time on stream. This is the best overall
catalyst performance that has yet been reported for meth-
ane coupling in the cofeed mode.

It is particularly noteworthy that virtually identical re-
sults were obtained over a catalyst having the same Mn/
Na, WO, composition, but with SiO, substituted for MgO,
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as shown in Fig. 2a. This is essentially the same catalyst
as that reported by the Chinese group (8), although their
results were obtained under different conditions. Similarly,
the initial activity and selectivity behavior of the NaMnQO,/
MgO catalyst (Fig. 2b), which contained no W, closely
resembled that of the corresponding Mn/Na,WQ,/MgO
catalyst. Although these data were obtained under oxygen-
limited conditions, the nearly identical behaviors suggest
that the catalytically active species may be the same in all
three catalysts, and, furthermore, that W may not be a
necessary component of this active species. However, close
inspection of the data in Fig. 2b for the NaMnO,/MgO
catalyst reveals that the methane conversion gradually de-
creased with increasing time on stream. After 20 h on
stream (not shown in Fig. 2b), the decrease in conversion
became even more apparent. Thus, it appears that tungsten
plays a role in stabilizing the catalyst, perhaps by pre-
venting loss of sodium. A similar effect was observed over
a Mn/Na,P,0,/Si0; catalyst in which P,O3* ions were be-
lieved to prevent catalyst deactivation (11).

The need for the stabilizing effect of W is even more
apparent in the case of NaMnQ,/SiO, (Fig. 2c), for which
even the initial activity and selectivity are inferior to those
of its tungsten-containing counterpart (Fig. 2a). As will be
shown below, the surface concentration of sodium de-
creased significantly during OCM reaction on the 5%
NaMnO,/MgO catalyst, while the sodium content on the
surface of the 2% Mn/5% Na,W0O,/MgO catalyst appeared
relatively stable. XRD results indicate that the presence
of WOj" ions in the SiO,-supported catalyst prevents the
formation of sodium and manganese silicates.
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FIG. 2. Oxidative coupling of methane as a function of time on
stream (7 = 800°C, CH,/O, = 670/90 Torr, total flow rate = 115 ml/
min, 1.0 ml catalyst). Conversion and selectivity over: (a) 2% Mn/5%
Na,WO0,/8i0;; (b) 5% NaMnO,/MgO; (c) 5% NaMnOy/SiO,: (d) 5%
Na,WO,/MgO.
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FIG. 3. Oxidative coupling of methane as a function of time on
stream under differential conditions (7 = 800°C, CH,/O, = 670/90 Torr,
total flow rate = 115 ml/min, 0.3 ml catalyst). @, O, 2% Mn/5% Na,WO,/
SiO,: B, [, 2% Mn/5% Na,WO/MgO; A, A, 5% NaMnO,/MgO.

As shown in Fig. 2d for 5% Na,WO./MgO, the absence
of Mn results in a poor methane oxidation catalyst, indicat-
ing that Mn is an essential component of the active phase
in these catalysts. A similar inferior performance was ob-
served over 5% Na,WQ,/SiO, (not shown in Fig. 2). These
results are inconsistent with the proposal by Li and co-
workers (8, 15) that the active sites in the Mn/Na,WQO,/
SiO, catalyst consist of a Si-O-W species, since neither
Si nor W is a necessary component of an active catalyst
(compare the results of Figs. 1 and 2b), and with the sugges-
tion of Labinger er al. (12) that a MgiMnOy phase may
play an important role in the formation of the active phase,
since Mg is similarly not essential (Fig. 2a).

Under differential reaction conditions (i.e., at suffi-
ciently low CH, conversions such that O, was not limiting),
the steady-state behaviors of all three of the Mn-containing
catalysts were comparable (Fig. 3). Although the methane
conversion declined from 18 to 5% after 10 h on stream
over the 2% Mn/5% Na,WQO,/MgO and 2% Mn/5%
Na,WO,/MgO catalysts, these deactivations can be attrib-
uted to corresponding decreases in the surface areas of
these two catalysts. As shown in Table 1, the surface areas
of both catalysts decreased to approximately one-third of
their initial values after 22-26 h on stream. It should be
noted that the rate at which each catalyst sinters depends
on the space velocity; the catalysts lost surface area more
rapidly under differential reaction conditions. These initial
deactivations may be prevented by precalcining the cata-
lysts at 900°C. For example, the NaMnO,/MgO catalyst,
when calcined at 900°C for 16 h, displayed a stable, albeit
lower, activity (Fig. 3). The somewhat lower C,. selectivity
observed for the Mn/Na,WO,/MgO catalyst may reflect
the fact that this catalyst has a much larger surface area
than those of the other two (Table 1).

In order to obtain additional information about the com-
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TABLE 1

Bulk Compositions and Surface Areas of Selected Catalysts

Bulk content

(Wt%)* Surface
S area
Catalyst Conditon Na W Mn (m?/g)

2% Mn/5% Na,WO,/MgO Fresh® 09 34 20 23

Used" 0.7 33 21 8
2% Mn/5% Na,WQ,/Si0, Fresh” 09 35 24 2.5

Used” nd nd nd 0.8
5% NaMnO4,/MgO Fresh” 08 — 19 1.7

Used* 05 — 1.5 1.5

Note. The letters “nd” denote that no data is available.

