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The effects of barium loading level and support basicity on the activity and C,, selectivity for
oxidative coupling of methane were examined for MgO-, CaO-, ZnO-, and Al,O-supported Ba
catalysts. The nature and distribution of catalyst surface species were characterized by XPS and
ISS spectroscopic techniques, which indicated that there is no direct correlation between support
basicity and oxidative coupling activity. However, catalysts containing sufficiently high Ba loadings
are more easily poisoned by carbon dioxide than those with low Ba contents, due to increased
stability of a BaCO, phase. With supports of low basicity, or when the Ba is uniformly distributed
on the catalyst support, the susceptibility to carbon dioxide poisoning is minimized. XPS character-
ization of the Ba/MgO catalysts confirmed that oxidative coupling activity is directly related to
the capability of the catalyst to form surface O3~ ions existing in a BaO, phase that is sustained
under reaction conditions by the presence of molecular O,. With a 2 mol% Ba/MgO catalyst, a
C,, selectivity of 80% at a CH, conversion of 17% was achieved using a CH,: O, = 10: | reactant

mixture at 800°C and a total reagent pressure of 1 atm.

INTRODUCTION

The partial oxidation of methane with mo-
lecular O, to produce C,, hydrocarbon
products has been extensively investigated
during the past several years (/). Because
of the stability of the C—H bond in methane,
relatively high temperatures, i.e., >700°C,
are typically required to produce apprecia-
ble concentrations of radicals with most ox-
ides. The most generally accepted mecha-
nism for the formation of CH;- radicals on
oxides involves the abstraction of a hydro-
gen atom from either gaseous (2-5) or ad-
sorbed (6) CH, by a partially reduced sur-
face oxygen species (e.g., O, O;, or
037). The resulting CH;- species may either
couple in the gas phase to form the desired
ethane product or undergo secondary reac-
tions with gaseous O, or with surface oxy-
gen species to generate undesirable CO, by-
products. Ethane, the primary reaction
product (and its dehydrogenation product,
ethylene) may also undergo secondary oxi-
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dation to CO, . The surface OH species gen-
erated as a result of H abstraction from CH,
are removed as water, forming surface va-
cancies and O?~ species on the oxide. The
active sites are subsequently regenerated by
gas-phase O, (2) or by adsorbed molecular
0, (6).

Among the wide variety of oxide catalysts
that have been studied for the partial oxida-
tion of methane (7, 7-11), most of those that
are both active for methane conversion and
selective for the formation of C,, products,
such as alkaline earth and lanthanide oxides,
possess an intrinsically basic nature (2, 6,
12, 13). As a result, several authors have
attempted to correlate basicity with C,,
product selectivity for oxidative coupling
catalysts (/4-17). Sokolovskii et al., for ex-
ample, have investigated the relationship
between the intrinsic basicity of the alkaline
earth oxides, as measured by benzoic acid
adsorption, and their C, product selectivi-
ties for methane oxidation (/7). They ob-
served that C, selectivity increased with
increasing basicity, in the order BaO >
SrO > CaO > MgO > BeO. Similarly, Luns-
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ford and co-workers reported that C,,
yields over several lanthanide oxides at
600-700°C decreased in the order Nd,0, >
La,0; > Sm,0, > Dy,0; > CeO,, which
correlates approximately with the decreas-
ing basicity of these oxides (/8). 1t is signifi-
cant that, except for the order of Nd,O, and
La,0, being reversed, the production of
CH;- radicals over these oxides follows the
same sequence. It is also noteworthy that
the multivalent CeO,, PrO,, and TbO, ox-
ides are ineffective for CH;' radical genera-
tion and, although quite active for methane
conversion, result only in CO, formation
and exhibit virtually no selectivity for C,,
products.

Several surface oxygen species have been
proposed as active sites for methane activa-
tion. In the case of Li/MgO, for example,
convincing evidence exists for the involve-
ment of Li*O~ centers in the initial forma-
tion of CH, radicals (2, 3). On various other
oxides, superoxide (O,) and peroxide
(O37) sites have been suggested (19, 20).
The uncatalyzed (i.e., stoichiometric) reac-
tion of methane with the peroxides of Na,
Sr, and Ba, in fact, has been reported to
produce C, products (7, 27). The activity of
molten Ba(OH), has also been attributed to
a peroxide species (22). Because of their
relatively high C,, selectivities and variety
of oxygen-containing phases, barium com-
pounds have been extensively studied as
catalysts for the partial oxidation of meth-
ane. In addition to the BaO and BaO, phases
that may exist under oxidative coupling con-
ditions, a study by Aika et al. indicated that
BaCO; may also be a catalytically active
component (23). Addition of K,CO; pro-
moter served to increase the C,, vield, pos-
sibly because of the comparable ionic radii
of K* and Ba?*. Yamashita et al. observed
that addition of Ba to La,O; resulted in an
improvement in both catalytic activity and
C, selectivity, with activities being directly
proportional to Ba content (24). The active
phase was suggested to be either BaO, or
the O~ ions that are generated by breaking
the O—0 bond of the O3~ species. Zhang et
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Fic. 1. Effect of temperature on CQ, decomposition
pressures of alkaline earth carbonates. (Data from
Ref. (26), fitted to equations of the form P = exp
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al. ascribed the increased catalytic activity
of Ba/La,0; to a type of structural defect
site occurring at the La,0,;/BaCO; interface.
This defect was identified by ESR and Ra-
man spectroscopies (/¢). Cameron and co-
workers proposed that the carbonate-as-
sisted formation of an active oxygen species
(via generation of CO; ™ and O ") is responsi-
ble for the oxidative coupling activity of
Ba/La,0; (25).

