JOURNAL OF CATALYSIS 113, 25-35 (1988)

Oxidative Coupling of Methane over Na*- and Rb*"-Doped
MgO Catalysts

E. IwaMATsU, T. MoRiYAMA, N. TakASAKI, AND K. Aika'

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 4259 Nagatsuta,
Midori-ku, Yokohama 227, Japan

Received August 18, 1987; revised March 22, 1988

The promoter effect of Na™ and Rb™ on MgO catalysts was studied for the oxidative coupling of
methane. The maximum yield and selectivity obtained for the formation of C, hydrocarbons (C,Hg
+ C;Hy) from CH, and O, were 22.4% (1073 K) and 57% (1023 K), respectively, over 2 g of 15 mol%
Na*-MgO catalyst. Physical factors of the promoted MgO catalysts were investigated with BET,
SEM, and XRD techniques and were compared with the activities. Alkali metal ions, the pro-
moters, caused structural changes in Mg(O. Those changes, which are related to the activity of C,
hydrocarbon formation, are classified in two categories: (1) surface activation through the lattice
distortion, and (2) specific surface area reduction. When catalysts with the same specific surface
areas were compared, alkali ion-doped MgO in which extensive line broadening is observed by
XRD was more active than pure MgO. On the other hand, a sintered pure MgO with low specific
surface area showed higher C, hydrocarbon yield than unsintered pure MgO. The two factors are

discussed in relation to the reaction mechanism.

INTRODUCTION

Recently, utilization of natural gas, espe-
cially the conversion of methane to such
chemicals as ethylene and methanol, has
been studied widely. In particular, the oxi-
dative coupling of methane (/-18) has been
studied over various catalysts. Many works
stress a promoter effect for the alkali, for
example, Na"—PbO-ALO; (2), Li*-MgO
(3a-c), Li"=Sm;0; b), Li*-ZnO (7),
Na"-MgO (5a). Hinsen et al. have reported
that the addition of alkali neutralizes the
acidic site which is effective for the com-
plete oxidation (2b). Ito and Lunsford have
reported that (Li"O~] centers produced by
Li* doping of MgO are cffective for the oxi-
dative coupling (3a—c). The authors have
pointed out the importance of the mor-
phology, i.e., a specific surface area (5¢).
Many works seem to stress a sole factor for
the catalyst activities, and do not discuss
multiple factors including a morphological
factor.
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Since, among the catalysts studied, al-
kali-doped MgO catalysts are active and se-
lective for C, hydrocarbon formation, espe-
cially at 973 to 1023 K, it is worthwhilc
studying them in detail. In this work, Na*—
MgO and Rb*-MgO catalysts, the most ef-
fective of the promoted MgO catalysts (5a),
have been investigated to clarify the alkali
promoter effect. As a consequence, it was
found that addition of alkali causes exten-
sive line broadening in XRD and a specific
surface area reduction, both of which are
discussed in relation to the reaction mecha-
nism of C, hydrocarbon formation.

EXPERIMENTAL

The reaction was performed in a conven-
tional flow reactor (8-mm o.d.) at tempera-
tures between 673 and 1073 K. CH,, air,
and He were charged with flow rates of 1.5
ml min~' (4.02 mmol h™"), 3.75 ml min~!,
and 50 ml min !, respectively. The ratio of
CH4/02 was 2.0 = 0.1 (2CH4 + Og = C2H4
+ 2H,0). Selectivity and yield are defined
as (2 X moles C> hydrocarbons produced)/
(moles CHj, reacted) and (2 X moles C, hy-
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drocarbons produced)/(moles CH, in the
feed), respectively. Metal nitrates were
added to MgO (Soekawa Chemical Co.,
99.75%) in water; then the samples were
dried, pelletted, and weighed. The mol% of
the promoter is the molar ratio of the pro-
moter against MgO. A pure MgO sample
was prepared by soaking in water and pel-
letting. Two grams of sample was evacu-
ated or treated in He flow at 773 K for 1 h
and then at 1073 K for 2 h and used for the
reaction. The reactants and products were
analyzed on a gas chromatograph (FID,
TCD) with Porapak Q and MS 5A columns.
Specific surface area of the heated sample
was measured by BET method using N, ad-
sorption at 77 K. SEM pictures of the same
samples were taken with a Hitachi HFS-2
or SEM-800 in Naka Works, Hitachi Ltd.
Application Laboratory. XRD spectra were
taken with a Rigaku 2027. ESR spectra
were taken with a JEOL JES-FE-1X spec-
trometer. Alkali metals on MgO may evap-
orate at high temperatures. Content of Na®
and Rb*™ was measured before and after a
heat treatment-reaction cycle by atomic
adsorption (AA) for Na® and inductively
coupled plasma spectrometry (ICP) for
Rb™.
RESULTS