“ Based on ICP analyses.

b After treatment in flowing O, for 8 h at 800°C.

“ After exposure to CH,/O; = 670/90 Torr reaction mixture (115 ml/
min) for 24 h at 800°C.

parative importance of the various catalyst components,
as well as the origin and nature of the active species on
these materials, several MgO- and SiO,-supported cata-
lysts having various nominal bulk compositions were syn-
thesized, and their activities and selectivities for methane
coupling under integral conditions (i.e., O,-limited condi-
tions) at 800°C were examined. As shown in Fig. 4a,
Na,WO0,/MgO containing no Mn exhibited a CH, conver-
sion and a C,. selectivity of only 3.6 and 58%, respectively.
The overall catalytic performance improved significantly
upon the addition of even very small amounts of Mn, and
attained its maximum level of ~20% CH, conversion and
>80% C,. selectivity at an Mn level of only 1%, above
which no additional improvement in catalytic performance
occurred. Similarly, Mn/MgO (prepared from Mn(NOs),,
not from NaMnO,) displayed inferior catalytic behavior
(Fig. 4b), but its performance improved markedly upon
addition of Na (as Na,WQ,), up to a Na,WQO, content of
5 wt%. These results, together with the fact that NaMnO,/
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F1G. 4. CH, conversion and C;. selectivity as a function of: (a) Mn
content; (b) Na,WO, content. (T = 800°C, CH4/O, = 670/90 Torr, total
flow rate = 115 ml/min, 1.0 ml catalyst.)
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MgO (containing no Na,WOQy,) is a good catalyst, suggest
that Na* is also an essential component of the active sites.

The role of sodium was investigated further by determin-
ing the effects of alternative sources of Na* in the catalyst
preparations. The presence of Na* in the form of carbon-
ates, for example, did not improve the performances of
the Mn/Na,WO,/MgO and Mn/Na,WO,/SiO, catalysts.
Addition of 2 wt% or 4 wt% of Na,COj; to the 2% Mn/5%
Na,WO,/MgO catalyst caused a decrease in conversion
from 20% to 18% and 16%, respectively, while the selectiv-
ity also decreased slightly. Several factors, including a de-
crease in surface area, may be responsible for the decrease
in C,, yield. A similar inferior performance was observed
for the Na,CO3/Mn/Na,W0O,/Si0O; system. Several addi-
tional MgO-supported catalysts, with varying Na/Mn ra-
tios, were prepared from Na,CO; and Mn(NOs),. It was
observed that those having Na/Mn ratios of 1 to 2 displayed
catalytic behaviors identical to those synthesized from
NaMnQ,, whereas the catalysts having Na/Mn ratios <0.5
exhibited much poorer activity and selectivity under oxy-
gen-limiting conditions. These results further demonstrate
that manganese ions and sodium ions, rather than tungsten
ions, are involved in the formation of the active species.
When Na ions were replaced by K ions in a 5% KMnO,/
MgO catalyst, a CH, conversion of 17% was achieved at
a C,, selectivity of 74% under the same reaction conditions.

The 2% Mn/5% Na,WQO,/SiO, catalyst had a much
greater specific activity for CH, conversion (5.3 wmol/s/
m?) than did the 2% Mn/5% Na,WO,/MgO catalyst (0.8
pmol/s/m?), while the NaMnO,/MgO catalyst displayed
an intermediate activity (2.4 wmol/s/m?), based on the total
surface areas of the used catalysts. However, the actual
activities, of course, depend on the surface densities of the
active sites. As will be shown below, the concentrations of
Mn in the near-surface regions of the 2% Mn/5% Na,WQ,/
Si0,, 5% NaMnO,/MgO, and 2% Mn/5% Na,W0O,/MgO
catalysts were 5.0, 2.2, and (.84 mol%, respectively, follow-
ing the catalytic reaction, and correlate closely with the
observed specific activities. Therefore, it is apparent that
the higher surface concentration of manganese in the 2%
Mn/5% Na,WO,/SiO, catalyst is responsible for its higher
specific activity. This relationship between manganese con-
centration and specific activity strongly suggests that Mn
ions are directly involved in the formation of the active
species.

Thus, it appears that the active phase for the Mn/
Na,WQ, catalysts is not Na,CO;/Na,0,/Na,O, which has
been suggested for Na,CO;/Ln, O, catalysts (21). In the
latter case, it was found that those lanthanide oxides which
contain multivalent cations, and which are responsible for
catalyzing nonselective oxidation reactions, were com-
pletely covered by a Na,CO3/Na,0,/Na,O phase (22).
However, as will be shown below by the ISS results, Mn
ions and W ions, which also have multiple oxidation states,
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FIG. 5. Effect of total reaction pressure on oxidative coupling of
methane over 2% Mn/5% Na;WQ,/SiO,. (T = 785°C, P(CH,)/P(O,) =
10, 0.1 g (0.22 ml) catalyst, contact time = 0.13 s.)

were observed in the surface layers of the Mn/Na,WO,/
MgO and Mn/Na,WO,/SiO; catalysts. It is apparent that a
different kind of active center, consisting of an Mn—-Na-O
species is responsible for the high activity and selectivity
of the OCM reaction over these catalysts.