Because of their relatively high basicities,
Ba-0 catalysts are susceptible to attack by
CO,. The formation of CO, inevitably ac-
companies that of the desired coupling prod-
ucts, and results in the generation of a sur-
face BaCO; phase. Although BaCO; may
possess some activity for the coupling reac-
tion (23), the presence of significant
amounts of it causes a decrease in overall
methane conversion. As shown in Fig. 1,
the decomposition pressure of BaCO, at
800°C is only 0.01 Torr of CO,. Thus, under
typical oxidative coupling conditions, the
CO, partial pressure may easily be sufficient
to maintain a BaCO; phase. It is possible,
however, that if CO, is produced primarily
via homogeneous gaseous reactions, its lo-
calized concentration near the catalyst sur-
face in a typical flow reactor may be much
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less than that in the gas phase. Hence, the
role of CO, in influencing the behavior of
oxidative coupling catalysts warrants fur-
ther investigation.

The present study was performed to de-
termine the behaviors of a series of Ba/MgO
catalysts and of Ba/CaO, Ba/ZnO, and
Ba/Al, O, for the partial oxidation of meth-
ane. Correlations between the catalytic ac-
tivities and selectivities of these materials
and their surface properties, as determined
by X-ray photoelectron (XPS) and ion scat-
tering (ISS) spectroscopic characteriza-
tions, were investigated. In addition, the
susceptibility to CO, poisoning was ex-
plored for a series of Ba/MgO catalysts hav-
ing Ba loadings in the range 0.2-25 mol%.

EXPERIMENTAL
Materials

All reagents used for catalyst preparation
were ACS certified grade. A series of
Ba/MgO catalysts containing varying
amounts of barium in the range 0.2 to 25
mol% were prepared by adding 10 g of MgO
to 50-60 ml of deionized water that con-
tained an appropriate concentration of dis-
solved Ba(NO,),. Each resultant slurry was
stirred overnight at room temperature,
evaporated to dryness, and crushed into
20-45 mesh granules. The catalyst particles
were then calcined in air at 800°C for 1 h
prior to use. The Ba/CaO, Ba/ZnO, and
Ba/Al,O; catalysts, containing 2.0, 2.0, and
4.0 mol% Ba, respectively, were synthe-
sized in a similar manner. The BET-N, sur-
face areas of the pure supports and synthe-
sized catalysts are summarized in Table 1.
Methane (99.99%) from Matheson Co. and
oxygen (99.9%), helium (99.995%}), and car-
bon dioxide (99.9%) from Airco were used
without further purification.

Procedures

All catalytic experiments were performed
using a downflow tubular quartz reactor
having an internal diameter of 2.85 mm. The
catalyst particles were secured in the reac-
tor between quartz wool plugs, and a 5.0-cm
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TABLE |

Surface Areas of Catalysts and Supports (m?/g)

Catalyst/support Fresh® Used®
MgO 68 36
Ba/MgO (mol9 Ba)

0.2 41 32

0.5 21 17

1.0 21 13

2.0 9.3 7.7

4.0 8.8 4.4

8.0 8.1 33

15.0 2.1 1.0

25.0 3.0 1.0
BaCo, 3.0 1.0
CaO 17 9.6
Ba/CaO (2 mol% Ba) 9.7 7.4
ZnO 33 1.0
Ba/ZnO (2 mol% Ba) 1.7 1.0
ALO, 294 105
Ba/Al O, (4 mol% Ba) 81 77

“ After initial treatment in O, at 800°C for 10 h.
* Following exposure to a CH,:0,:He = 5:1:6
reaction mixture for 12 h at 800°C.