Relationship between Specific Surface
Area and C, Yield

General characteristics of the title reac-
tion over promoted MgO catalysts have al-
ready been reported (5d). The main prod-
ucts are C,Hg, C,H,, CO,, H,0, and some
CO. Amounts of other products such as
propane are negligible (/9). Both CO, and
C, hydrocarbons (C;He, C,Hy) appear at the
same temperature when the reaction tem-
perature is raised over Na'-MgO and
Rb*-MgO. A carbon balance of 100 = 10%
was obtained for every run over the two
series of catalysts in half an hour. C, hydro-
carbons were obtained in the reaction at
1023 K over Na*—MgO and their specific
surface areas are plotted as a function of
Na* expected content (Na* content in the
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FiG. 1. C, hydrocarbon yield at 1023 K and BET
surface area as a function of Na* expected content in
MgO. Methane conversion is 34 to 41%. Percentage of
ethene among C, hydrocarbons ranges from 50 to 68%.

starting sample) in Fig. 1. As will be shown
later, the actual content is lower than the
expected content, the expression usually
used because of its importance in this work.
With increasing Na™ expected content, the
specific surface area generally decreases
and C, hydrocarbon yield increases. It
should also be pointed out that 0.2 mol%
Na*-MgO has extraordinarily high specific
surface area (212 m* g”!). When 10, 15, and
20 mol% Na™ is added, the specific surface
areas are as low as 1-2 m*> g, and a maxi-
mum C, hydrocarbon yield of ca. 20% is
obtained over 15% Na"-MgO. Similar re-
sults are obtained for Rb*-MgO catalysts,
as is shown in Fig. 2. In this case, with Rb*
content increasing to 5 mol%, the specific
surface area decreases to 24 m> g~! and C,
hydrocarbon yield increases to ca. 15%.
Above 5 mol%, the specific surface area
increases and C, hydrocarbon yield de-
creases. From these results, specific sur-
face area seems to be one of the important
factors in the effective production of C; hy-
drocarbons.

As alkali compounds are generally vola-
tile, Na™ and Rb™ ions are expected to be
lost during the heat treatment. Thus, Na*
and Rb™ content of every sample was mea-
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FiG. 2. C, hydrocarbon yield at 1023 K and BET
surface area as a function of Rb* expected content in
MgO. Methane conversion is 32 to 38%. Percentage of
ethene among Cs hydrocarbons ranges from 47 to 73%¢.

sured by AA and ICP before and after a
heat treatment—reaction cycle, and the re-
sults are shown in Figs. 3 and 4. It is sur-
prising that about 40 = 10% of Na* and 90
+ 10% of Rb* are lost during the heating at
1073 K for 3.5 h. It is to be noted that al-
though most of the Rb ™ ion (90%) is lost, an
effect of Rb™ on both specific surface area
and C, hydrocarbon yield is clearly ob-
served, as shown in Fig. 2. Thus, the struc-
tural change effected by alkali doping was
examined by other methods such as SEM
and XRD.
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Fi1G. 3. Na™ content of Na"-MgO catalyst after the
impregnation (&) and after the calcination and the
reaction ([7]) as a function of Na' expected content.
Expected content is defined as the molar ratio Na'/
Mg?" of the starting compounds.

SEM Observations

Figure 5 shows scanning electron micro-
graphs of the Na*-MgO catalysts used for
the reaction. It is seen that the sample
of 0.2% Na'-MgO is composed of well-
developed micropores, which corresponds
to the high specific surface area shown in
Fig. 1. The samples for which the Na™ ex-
pected content is more than 10% are com-
posed of well-developed crystals. Figure 6
shows scanning electron micrographs of the
Rb"-MgO catalysts used for the reaction.
Although these samples have lost most of
the Rb* ion, morphological changes are
observed by SEM. The 5% Rb™ expected
content MgO sample is composed of
well-developed crystals (Fig. 6), which cor-
respond to the lowest specific surface area
(Fig. 2). The diameters (L) were calculated
from the specific surface areas, assuming
cubes, or mean particle diameters were ob-
tained for 5 to 10 particles in a micrograph.
These values are plotted as a function of
Na* or Rb™ expected content in Figs. 7 and
8, respectively. The particle diameters ob-
tained by the two methods agree well for
Na*-MgO samples and agree relatively
well for Rb"—=MgO samples (20). Thus, the
geometrical changes observed by the BET
method were verified by SEM. Although
the geometrical factor (specific surface
area) is clearly important for the effective
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Fi1G. 4. Rb* content of Rb*~MgO catalyst after the
impregnation (A) and after the calcination and the
reaction ([]) as a function of Rb' expected content.
Expected content is defined as the molar ratio Rb'/
Mg®' of the starting compounds.
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F1G. 5. SEM pictures (clockwise from top left) of MgO, 0.2% Na~~MgO, 10% Na*-MgO, 15%
Na*-MgO, 20% Na*-MgO, 5% Na'-MgO, 2% Na*~MgO. One dotted unit corresponds to 30 nm.