For commercial applications, the OCM reaction would
preferably be carried out at an elevated pressure. As shown
in Fig. 5, under conditions of constant space velocity (250
ml/min/g at the pressure of the experiment) and at a reac-
tion temperature of 785°C with a P(CH,)/P(O,) ratio of
10, both CH, conversion and C,. selectivity decreased only
slightly with increasing reactant pressure over the Mn/
Na,WO,/SiO, catalyst, indicating that this catalyst can be
effectively used at elevated pressures. It should be noted
that at 1 atm pressure the conversion shown in Fig. 5 was
less than that in Fig. 2a because the reaction conditions
were different. At 800°C and at a flow rate of 550 ml/min
over 1 ml of catalyst, a methane conversion of 13-14%,
with a C,, selectivity of 80%, was attained at a pressure
of 5 atm, and was maintained for a period of 60 h. This is
one of the few reported examples of favorable oxidative
coupling behavior being achieved at such high pressures.
Pinabian—Carlier et al. (25) observed a CH, conversion of
13% and a C;. selectivity of 80% at 3 atm over a Sr/
La,0; catalyst.

Pulse reaction studies. As noted previously, Sofranko
et al. (10) have demonstrated that alkali- and alkaline-
earth-promoted Mn/SiO, catalysts for the OCM reaction
can function effectively in the so-called redox mode of
operation, in which the reactant feed stream is periodically
alternated between pure CH, and pure O,. In this tech-
nique, the CH, undergoes oxidation due to the participa-
tion of lattice oxygen species, which are replenished when
the reactant stream is subsequently switched to pure O,
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FIG. 6. Variation in CH, conversion and C,, selectivity with suc-
cessive CH, pulses at 7 = 800°C, P(CH,)/P(O,) = 5, carrier gas flow
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(0.15 ml). (b) 12.5% NaMnO,/MgO (2.0 ml).

or air. This approach is in contrast to the more commonly
employed cofeed mode of operation, in which the reactant
stream contains both CH, and O-. In order to determine
the extent of lattice oxygen involvement in the case of
the present Mn-containing catalysts, we have performed a
series of pulse reaction experiments. Figure 6a shows CH,
conversions and C,, selectivities observed at 800°C for a
succession of CH, pulses over previously oxidized samples
of 2% Mn/5% Na,WQ,/S810,, 5% NaMnO,/MgO, and 2%
Mn/5% Na,WQO,/MgO catalysts. The gas hourly space ve-
locities (GHSV) approximated those employed in the pre-
viously described cofeed studies over these catalysts (Fig.
2). Although C,. selectivities were high for all three cata-
lysts, the CH, conversion levels (1 to 3%) obtained with
these O,-free pulses were significantly inferior to those
(~20%) observed in the cofeed mode of operation with
these catalysts. However, when the GHSV over a 12.5%
NaMnO,/MgO catalyst was decreased (by increasing the
amount of catalyst employed) to a range comparable to
that employed by Sofranko et al., the resulting catalytic
performance (Fig. 6b) after several CH, pulses more
closely resembled the results obtained in the cofeed mode.
Moreover, the conversion and selectivity agreed with those
reported by Sofranko er al. (7). These results indicate that
bulk lattice oxygen plays little or no role during the meth-
ane oxidative coupling reaction over these catalysts in the
cofeed mode. Although it is not generally appreciated,
Sofranko et al. (7) previously pointed out that their cata-
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lysts were much more active in the cofeed mode than in
the redox mode.

To further demonstrate the importance of gas-phase ox-
ygen in maintaining high conversion levels with these cata-
lysts, additional pulse reaction studies were performed in
which a pulse of pure O, was followed by one of pure CH,
over 2% Mn/5% Na,WO,/S8i0,, 5% NaMnO,/MgO, and
2% Mn/MgO catalysts, with increasing time intervals be-
tween the two pulses. The results are presented in Fig.
7, where the first data point, corresponding to zero time
between O, and CH, pulses, was obtained using a pulse
that contained premixed reactants (CH,/O, = 5). When
the time interval between the initial O, pulse and the subse-
quent CH, pulse was as little as one second, the conversion
of methane over the 2% Mn/5% Na,WQ,/SiO, catalyst
decreased dramatically from about 18% for the cofeed
pulse to <5% (Fig. 7a). When the delay between O, and
CH, pulses was five seconds or longer, the conversion
decreased to <2%, which is comparable to that observed
without intervening O, pulses (Fig. 6a). Similar results
were obtained over the 5% NaMnO,/MgO catalyst (Fig.
7a)and over the 2% Mn/5% Na,WQO,/MgO catalyst (results
not shown), which further suggests that the active site is
the same for all three catalysts. In the case of the 2% Mn/
MgO catalyst, which contained no Na, the C,. selectivity
was only ~20% (Fig. 7b), while the methane conversion
declined in the same manner as that observed for the so-
dium-promoted manganese catalysts (Fig. 7a). It is appar-
ent from these results that the presence of gas-phase oxy-
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FIG. 7. Effect of delay time between O, and CH, pulses on the
oxidative coupling of methane at T'= 800°C, P(CH,4)/P(O,) = 5. carrier
gas flow rate = 45 ml/min, and 0.15 ml catalyst. (a) @, O, 2% Mn/5%
Na,WO,/8i0,: B, (. 5% NaMnO,/MgO. (b) @, O, 2% Mn/MgO.
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FIG. 8. Oxidative coupling of methane over 2% Mn/5% Na,WQ,/
SiO; as a function of the number of CH,4 or premixed CH,/O; pulses at
T = 800°C, carrier gas flow rate = 45 ml/min, and 0.15 ml catalyst. @,
O, premixed P(CH,)/P(O;) pulse; M, (J, pure CH, pulse. The catalyst
was recalcined in O, at 800°C for 1 h after every 10th pulse.