layer of quartz chips, located on top of the
catalyst bed, served as the preheating zone.
The temperature of the reactor was con-
trolled by a proportional band temperature
controller, using a chromel-alumel sensing
thermocouple that was directly attached to
the outside of the reactor at the midpoint
of the catalyst bed. Measurements of the
activity and selectivity of the various cata-
lysts for methane oxidation were performed
at 750-850°C under nearly differential con-
ditions, in which oxygen and methane con-
versions were typically less than 20 and
10%, respectively. These conditions were
achieved by using small amounts (12.5 mg)
of catalyst and high reactant/diluent flow
rates (CH,: O,: He = 100:20: 200 cm*/min.
In the cases of those catalysts having very
low activity (viz., pure MgO, BaCO,, 15
mol% Ba/MgQO, and 25 mol% Ba/MgO),
larger amounts (25 to 50 mg) of catalyst were
employed. The carbon dioxide poisoning
experiments were performed at 850°C, using
a feed mixture of CH,: O, = 50:5 cm*/min,
with 2 to 20 cm*/min of CO, added to
achieve the desired CO, partial pressure.
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The total flow rate was maintained at 120
cm?/min by appropriate adjustment of the
diluent He flow rate. The products of the
reaction were analyzed by gas chromatogra-
phy, using a Chromosorb 107 column for
separation of carbon dioxide and C, hydro-
carbons and a 13X molecular sieve column
on which separation of oxygen, carbon mon-
oxide, and methane was achieved.

Temperature-programmed desorption
(TPD) of adsorbed CO, was performed using
a greaseless micro-volume system consist-
ing of stainless steel valves and fittings, a
thermal conductivity detector, and a
U-shaped quartz reactor containing 100 mg
of catalyst. Previously calcined samples
were heated to 970°C in flowing He, cooled
in pure flowing CO, to 120°C, and then
flushed with He for 3 h. The sample temper-
ature was increased at 16°C/min under a
He flow of 30 ml/min to 970°C, and then
maintained isothermally at the latter tem-
perature, if necessary, until desorption was
completed.

XPS and ISS spectra were acquired using
a Perkin-Elmer Model 5500 spectrometer
equipped with a dual Mg-Zr anode and an
external stainless steel reaction system that
allowed thermal and chemical pretreat-
ments of samples at temperatures up to
600°C, followed by direct in situ introduc-
tion into the UHV analysis chamber. Sam-
ples requiring gas treatment and/or evacua-
tion at temperatures >600°C were treated
in a separate quartz reactor system that al-
lowed in situ transfer of the ceramic holder
containing the treated sample into an O-ring-
sealed stainless steel transport vessel that
was attached to the system. The removable
vessel was then fitted directly to an evacua-
ble inlet port on the spectrometer, allowing
completely anaerobic transfer of externally
treated samples into the instrument’s UHV
analysis chamber. All samples were pre-
pared in the form of pressed wafers and,
prior to spectral analyses, were given ther-
mal and chemical treatments that duplicated
those employed in the catalytic reaction ex-
periments. Spectra were recorded for sam-
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ples both after initial treatment in O, at
800°C (fresh) and after subsequent exposure
to the CH, : O, : He reaction mixture (used).
In a typical XPS data acquisition, a pass
energy of 58.7 eV, step increment of 0.125
eV, and Mg anode powder of 300 W pro-
vided an optimum combination of resolution
and data collection time. Photoelectrons
were collected at an angle of 45° to the sam-
ple surface for 7 min in each spectral region
scanned. All measured binding energies
were adjusted with respect to the Ba 3ds,
peak at 779.7 eV. The latter was calibrated
in selected samples by referencing it to the
Au 41, peak at 83.8 eV resulting from sput-
ter deposition of a small Au spot onto the
sample. Near-surface compositions were
calculated from peak areas in each spectral
region, using appropriate sensitivity factors
for each line. ISS spectra were obtained us-
ing 3He * ions at a scattering angle of 134.5°
and 1 kV accelerating potential.

RESULTS AND DISCUSSION
Reaction Results for Ba/MgO Catalysts

In order to allow sufficient time for ac-
tivities and C, selectivities to stabilize, all
catalyst samples were exposed to the
CH,: O,: He reaction mixture for at least
12 h at 800°C prior to acquiring catalytic
reaction data. Specific activities of all cata-
lysts were calculated from reaction rates ob-
tained under differential conditions. Figures
2 and 3 display the specific activities and
C, selectivities of the wvarious Ba/MgO
catalysts as a function of Ba loading for
three reaction temperatures in the range
750-850°C. (The catalyst represented in
both figures as containing 100% Ba origi-
nated as pure BaCO;, but was partially
transformed into BaO, by the initial O, treat-
ment at 800°C, as evidenced by the CO,
poisoning results to be described below.) At
all reaction temperatures studied, specific
activity increased with increasing Ba load-
ing up to 4 mol% of Ba, and then declined
for higher Ba contents. Similarly, although
total C, selectivities increased continuously
with increasing Ba content, the ethylene/
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ethane ratio in the C, products appeared to
pass through a maximum at approximately
the same Ba loading as that observed for
methane oxidation, as shown in Table 2. In
all cases, both the specific activity and G,
selectivity for a given Ba loading increased
with increasing reaction temperature. Since
the activities shown in Fig. 2 have already
been corrected for variations in surface area
among the various catalysts (Table 1), the
maximum in activity observed at a Ba load-
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TABLE 2
Reaction Results for Ba/MgO Catalysts