Na* expected content is shown in mol%.

production of C, hydrocarbons, there are
exceptional cases. When a small amount of
alkali is added to MgO, C, hydrocarbon
yield increases in spite of the fact that the
specific surface area also increases as in the
case of 0.2% Na*-MgO (Fig. 1) and 2%
Rb*-MgO (Fig. 2). Thus, the effect of al-
kali addition was studied by XRD too.

XRD Analysis

Figures 9 and 10 show XRD spectra of
the MgO (420) plane for Na“~-MgO and
Rb*-MgO catalysts used for the reaction.
The peak width is observed to generally
broaden when alkali is added. There is a
natural tendency for a sample of greater
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particle size to have a narrower peak
among alkali-doped samples. However, it
should be noted that the alkali-doped
sample always has broader peaks than the
pure MgO. Compare 0.2% or 2% Na*—
MgO with the pure MgO in Fig. 9 and 2%
Rb*-MgO with the pure MgO in Fig. 10
(the last two have almost the same surface
area). Thus, for convenience, it is simply

assumed that the line broadening is attrib-
utable to two factors: particle diameter
and lattice distortion. Generally, line
broadening A(26) is related to particle diam-
eter L through Scherrer’s equation (21)

Lo MK
A(20) cos 6,

where A is X-ray wavelength (\ = 0.154 nm

(n
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Fi1G. 6. SEM pictures (clockwise from top left) of MgO, 2% Rb*-MgO, 15% Rb*-MgO, 20%
Rb"-MgO, 10% Rb*-MgO, 5% Rb*-MgO. One dotted unit corresponds to 30 nm. Rb* expected

content is shown in mol%.

for CuKa), 0, is the diffraction angle (26, =
109.7°), and X is a constant (0.9). If the lat-
tice distortion is supposed to contribute to
line broadening, in addition to the particle
diameter, Warren’s equation should be ap-
plied (22):

AQ6)* = B? — b2, )

Here, B is actual line broadening, and b is
assumed line broadening which is due
solely to lattice distortion and independent
of particle diameter. In this study, b is as-
sumed to be constant for all samples con-
taining the same kind of alkali promoter.
For example, in the Na®-MgO series, b is
assumed to be same as the actual line
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broadening (B) of the 15% Na*-MgO
sample (b = 0.0038 rad), because this
sample is composed of crystals large
enough to conclude that A(26) = 0. In the
Rb*—MgO series, A(26) was calculated
from Eq. (1) using the particle diameter
(BET) for the 15% Rb*-MgO sample; then
b was calculated from Eq. (2) using this
A(20) (b = 0.0018 rad). By taking these b
values and A(26) which were calculated
[Eq. ()] from particle diameters L(BET),
B values were calculated [Eq. (2)] for every
sample and are shown (dashed line) as a
function of specific surface area in Fig. 11.
The observed values of B are also plotted
(white and black circles) in the same figure.
Both B values are in good agreement for
every promoted MgO sample except 0.2%
Na*-MgO. Thus, the above simple as-
sumption seems to be reasonable for the
alkali-doped samples of expected contents
higher than 2%. Alkali-promoted MgO
seems to contain a similar level of distor-
tion independent of the amount of dopant
but dependent on the kind of dopant. The
pure MgO is considered to have very little
distortion or at least less distortion than
the promoted MgO, and 0.2% Na™-MgO is

considered to have intermediate lattice dis-
tortion. The sample with lattice distortion
gives high C, yield.

DISCUSSION
Lattice Distortion by Addition of Alkali

For the replacement of Mg?* with an al-
kali ion M* in the MgO crystal, two states,
(M*M*0?%") and (M*O"), are supposed in
order to neutralize charges in the bulk.
Since the alkali ion radius (0.116 nm for
Na*, 0.166 nm for Rb") is greater than that
of Mg** (0.086 nm), the above states would
cause lattice distortion. However, the dif-
ference in radius is so great that very little
alkali could be replaced in the MgO crystal.
Indeed, 90% of the added Rb™ ion is lost
during calcination at 1073 K. Even for the
Na™ ion, 40% is lost during calcination at
1073 K and some may possibly separate
from the MgO phase. However, before cal-
cination, alkali metal ion and Mg** could be
mixed well in the amorphous phase of the
hydroxides. During calcination and crys-
tallization of MgO, alkali metal ion may
separate. However, at the stage of prema-
ture crystallization, alkali metal ion could
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FiG. 7. Particle diameter of Na*—-MgO catalyst mea-
sured by both SEM (4A) and BET (O) as a function of
Na* expected content. Samples are used for the reac-
tion.