gen is necessary to achieve high CH, conversion with all
of these catalysts, and that bulk lattice oxygen contributes
little to the activity. The data also demonstrate that the
active sites, either selective or nonselective, may be created
by interaction between gas-phase oxygen and surface man-
ganese ions. The active species has a very short lifetime,
e.g., less than one second. Sodium ions significantly im-
prove the C,. selectivity, but not the activity.

The pulse reaction data presented in Fig. 6a indicate
that CH, conversions are low, even for the first CH, pulse,
over the previously oxidized catalysts. Moreover, the activ-
ities continue to decline with each successive CH, pulse.
In order to determine the extent of reversibility of this
deactivation for the Mn/Na,WQ,/SiO; catalyst, the pulse
reaction experiments depicted in Fig. 8 were performed
over an extended period. Here, the circles represent results
obtained using premixed (i.e., cofeed) pulses, in which
CH,/O, = 5, and the squares are results for pure CH,
pulses. In the latter case, the catalyst was initially treated
in flowing O, for 1 h at 800°C and then flushed with He
at the same temperature for 10 min prior to exposure to
the first CH, pulse. During the course of the extended
experiment, the catalyst was again periodically treated in
O, under the same conditions after every 10th pulse of
CH,. It should be noted that the cofed pulses were inter-
spersed between the pure CH, pulses. Methane conver-
sions for the cofed pulses are shown on the right-hand
ordinate scale, while those for the pure CH, pulses are
given on the left-hand ordinate scale. It is clear that, unlike
the constant activity for cofeed pulses, the activity of the
catalyst for converting pure CH, pulses declined continu-
ously with each successive pulse, even though the catalyst
was calcined in O, for 1 h at 800°C after every tenth pulse.
This result demonstrates that the deactivation caused by
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reaction of pure CH, is irreversible. Similarly, in a separate
FT-IR study of this catalyst, it was observed that an initial
band at 1140 cm™' disappeared after exposing the catalyst
to CH, for 1 h at 800°C or to He for 1 h at 850-900°C,
and the band was not recovered completely, even after
subsequent treatment in O, at 800°C for 16 h. The different
behaviors observed for the two kinds of pulse reaction
experiments suggest that there may exist two distinguish-
able types of sites on this catalyst, one of which is a redox
site involving bulk lattice oxygen. The concentration of
redox sites decreased very quickly with increased number
of CH, pulses (corresponding to increased time on stream
in the cofeed mode), and would thus make little contribu-
tion to the overall catalytic activity observed under steady-
state reaction conditions. Therefore, it may be concluded
that in the cofeed mode, Mn/Na catalysts, including Mn/
Na,WO0,/8iO; catalysts, are not typical redox catalysts in-
volving bulk lattice oxygen.

Catalyst Characterization

XRD results. The phases identified by X-ray powder
diffraction analyses of the various catalysts are summarized
in Tables 2 and 3. The XRD results presented here can
be interpreted in terms of reactions of the various compo-
nents in the catalysts as follows:

IVII'IO‘l + Na2W04 & Nazo + MHWO4 + O.S(X - 1)07_
[1]
MnO, + 6MgO + 0.5(2 — x)O, 2 MgMnOx. [2]

Reaction 1 may be applied for both MgO- and SiO;-sup-
ported catalysts, whereas, reaction 2 applies only to the
former. According to the equilibrium expressed by reac-
tion 1, it may be expected that an increase in either Mn
oxide or Na,WQO, would result in an increase in MnWOQO,
and Na,O. Likewise, addition of extra Na,O (via Na,CQ5)
to the catalyst would shift the equilibrium to the left. These
trends were indeed observed in the XRD results. For the
MgO-supported catalysts, either with or without Na,WO,,
the MgcMnOj; crystal phase appeared when the Mn loading
was =0.4 wt% in the catalysts. Na,WO, and MnWOQO,
phases were detected in both the MgO- and SiO,-sup-
ported samples when the amount of Na,WO, was =5 wt%;
Na,WO, was not observed, however, when the loading
was less than 5 wt%, but may have been present in a highly
dispersed state (15). Both MgdMnQOyg and MnWO, phases
increased markedly with increased amount of Mn, while
the Na, WO, phase correspondingly decreased. It should be
mentioned that although the MgsMnOg phase was almost
independent of the amount of Na,WQ, present in the cata-
lysts, the MnWO, phase increased significantly as the con-
centration of Na,WQy, increased from 2 to 5 wt%. For the
5% NaMnO,/MgO catalyst, 3-Nay;MnO; was formed in
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TABLE 2
Bulk Phases Observed by XRD in MgO-Supported Catalysts