Catalyst E, S.v. C,H,/C5Hq

(kcal/mol)¢ (mligih x 10) at 850°C*

1 2 1 2
MO 30 22 0.21
0.2% Ba/MgO 34 15.4 0.25

0.5% Ba/MgO 34 48 15.4 021 0.16
1.0% Ba/MgO 34 15.4 0.33
2.0% Ba/MgO 39 15.4 0.32

4.0% Ba/MgO 39 49 15.4 024 021
8.0% Ba/MgO 43 15.4 0.15

15.0% Ba/MgO 43 Rl 7.7 0.19  0.15
25.0% Bu/MgO 43 77 0.18
BaCO, 57 38 0.07

“ 1 = without addition of CO» to the reactant stream; 2 = with addition
of 13 Torr of CO, to the reactant stream.

ing of 4 mol% may be due to differing sus-
ceptibilities to poisoning by the carbon diox-
ide produced during the reaction.

The effect of carbon dioxide on the activ-
ity and the C, selectivity of the catalysts
was further investigated by adding varying
amounts of CO,toa 10: 1 CH,: O, reaction
mixture at 850°C, with the He diluent flow
rate appropriately adjusted to maintain a to-
tal flow rate of 120 cm*/min in each case.
Unlike the experiments shown in Figs. 1
and 2, these reactions, in general, were not
performed under differential conditions,
since O, conversions exceeded 50% in most
cases. Methane conversions and C, selectiv-
ities as a function of total CO, partial pres-
sure (i.e., that added plus that produced by
the oxidation reaction) are shown for se-
lected Ba/MgO compositions in Figs. 4 and
S, respectively. In both of these figures, the
data point corresponding to the lowest CO,
partial pressure for each catalyst was that
obtained with no added CO,. It can be seen
from Fig. 4 that the activities of pure MgO
and of Ba/MgO catalysts containing up to
1 mol% Ba are much less affected by carbon
dioxide than are those of the samples con-
taining 2 mol% Ba or more. The loss of ac-
tivity in each case may be attributed to the
formation of a stable surface BaCO, phase,
which can be maintained at 850°C by local
CO, pressures as low as ~0.05 Torr (Fig.
). The XPS results to be presented below
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confirm that the catalysts which were most
sensitive to poisoning by CO, contained sig-
nificant concentrations of surface carbonate
species after use. It is particularly notewor-
thy that, in the absence of added CO,, the
catalyst which originated as pure BaCO; ex-
hibited activity for CH, conversion that was
comparable to that of pure MgO. Unlike
MgO, however, which does not form a sta-
ble carbonate phase under these conditions
(Fig. 1) and whose activity is consequently
unaffected by added CO,, the BaCO,-based
catalyst was completely poisoned by the ad-
dition of even a small amount of CO, to the
reactant stream. This observation indicates
that the O, pretreatment at 800°C may cause
decomposition of at least a small amount of
the initial BaCO; into an active surface BaO,
phase, which is subsequently converted
back into inactive BaCO; when CO, is added
to the reactant stream. Although CO, is, of
course, generated during the CH, oxidation
reaction, the initial portion of the catalyst
bed in a flow reactor may remain active be-
cause the CO, produced is quickly swept
away by the reactant stream, resulting in
an effective CO, partial pressure near the
catalyst surface in this region of the bed that
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is insufficient to maintain a stable carbonate
phase. By contrast, when CO, is present in
the reactant stream, even the initial portion
of the catalyst bed is exposed to a CO, par-
tial pressure that is sufficient to maintain the
inactive BaCO, phase.

C, product selectivities over the Ba/MgO
catalysts (Fig. 5) were affected much less by
CO, than were the corresponding activities.
Those catalysts containing the lowest Ba
loadings (0.5, 1, and 2 mol%), in fact, exhib-
ited slight increases in C, selectivity at total
CO, pressures up to ~60 Torr, before de-
creasing somewhat at higher CO, pressures.
By contrast, selectivities over catalysts con-
taining high Ba loadings (8 mol% or more)
decreased even for low pressures of added
CO,, up to ~60 Torr, but then remained
essentially constant at higher CO, partial
pressures. The C, selectivity over pure MgO
also decreased initially with increasing CO,
partial pressure, and then remained con-
stant at CO, pressures of ~60 Torr or
greater. The results in Figs. 4 and 5 demon-
strate that the 2 mol% Ba/MgO, in particu-
lar, is a very effective catalyst for the oxida-
tive coupling reaction. Few catalysts have
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Fi1G. 5. Effect of CO, partial pressure on C,, selectiv-
ity over Ba/MgO catalysts at 850°C and CH,: O, =
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been previously reported to give C, . selec-
tivities of 80% at conversions as high as
17% and at total reagent partial pressure:
of 1 atm (i.e., without an inert diluent).
Moreover, this catalyst is very stable, with
CH, conversion and C,, selectivity remain-
ing undiminished after 50 h of continuous
operation.