MgO Mg:MnOy Na; WO, MnWO, Nay-MnQ; Na,O*
5% Na,WO,/MgO X X X
0.1% Mn/5% Na,WO0,/MgO X X X
0.4% Mn/5% Na,WO,/MgO X X X X X
1% Mn/5% Na,WO,/MgO X X X X X
2% Mn/5% Na,WO,/MgO X X X X X
2% Mn/MgO X X
2% Mn/2% Na,W0O,/MgO X X X
2% Mn/10% Na,WO,/MgO X X X X X
5% NaMnO4,/MgO X X X
Na,CO3/2% Mn/5% Na,WO,/MgO X X X X

“ Tentative assignment.

addition to the MgsMnOg phase. When additional Na,CO;
was added to the 2% Mn/5% Na,WO,/MgO catalyst, the 3-
Na,sMnO; phase also appeared, while the MnWO, phase
decreased or disappeared completely.

For the SiO,-supported catalysts containing Na,WQ,,
the dominant Mn-containing phases were MnWOQO, and «-
Mn,O;. In the absence of WO3~ ions, Mn,SiO;, was the
only crystalline phase detected. Sodium was present in the
form of sodium silicates that gave rise to a broad peak in
the diffraction pattern. Addition of excess Na in the form
of Na,CO; to the SiO,-supported catalyst resulted in an
increase in Na, WO, and SiO,; (tridymite), but a decrease
in MnWQO, and SiO, (cristobalite).

From the results in Tables 2 and 3, it is evident that Mn
exists in different crystalline forms in the various supported
catalysts. Although the MnWO, phase increased upon in-
creasing either Mn or Na,WO,, which correlated well with
the catalytic performances shown in Fig. 4, it is probably
not the active species, since no such phase was observed
for the NaMnO,/MgO catalyst, which displayed nearly
identical catalytic behavior (Fig. 2). Similarly, B-
Na,;MnO, does not play an important role in the catalytic
reaction, since no such phase was observed for the samples
containing WO3~ unless additional Na,CO; was present.

Likewise, the fact that the Mg,MnOy phase was almost
independent of the amount of Na,WO, in the catalysts,
while the C,, selectivity, and consequently the CH, conver-
sion, increased with increasing Na,WO, content (Fig. 4b)
confirms that MgMnOs is also not the essential phase.

As suggested by the pulse reaction experiments and the
XPS and ISS results (described below), a surface Mn spe-
cies that is well dispersed in a Na,CO3/Na,0,/Na,O phase
may be responsible for the high activity and selectivity of
these different catalysts. Therefore, it may be concluded
that no single Mn phase is responsible for the high activity
and C,. selectivity.

XPS and ISS results. Tables 4 and 5 list the observed
binding energies and near-surface compositions of selected
catalysts. By comparison with their bulk compositions, the
near-surface compositions of the fresh Mn/Na,WO,/MgO
and Mn/Na,WQ,/SiO, catalysts, as determined by XPS
characterization, were enriched in Na and W but not in
Mn. For example, the 2% Mn/5% Na,WO,/MgO sample
had an average bulk atomic composition of 0.73% Na,
0.36% W, 0.72% Mn, and 47.6% Mg, but its surface compo-
sition was 9.6% Na, 1.9% W, 0.8% Mn, and 31% Mg. The
Na/W atomic ratio of ~5 indicates that a significant amount
of surface sodium was present in a form other than

TABLE 3
Bulk Phases Observed by XRD in SiO,-Supported Catalysts

Si0,* Na,WO, MnWO, Mn,8i0,; Mn,0; Na,Si,04"
2% Mn/5% Na,WO0,/Si0O, X X X X
2% Na,CO3/2% Mn/5% Na,W0,/Si0, X X X X
4% Na,CO+/2% Mn/5% Na,W0,/Si0, X X X X
5% NaMnQO,/SiO; X X X

4 Cristobalite and tridymite.

 Other sodium silicates may also exist, since only a single broad peak was observed.
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TABLE 4

Observed XPS Binding Energies (eV) of Catalyst Components

O(ls)
C(1s)
— MgO.MnO,. CO?,
Catalyst Na(ls) W(4f) Mn(2p) Si(2p) Mg(2p) Advent. CO¥ wOj3 silicate®
5% Na,WQ,/MgO* [071.2 35.7 49.5 284.6 290.9 529.6 531.7
2% Mn/5% Na,WO,/MgO* 1070.6 353 642.0 495 284.6 290.4 5293 531.0
2% Mn/5% Na,WO0,/MgO" 1070.5 353 641.2 49.5 284.6 290.2 529.3 530.9
2% Mn/MgO* 1070.7 641.3 49.5 284.6 288.2 529.5 531.2
2% Mn/2% Na,WO,/MgO* 1071.2 35.7 642.3 49.6 284.6 2915 529.5 531.6
5% NaMnO4/MgO* 1070.4 642.3 49.5 284.6 290.5 529.4 531.4
5% NaMnQ,/MgO* 1070.6 641.4 49.7 284.6 290.1 529.6 5313
2% Mn/5% Na,WO,/8i0,* 1070.3 35.1 641.0 102.8 284.6 289.6 529.5 531.6
2% Mn/5% Na,WO,/SiO," 1070.3 35.0 640.8 102.5 284.6 289.9 529.6 531.4
2% Na/2% Mn/5% Na;WO,/S10¢ 1070.8 354 641.3 103.0 284.6 290.6 529.5 5319

“ Treated at 800°C in O, for 6-12 h after calcination at 800°C in air for 8 h.
b After exposure to CH,/O; reaction mixture for 10 ~ 20 h at 800°C, then quenched.