The effect of Ba loading on sensitivity to
poisoning by CO, is also reflected by varia-
tions in the apparent activation energies ob-
served for the oxidative coupling reaction
over the various Ba/MgO catalysts, as
shown in Table 2. The E, values listed were
measured under the same differential reac-
tion conditions as those used to obtain the
data in Figs. 2 and 3. The apparent activa-
tion energies increased gradually with in-
creasing Ba content, indicative of increasing
susceptibility to the CO, produced during
the reaction, with the highest activation en-
ergy being observed for the catalyst which
originated as pure BaCO,. When a partial
pressure of 13 Torr of CO, (an amount ap-
proximately equal to that produced in a typi-
cal catalytic experiment under these condi-
tions) was added to the reactant stream, the
activation energy for each Ba loading in-
creased further. At sufficiently high concen-
trations of added CO,, the behavior of each
catalyst approached that of pure BaCO;.
Although the inherent basicity of a Ba/MgO
catalyst, as determined by its ability to re-
tain adsorbed CO,, may be dependent on
its Ba loading, basicity determined in this
manner would not be expected to pass
through a maximum at a specific Ba content.
Indeed, TPD measurements revealed that
the desorption temperature of adsorbed CO,
increased with Ba loading, but only up to a
Ba content of 2 mol%. The TPD behaviors
at all higher Ba loadings were virtually iden-
tical to that of pure BaCO,, as shown by
the representative thermograms in Fig. 6.
Hence, variations in catalyst basicity, at
least when measured by CO, adsorption
strength, cannot be used to explain the max-
imum activities observed in Fig. 2 for a Ba
loading of 4 mol%.
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F1G. 6. Temperature-programmed desorption of CO,
(heating rate = 16°C/min to 970°C): (A) MgO, (B) 0.5
mol% Ba/MgO, (C) 2.0 mol% Ba/MgO, and (D) BaCO,.

Reaction Results for Ba/CaO, BalZnO,
and BalAl,O, Catalysts

The influence of variations in catalyst ba-
sicity and resulting surface carbonate for-
mation on oxidative coupling properties was
further investigated by comparing the meth-
ane oxidation behaviors of CaO-, ZnO-, and
Al,Os-supported Ba to that of Ba/MgO. Re-
sults of carbon dioxide poisoning experi-
ments, analogous to those depicted in Figs.
4 and 5, are shown in Figs. 7 and 8 for
2 mol% Ba/CaO and Ba/ZnO and 4 mol%
Ba/Al,O;, as well as for each of the pure
oxide supports. Data for 2 mol% Ba/MgO
from Figs. 4 and 5 are also included for com-
parison purposes. As in the latter two fig-
ures, the data point corresponding to the
lowest CO, partial pressure for each catalyst
was that obtained with no added CO,, while
the other data points for each catalyst in-
clude both the CO, produced during the re-
action and that added to the reactant stream.
Although the activities of the four pure ox-
ide catalysts differed considerably, neither
the activity nor C, selectivity of any of them
was influenced significantly by variations in
total CO, partial pressure. Similarly, among
the Ba-containing catalysts, activities of
both Ba/CaO and Ba/AlL,O; were also
largely unaffected by variations in CO,
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level. By contrast, however, the activity of
the Ba/ZnO catalyst decreased markedly
with increasing CO, pressure, a behavior
which closely resembled that observed for
Ba/MgO at the same Ba loading. C, selectiv-
ities for the Ba/ZnO and Ba/Al,O, catalysts
decreased somewhat with increasing CO,
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partial pressure, while those for Ba/MgO
and Ba/CaO were virtually unaffected.

It should be noted that pure CaO itself is
a fairly active and selective catalyst for the
oxidative coupling reaction. XPS analysis
of the used Ba/CaO catalyst, however, re-
vealed that all of the Ba in this material
existed as BaCQO,, even when no CO, was
added to the reactant stream. Thus, the
presence of added CO, would not be ex-
pected to cause a decrease in activity due
to surface carbonate formation, such as that
observed for Ba/MgO. However, a fraction
of the surface Ba may still be available in an
active form, even in the presence of added
CO,, resulting in the observed higher activ-
ity for Ba/CaO than for pure CaO. The activ-
ity of Ba/ZnQO, on the other hand, although
higher than that of pure ZnO in the absence
of added CO,, decreased quickly with in-
creasing CO, partial pressure to a level
much lower than that of ZnO even at rela-
tively low levels of added CO, . This behav-
ior is similar to that observed for Ba/MgO at
sufficiently high Ba loadings, e.g., 25 mol%
Ba/MgO (Fig. 4). XPS analyses showed that
the surfaces of catalysts demonstrating this
type of behavior are almost completely cov-
ered with Ba, with little exposure of the
underlying support oxide. Hence, addition
of carbon dioxide causes increasing forma-
tion of a surface BaCQO; phase, and the activ-
ities of these catalysts approach that of pure
BaCO,. By contrast, the activity of the
Ba/AlO, catalyst was unaffected by added
CO, and, moreover, always exceeded that
of pure AL O, (Fig. 7). Consistent with this
behavior, the C 1s region in the XPS spec-
trum of this catalyst showed no evidence
for a carbonate species, indicating that a
BaCO; phase was not formed, possibly due
to the high surface area (Table 1) and acidic
nature of the vy-Al,O; support. Alterna-
tively, the pretreatment of Ba/Al,O; at
800°C may generate a BaAl,O, spinel phase
or some other non-basic Ba-containing
mixed oxide that does not adsorb CO,.