¢ Silicate and silica for catalysts prepared with SiO;.

Na,WO,. As shown in Table 4, a second carbon species,
having a C 1s binding energy of 290 = 1 eV, was also
present on the surface of the catalyst, in addition to the
adventitious carbon at 284.6 eV. This additional carbon
species may be attributed to Na,CO; (24), since MgCO,
and MnCO; are not stable under the pretreatment condi-
tions employed. Thus, 20-40% of the surface sodium may
be in the form of Na,COs;. The presence of Na,CO; is
evidently limited to the near-surface region of the catalyst,
since TPD results indicated that only small CO, desorption
peaks, resulting from the decomposition of bulk Na,CO;,

appeared in the temperature range 400-900°C. Thus,
Na,O, (x = 1 -~ 2) may also be present on the surface
under reaction conditions, but only a small portion of the
near-surface sodium on these catalysts is in the form of
Na,WO,. This is even more apparent in the case of the
2% Mn/2% Na,WQ,/MgO catalyst, in which the near-sur-
face Na/W ratio was as high as 11 (Table 5). It appears
that sodium ions, which are greatly enriched on the surface,
are mainly present in the form of Na,O/Na,0,/Na,CO;
for the catalysts containing <5% Na,WOQ,. The presence
of WO3 ions, however, is important to the stability of

TABLE $§

Near-Surface Compositions (At.%) of Catalyst Components

O(1s)
C(1s)
MgO, MnO,, CO?,
Catalyst Na(ls) W(4f) Mn(2p) Si(2p) Mg(2p) Advent. CO% WOj3 silicate?
5% Na,WO,/MgO“ 79 1.4 39 0.7 13 42 75
2% Mn/5% Na,WO,/MgO* 9.6¢ 1.9 0.76 31 0.8 1.8 48 6.8
2% Mn/5% NazWO,;/MgO" 8.4 2.1 0.84 31 2.0 2.0 47 7.4
2% Mn/MgO® 0.9 2.1 40 3.5 2.8 44 1.7
2% Mn/2% Na,WO,/MgO* 85 0.9 1.6 33 0.5 1.0 47 8.0
5% NaMnQ,/MgO“ 13 1.5 27 14 3.1 39 15
5% NaMnQO,/MgO? 6.3 2.2 29 39 32 42 13
2% Mn/5% Na,WQ,/SiO* 10 24 1.7 20 1.8 1.5 24 40
2% Mn/5% Na,W0,/Si0,” 99 2.6 5.0 18 3.0 2.2 23 36
2% Na/2% Mn/5% Na,WQO,/Si0," 8.4 2.1 1.8 23 46 1.8 15 44

4 Treated at 800°C in O, for 612 h after calcination at 800°C in air for 8 h.
b After exposure to CH4/Os reaction mixture for 10 ~ 20 h at 800°C, then quenched.
¢ The percentage of Na on the surface varied between samples, but the average was about 9 at.%.

4 Silicate and-silica for catalysts prepared with SiO,.
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FIG. 9. XPS spectra in the Mn 2p region of catalysts pretreated at
800°C (a) in O, for 5 h and (b) in CH,4/O; (ratio = 10) for 20-30 h.
(1) 2% Mn/5% Na,WO./SiO;: (2) 5% NaMnO4/MgO; (3) 2% Mn/5%
N32W04/Mg0

surface Na. As shown in Table 5, no significant change in
the concentration of surface Na occurred over either the
2% Mn/5% Na,W0,/MgO or the 2% Mn/5% Na,WO,/
SiO, catalyst after being used for the OCM reaction for
20 h; whereas, the surface Na concentration in the 5%
NaMnO,;/MgO catalyst decreased about 50% during the
same period of reaction.

The Mn 2p;,, binding energy in the fresh 2% Mn/5%
Na,WO0,/Si0; catalyst was 641.0 eV, indicating that Mn
was present mainly as Mn** and Mn?* (25-27). On the
corresponding Mg-supported catalyst, however, Mn** pre-
dominated, since the Mn 2p,,; binding energy in this case
was 642.1 eV (28). These results are consistent with the
observation that Mn exists in the form of MnWQ,,
Mn;Si0,, or Mn,0; in the SiO;-based catalysts, whereas
MgcMnQy is the major phase for the MgO-based catalysts
following calcination (see above).