The C, product selectivities over these
catalysts were relatively insensitive to total
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F1G.9. XPS spectrain the O 1s region after treatment
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Ba/MgO, and (C) BaCO;.

CO, partial pressure (Fig. 8). Carbon diox-
ide may affect the catalysts in two ways.
First, it can convert the active Ba species
(probably a BaO, phase, as suggested by the
XPS results discussed below) into inactive
BaCO,, causing a decrease in both the activ-
ity and the C, selectivity. Second, CO, can
poison the non-selective surface sites which
are responsible for converting CH;- radicals
into CO, . The combined result of these two
effects may be seen in Figs. 5 and 8. For
more highly basic catalysts (e.g., higher Ba
loadings) the first effect dominates, and a net
decrease in the C, selectivity with increasing
CO, pressure is observed (Fig. 5). When the
catalyst is less basic (0.5, 1 and 2 mol% Ba
loadings), the second effect dominates at
low CO, partial pressures, resulting in slight
increases in the C, selectivity. However,
with further increases in CO, pressures,
Ba0, is increasingly converted into BaCO;,
causing decreases in both activity and C,
selectivity.

XPS and ISS Characterization of
Ba/MgO Catalysts

Additional insight into the nature and dis-
tribution of surface species on the Ba/MgO
catalysts was provided by XPS and ISS
characterizations. Figures 9 and 10 contain

DISSANAYAKE, LUNSFORD, AND ROSYNEK

typical XPS spectra in the O Is and C 1s
regions for pure MgO and BaCO,, as well
as for a representative Ba/MgO catalyst
(4 mol% Ba), following initial pretreatment
in O, at 800°C. Corresponding spectra for
the same catalysts after exposure to a
CH,4:0,:He = 5:1:6 reaction mixture for
1 h at 800°C are shown in Figs. 11 and 12.
Prior to spectral analysis, the used samples
were cooled to ambient temperature in an
O,: He = 1:6 mixture to remove reaction-
generated surface hydroxyl species. As de-
tailed previously, the presence of such hy-
droxyls prevents accurate determination of
surface peroxides (037), since the two spe-
cies have very similar O 1s binding energies
(20). 1t is apparent from Fig. 9 that although
MgO and BaCO;, as expected, each contain
only a single type of oxygen species, the
initial treatment in O, at 800°C results in the
formation of more than one type of near-
surface oxygen species on the Ba/MgO cata-
lyst. The peak at ~529 eV in spectrum A
and in the deconvoluted spectrum B is due
to the O®~ species in MgO (and BaO, if pres-
ent), while that at ~531 eV (in the absence
of surface hydroxyls) may contain contribu-
tions from oxygen in both BaCO, and BaO,
{peroxide). Although the latter two oxygen
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Fig. 10. XPS spectra in the C 1s region after treat-
ment in oxygen at 800°C for 10 h: (A) MgO, (B) 4 mol%
Ba/MgO, and (C) BaCO;.
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Fic. 11. XPS spectra in the O Ls region after expo-

sure to a CH,:0,:He = 5:1:6 reaction mixture at
800°C for | h and subsequent coolingin O, : He to 25°C:
(A) MgO. (B) 4 mol% Ba/Mg0O, and (C) BaCO;.

species were not resolvable in the O 1s re-
gion for any of the Ba/MgO compositions
studied, their surface concentrations could
nevertheless be individually obtained by
measuring the area of the C s peak at ~289
eV (Fig. 10) to separately determine the
amount of carbonate. Usingthe C: 0 = 1:3
stoichiometry of the carbonate species, the
contribution due to CO3}~ was then sub-
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Fic. 12. XPS spectra in the C |s region after expo-
sure to a CH,:0,: He = 5:1:6 reaction mixture at
800°C for 1 h and subsequent cooling in O, : He to 25°C:
(A) MgO, (B) 4 mol% Ba/MgO, and (C) BaCO;.
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tracted from the total area of the O 1s peak
at ~531 eV to obtain the separate contribu-
tion due to O} . Table 3 summarizes the
near-surface composition, determined using
the above technique, of each Ba/MgO cata-
lyst, both before and after exposure to the
CH,: O,: He reaction mixture.

Following initial pretreatment in O, at
800°C, the near-surface barium in samples
containing low Ba loadings (up to 4 mol%)
existed primarily in the form of the perox-
ide. At higher loadings, however, an in-
creasing fraction of the barium occurred as
the carbonate, resulting from exposure of
the synthesized catalysts to atmospheric
carbon dioxide during handling, although a
substantial amount of surface peroxide re-
mained, even on the sample containing 25
mol% Ba. Exposure to the CH,: O, : He re-
action mixture at 800°C generated increased
amounts of BaCO, for all Ba/MgO composi-
tions, but the effect was most pronounced
for those catalysts containing high Ba load-
ings (> 4 mol%). In agreement with the XPS
results in Table 3, ion scattering spectra ob-
tained for the 2 mol% Ba/MgO catalyst (Fig.
13) revealed that both the freshly pretreated
sample and the one used for the CH,: O,
reaction contained only trace amounts of
surface carbon. However, after being ex-
posed to a reaction mixture in which CO,
was added to the feed stream, the ISS spec-
trum of the sample contained a large scatter-
ing peak due to surface carbon, and the cor-
responding XPS spectrum (not shown)
exhibited substantial increases in the inten-
sities of the O s and C Is peaks due to
BaCQ,. This behavior is consistent with the
results of the CO, poisoning experiments
shown in Fig. 4, which indicate that the
methane oxidation activities of Ba/MgO
compositions having Ba contents exceeding
ca. 1 mol% are very susceptible to poison-
ing by even small amounts of CO, in the
reactant stream. The XPS and ISS results
confirm that this poisoning is due to the for-
mation of surface carbonate species, and
that the poisoning effect is approximately
proportional to the Ba loading of the cata-
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TABLE 3

Surface Compositions of Ba/MgQO Catalysts (mol%)

Catalyst Oxygen Carbon Magnesium  Barium
(mol% Ba) Mg+ Ba’*
03 olot 0% COi- C
Following initial treatment in O, at 800°C for 10 h
0.0 0.0 0.0 57.8 0.0 0.0 42.2 0.0
0.2 10.1 0.0 49.2 0.0 0.0 38.6 2.1
0.5 11.5 0.5 46.1 0.2 0.0 37.8 3.9
1.0 13.4 0.5 44.5 0.2 0.0 38.4 3.0
2.0 16.9 0.6 43.0 0.2 0.0 35.1 4.2
4.0 18.4 1.1 401 0.4 0.0 34.8 5.2
8.0 13.9 7.4 38.6 2.5 0.0 31.8 5.8
15.0 19.1 26.2 15.5 8.7 0.0 10.8 19.7
25.0 15.2 441 1.9 147 0.0 0.0 24.1
Foliowing exposure to CH,:OQ,: He = 5:1:6 reaction mixture at 800°C for I h
0.2 8.0 0.5 52.6 0.2 0.0 36.6 2.1
0.5 10.4 2.3 47.2 0.8 0.0 36.3 3.0
1.0 10.9 2.5 46.6 0.8 0.0 35.8 34
2.0 16.9 34 389 1.1 00 34.7 5.0
4.0 17.0 33 41.0 1.1 0.0 33.5 4.1
8.0 13.0 14.8 30.7 49 0.0 27.7 8.9
15.0 5.3 52.2 0.0 17.4 0.0 0.0 25.1
25.0 5.1 531 0.0 17.7 0.0 0.0 24.1
lyst. Carbonate formation is not limited to
the near-surface region of these materials,
T Tmg since XRD analysis of the 4 mol% Ba/MgO
o composition after exposure to the CH,: 0,
reaction mixture at 800°C indicated the
N ¢ o2 presence of only BaCQ,; and MgO, as well
> . as a small amount of BaQ, in the bulk of
g this used catalyst.
E Further evidence supporting the above
5§ |° conclusion is provided by the CO, poisoning
c behaviors of the CaO-, ZnO-, and Al,O-
supported barium catalysts. XPS analysis
revealed that, unlike the case for 2 mol%
Ba/MgO (Table 3), most of the barium on
02 * 0'_4 ! 01_6 ‘ ol.a ' . the 2 moi% Ba/CaO catalyst remained in

Energy Ratio, E/E,

Fic. 13. ISS spectra of 2 mol% Ba/MgO: (A) after
treatment in O, at 800°C 10 h, (B) after exposure to a
CH,:0;:He = 5:1:6 reaction mixture at 800°C for
I h and subsequent cooling in O,:He to 25°C, and
{C) after exposure to CH;:0,:He:CO, = 5:1:6:1
reaction mixture at 800°C for 1 h and subsequent cool-
ing in O,: He to 25°C.

the form of BaCO, after exposure to the
CH,: O,: He reaction mixture. Correspond-
ingly, the activity of this catalyst for meth-
ane oxidation was relatively unaffected by
addition of CO, to the reactant mixture (Fig.
7), since most of the barium was already in
the form of BaCO;. By contrast, addition
of carbon dioxide to the reactant stream