The chemical state of Mn in the near-surface region
becomes modified under reaction conditions, however, as
shown in Fig. 9. After calcination in O,, Mn was present
primarily as Mn** (BE = 641.0 eV) on the surface of the
SiO,-supported catalyst; whereas Mn** (BE = 642.2 eV)
predominated on the MgO-supported catalysts, as dis-
cussed above. After exposure of the calcined sample of
2% Mn/5% Na,WQ,/SiO, to an OCM reaction gas mixture
(CH4/O, = 10) at 800°C (the sample was quenched in He
to prevent reoxidation of surface species by any unreacted
O, during cooling), the binding energy of the Mn 2p;,,
peak decreased slightly to 640.8 eV (Fig. 9b, spectrum 1),
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and a small peak appeared at ~647 eV. The latter feature
in the spectrum may be assigned to a 3d — 4s *‘shake-up”
satellite, which is characteristic of the Mn?* oxidation state
(27), indicating that at least part of the near-surface Mn*"
ions was reduced to Mn?*. It is interesting to note that the
intensities of the Mn 2p peaks increased after exposure to
the OCM reaction mixture. An even larger change in the
Mn 2p peaks was observed when the 2% Mn/5% Na,WQ,/
SiO, catalyst was reduced in pure CH, (not shown in Fig.
9). This change is largely reversible, since the intensities
of the Mn 2p peaks decreased when the samples were
recalcined in O; (29). These results suggest that a redistri-
bution or dispersion of an Mn-containing phase may occur,
since it was observed that both the MgsMnOy and the
MnWO, crystalline phases disappeared after extensive re-
duction. It is unlikely that migration of Mn ions from the
bulk to the surface occurred during reaction with CH,
(12, 30).

Similarly, exposure of the O,-treated 5% NaMnQ,/MgO
sample to the OCM reaction gas mixture at 800°C caused
a slight decrease in the binding energy of the Mn 2p;,,
peak to 641.4 eV, again indicating that the surface Mn ions
were partially reduced (probably to Mn** and/or Mn?")
under methane coupling reaction conditions. The satellite
peak, positioned at about 647 eV, was not as evident for
the used 5% NaMnO,/MgO catalyst; it became more prom-
inent, however, when the sample was reduced in pure CH,
(29). Thus, it is apparent that Mn ions in all three catalyst
samples were partially reduced upon exposure to the OCM
reaction gas mixture, and the binding energies of the Mn
2ps,, peaks were in the range 641.0 = 0.2 e V. [t appears that
the chemical states of Mn species in all of these catalysts
become similar under reaction conditions. These XPS re-
sults provide further evidence that the similar catalytic
performances observed for these catalysts originate from
the same (Mn-containing) active sites.

Although both the methane conversions and C,. selec-
tivities of these catalysts are comparable under oxygen-
limited conditions (Fig. 2), it is evident from a comparison
of the differential conversion data of Fig. 3 and the surface
areas shown in Table 1 that the specific activities of these
three catalysts are quite different. As depicted in Fig. 10, a
linear relationship exists between the specific OCM activity
and the surface Mn abundance following reaction of CH,
and O,. This result demonstrates that Mn ions are directly
involved in the formation of the active species, probably
through the activation of oxygen.

It appears that a significant amount of Mn** ions was
still present on the catalysts under reaction conditions,
since exposure to pure CH, decreased the binding energy
of Mn species even further, from 641.4 to 640.5 eV, on the
5% NaMnQO,/MgO catalyst (29). Based on XPS and ESR
results, Mariscal et al. (28) concluded that Mn?" is also the
major Mn species in Li-Mn-MgQO catalysts. It is particu-
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FIG. 10. Activity for oxidative coupling of methane as a function of
surface Mn concentration under differential conditions (T = 800°C, CH,/
0; = 670/90 Torr, total flow rate = 115 ml/min, 0.3 ml catalyst). @, 2% Mn/
5% Na,WO,/S8i0;: A, 5% NaMnO,/MgO:; B, 2% Mn/5% Na,WO,/MgO.

larly interesting to note that the Mn concentration on the
2% Mn/5% Na,WQ,/MgO catalyst did not increase signifi-
cantly after reaction, in contrast to the behavior of its SiO,
counterpart. Mariscal et al. also observed that no significant
changes of the surface Mn/Mg ratios occurred after their
Li-Mn-MgO catalyst was reduced in H, (28). The differ-
ent behaviors of these catalysts during the OCM reaction
may reflect the fact that their bulk structures are differ-
ent (29).

Interpretation of the O(1s) binding energies in Table 4
is somewhat complicated because of the presence of several
oxygen-containing species. Oxide ions in MgO, MnO,, and
WOj3™ typically have binding energies of ca. 529.5 eV. (We
measured O(1s) BE values of 529.6 eV and 529.7 eV for
MgO and Na,WO,, respectively; see Refs. 25-28 for BE's
of MnO, ). For the catalysts based on MgO an O(1s) line
for the carbonate ions was at a distinctly higher binding
energy (~531.3 eV) than that found for the other oxygen
ions, but for the catalysts based on SiO,, O(1s) ambiguities
may exist because silicates have an O(1s) binding energy
of ~531.9 eV (31-35). Pure SiO; has an O(ls) binding
energy of 532.5 eV (35, 36). Although carbonates were
present on these catalysts, it is evident from the C(ls)
signal (Table 5) that the oxygen in carbonates accounts
for only a small fraction of the total surface oxygen in a
catalyst such as 2% Mn/5% Na,WO,/SiO,. Binding ener-
gies reported in Table 4 suggest that silicates were formed
on the surface, but the stoichiometries of Table 5 are in
better agreement with those expected for silica. In reality,
a mixture of silicates and silica probably existed in the
near-surface region, and differences in the O(1ls) binding
energies (~0.6 eV) were not sufficient to provide resolved
spectra for these more covalent forms of oxygen.