METHANE COUPLING OVER Ba/MgO CATALYSTS

over the 2 mol% Ba/ZnO catalyst caused
extensive loss of oxidation activity (Fig. 7),
in agreement with XPS spectra for this mate-
rial, which indicated the presence of rela-
tively little BaCO; on the used sample. All
surface carbonate formation detected by
XPS on both of these catalysts must be due
to BaCO; since, as shown in Fig. 1, CaCO,
is not stable under these conditions, and
the thermat stability of ZnCO;, although not
shown in Fig. 1, resembles that of MgCO,.
In the case of the 4 mol% Ba/Al,O, catalyst,
both XPS and TPD analyses indicated no
formation of a carbonate species, even when
carbon dioxide was present in the gas phase,
and consequently the oxidation activity of
this material was unaffected by the addition
of CO, to the reactant mixture (Fig. 7). The
possible presence of surface peroxide spe-
cies on this catalyst could not be unambigu-
ously determined, since, unlike the case for
the other oxide supports studied, the O Is
binding energy of O~ in Al,O; (531.6 eV)
is very similar to that of O}~ in BaO,
(~531 eV).

Nature of the Active Sites

Previous studies by several investigators
have been directed toward identification of
the surface sites that are responsible for oxi-
dative coupling of methane over various ox-
ide-based catalysts (13, 14, 21, 22, 24, 27).
Most of the catalysts that exhibit both high
activity and high C, selectivity for this re-
action may be classified as solid bases, e.g.,
pure and promoted alkaline earth oxides,
lanthanide oxides, etc. However, as shown
in previous studies (22, 27) and by the pres-
ent investigation, correlations between
activity/selectivity and inherent catalyst ba-
sicity, as measured by strength of CO, ad-
sorption, for example, are not well defined.
Based on our XPS determinations of the
Ba/MgQ surface compositions, it is likely
that the sites on which selective activation
of methane occurs involve a surface oxygen
species. Figure 14 depicts graphically the
effect of Ba loading on surface compositions
of the used Ba/MgO catalysts, as summa-
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FiG. 14. Surface compositions of Ba/MgO catalysts
after exposure to a CH,: O,: He reaction mixture for
1 h at 800°C and subsequent cooling in O, : He to 25°C.
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rized in Table 3. After exposure to the
CH,: O,: He reaction mixture at 800°C, the
concentration of BaCO; in the near-surface
region remains very low at Ba loadings
=4 mol%, but increases significantly at
higher Ba loadings, while the amount of ex-
posed MgO decreases correspondingly. By
contrast, the capability of the used catalysts
to form a surface peroxide species (when
cooled in O,) increases up to a Ba loading
level of 2 to 4 mol%, but then decreases at
higher Ba loadings. This maximum in O3~
concentration agrees well with the corre-
sponding maxima in oxidation activity ob-
served for the 4 mol% Ba/MgO catalyst
(Fig. 2), suggesting that a surface peroxide
phase is involved in methane activation. We
have previously reported evidence for the
involvement of surface O3~ species in selec-
tively activating methane over BaPbO, and
BaBiO, catalysts (20). Yamashita et al. have
also observed a similar maximum in meth-
ane oxidation activity for Ba/La,0, cata-
lysts at a Ba loading of 15 mol% (24). They
suggested that breakage of the O-O bond
in the surface peroxide is facilitated by high
dispersion (i.e., low loading) of Ba on the
La,O; support. Hence, we postulate that, at
sufficiently low Ba loadings, for which the
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BaO, remains uniformly distributed and
well dispersed and BaCO; is more easily
decomposed, oxidation activity initially in-
creases with increasing Ba content. At
higher Ba loadings, however, oxidation ac-
tivity begins to decline with increasing Ba
content, because of both decreased disper-
sion of the BaO, phase and increased ther-
mal stability of the surface BaCO,, as shown
in Table 3 for the fresh catalysts.

Thus, for these oxide-based catalysts, the
most significant correlation of methane oxi-
dation activity/selectivity may be with their
ability to form a reactive surface peroxide
species, whose existence is sustained under
reaction conditions only by the presence of
molecular O, in the reactant stream. Al-
though this tendency increases approxi-
mately with increasing catalyst basicity, the
latter does not necessarily correlate with se-
lective oxidation behavior. Over the range
of Ba loadings from 0.2 to 4.0 mol%, for
example, the concentration of surface car-
bonate, which may be taken as a measure of
catalyst basicity, increases very little (Table
3); whereas, the catalytic activity increases
markedly (Fig. 2). Pure BaCO, has virtually
no intrinsic activity for methane coupling
(Fig. 4) and acquires its apparent activity
only after partial thermal decomposition
into an active BaO, phase. Finally, it should
be noted that, although the correlation of
methane oxidation activity with a surface
peroxide species is clear, it is possible that
the true active sites for methane activation
may be O~ centers, which are generated by
decomposition of O3~ entities. This conclu-
sion is consistent with the postulate of Ya-
mashita et al. (24) that oxidation activity is
related to the ease of O-O bond breaking
on the catalyst surface.
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