In order to obtain addition] information about the up-
permost surface layer on each of the catalysts, *He” ISS
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was employed. The ISS results shown in Fig. 11 reveal that
the underlying supports of all three calcined catalysts were
completely covered, since no scattering peaks were ob-
served for either Si or Mg. After sputtering the 2% Mn/
5% Na,WO,/MgO sample with 4 keV “°Ar* ions for 10
min, a scattering peak for Mg appeared as a resolvable
shoulder on the Na peak at an ion energy ratio of 0.66,
confirming that Mg would indeed be distinguishable from
Na if a significant amount of Mg were present on the
surface. The surface layers of both the SiO,- and MgO-
supported catalysts contained W ions, when applicable,
but only a small amount of Mn. This is more evident in
the case of the 5% NaMnQO,/MgO catalyst, where Na* and
O?" ions were virtually the only species in the uppermost
surface layer. It should be mentioned that surface carbon
existed in all of the samples, although this area of the
spectrum it is not included in Fig. 11. As indicated pre-
viously, W ions are not a necessary component of the active
phase. These ISS results, therefore, further support the
hypothesis that the similar catalytic results of Figs. 1 and
2 originate from the same active species, which consists of
an Na-O-Mn entity.

In contrast to the nature of many other effective OCM
catalysts, the active surfaces of these Mn-containing cata-
lysts are not highly basic, since CO, TPD studies revealed
no evidence for a significant amount of strongly adsorbed
CO,. Apparently, the basicity of the Na,O was altered by
the lower basicity of other components in the catalysts
(37). The XPS results, however, indicate that a moderate
amount of carbonate exists, presumably as only a thin
surface layer, but only a slight CO, poisoning effect was

N(E)/E

04 05 06 07 08 09 10
ION ENERGY RATIO, E/E(0)

FIG. 11. Ion scattering spectra of fresh catalysts. (a) 2% Mn/5%
Na,W0,/Si0s: (b) 2% Mn/5% Na,WO,/MgO: (c) 5% NaMnO,/MgO.
The samples were pretreated at 800°C in O, for 8 h.
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observed for these catalysts, including the 5% Na,CO,/
MgO material. When the CO,; partial pressure was in-
creased, for example, from about 5 to 50 Torr, the methane
conversion over the 2% Mn/5% Na,WQ,/Si0O, catalyst only
decreased from 5.5 to 4.8%, while the selectivity remained
virtually constant.

Nature of the Active Sites

The exact nature of the catalytically active sites on these
materials has not been unambiguously determined; how-
ever, it is clear that small concentrations of Mn play an
essential role in achieving high activities and selectivities,
and that Na is also a required component particularly for
achieving good selectivities. The role of sodium ions, which
dominate the near-surface region of the catalyst, may be
to disperse the Mn ions. From the results shown in Table
5, it s clear that the surface Mn concentration decreases as
the Na content increases, indicating that Na ions promote
diffusion of Mn ions into the MgO bulk (29). Since ethylene
is a major source of CO; during oxidative coupling (38),
the undesirable 7 bonding of ethylene to the surface may
be minimized if the Mn ions are highly dispersed.

Manganese may exist in several oxidation states, having
varying degrees of interconversion under reaction condi-
tions; therefore, it is difficult to establish which, if any, of
these chemical states may be responsible for promoting
the high activity/selectivity behaviors of these catalysts.
From the results in Figs. 4 and 7, it is evident that the Na-
free Mn/MgO catalyst, in which MggMnOg was the only
detectable Mn phase, was inferior in catalytic performance.
Therefore, Mn** ions are probably not the selective active
species for the methane coupling reaction. A similarly poor
result was previously observed over MgsMnOy, catalysts in
the cofeed mode (39), although it was still proposed that
MgMnQOyg may be the active phase (12). Based on the XPS
data for the used catalysts, which were quenched in a He
stream, the Mn ions are present as Mn** and/or Mn?*,
suggesting that these partially reduced Mn ions may form
the active species. Burch ez al. (13) concluded, based on
information obtained from XRD experiments, that none of
the various pure manganese oxides were selective phases,
whereas an Mn;0O;-like phase, promoted by K and in the
presence of Cl, was highly selective. However, it should
be emphasized that the active species on these Mn/Na
catalysts were generated when the sodium-dominated sur-
face was exposed to O,, and had a short lifetime under
reaction conditions. Therefore, it is unlikely that these
stable phases function as active species in the catalysts
studied here.

CONCLUSIONS

Based on CH, conversion and C,. selectivity, as well as
on long-term stability and performance at higher pressures,
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Mn/Na,W0,/MgO and Mn/Na,WO0,/SiO, catalysts rank
among the best that have yet been reported for the oxida-
tive coupling of methane. The active component is believed
to be Mn in a highly dispersed state. Sodium is required
for high selectivity, and it is suggested that individual Mn
ions are present in a Na,0/Na,0,/Na,CO; surface phase.
Tungstate ions are required to stabilize the catalysts. The
active center is a transient state that exists only in the
presence of gas-phase O,. Thus, it seems unlikely that
lattice oxygen in the bulk of the catalysts is involved in
the catalytic reaction. Although several crystalline phases
are present, none appears to be directly associated with
the catalytic performance. These phases, however, may be
indirectly involved by influencing the concentration and
oxidation state of Mn on the surface.
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