be present instead of Mg?* ion. Such an
intermediate state is considered to affect
the final state after the calcination. Indeed,
ex(expected)-2 mol% Rb*-MgO, ex-5
mol% Rb"-MgO, and ex-10 mol% Rb*-
MgO, which are almost Rb* free, show
XRD features different from those of pure
MgO (Figs. 10 and 11). The MgO sample
after interaction with Rb* is considered to
have a different character, for example,
with respect to lattice distortion. The topo-
tactic effect is observed in Figs. 5 and 6,
where the MgO crystal, which should be
cubic, reflects the precursor hexagonal
state of Mg(OH), (23).

The broader XRD peaks obtained for
MgO may not be explained solely by the
lattice distortion in the bulk. For example,
the surface MgO phase may be modified by
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FiG. 8. Particle diameter of Rb*~MgO catalyst mea-

sured by both SEM (A) and BET (O) as a function of

Rb* expected content. Samples are used for the reac-
tion.
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FIG. 9. XRD spectra of Na™-MgO catalyst used for
the reaction.

interaction with the alkali. The exact model
should be the subject of future study.

In addition to the surface area effect, the
lattice distortion effect is proposed to ex-
plain the reactivity of Na*-MgO and Rb* -
MgO. Methyl radicals which have been ob-
served over Li*-MgO (3¢) or La,0; (3d)
are considered to be intermediates in this
reaction. Some radical initiators would be
necessary on the surface in order to pro-
duce methyl radicals. Distorted lattices
would bear more vacancy or radical centers
on the surface. We cannot identify the ex-
act vacancy or radical center; however, it is
not considered to be a [M*O~] center such
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F1G. 10. XRD spectra of Rb*-MgO catalyst used for
the reaction.
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Fic. 11. X-ray line broadening of Na*-MgO and
Rb*-MgO catalysts as a function of specific surface
area. Dashed lines are calculated values based on spe-
cific surface area and Eqgs. (1) and (2) in the text.

as [Li*O7] (3¢) in this case. Because Rb™-
free MgO samples (2, 5, and 10% Rb*-
Mg0O), which are more active than pure
MgO, they cannot have such centers; fur-
ther, we failed to observe any [Na*O™) cen-
ter on Na*—MgO samples after the reaction
by a quenching method (3¢, d). More in-
vestigation is required to identify such ac-
tive centers that give methyl radical from
methane. However, we propose that some
topotactic result, such as lattice distortion
due to alkali addition, produces the radical
centers during catalysis. Since the XRD is
easily measured, line broadening should be
a good measurement to characterize the
coupling catalyst.

Specific Surface Area Reduction by
Addition of Alkali

The sintering rate of MgO crystals pro-
duced by dehydration of Mg(OH), has been
reported to depend on H>O vapor pressure
and to be related to the amount of lattice
defect Vy that accompanies the formation
of surface OH™ (24, 25):

Mg** + O + H,0 —
Mg>* + 20H + Vy. (3)

In this study, line broadening due to alkali
addition is ascribed to lattice distortion. As
discussed earlier, entrapment of a large
amount of alkali ion in the hydroxide state
causes lattice distortion during the cal-

cination. Since the distorted lattice con-
tains more defects, Mg?* and O*” ions are
considered to be more mobile during the
calcination if the lattice is distorted by the
alkali doping. The lattice distortion would
accelerate the sintering rate.

Relationship between Specific Surface
Area and the Reaction

Specific surface area has been pointed
out as one of the factors controlling C, hy-
drocarbon production (5¢, d). It was also
found in this study that MgO samples
doped with more than 2 mol% alkali have
similar levels of distortion but different spe-
cific surface areas. C; hydrocarbon yield is
found to depend on the specific surface area
over those promoted MgO samples. An-
other example is provided by the sample
that was sintered intensively (5c, d). MgO
doped with 0.2% Na™ and sintered at 1273
K (7 m? g7") yields 9.8% C, hydrocarbons
(32.8% CH, conversion), whereas treat-
ment at 1073 K (212 m* g™) yields 7.4%
C; hydrocarbons (33.3% CH, conversion).
Why this reaction depends on the specific
surface area is deduced from its nature as a
heterogeneous—homogeneous reaction (e,
26, 27).

CH, - CO,
2| 37 e
2CH; e {C:He g CoHy)

Heterogeneous: 1, 2, 3, (5), 6
Homogeneous: 4, 5

Gas-phase methyl radicals which have
been observed over Li*-MgO (3¢) and
I.a,0; (3d) are considered to be interme-
diates. Labinger et al. have also explained
their kinetic results by assuming a gas-
phase methyl radical as an intermediate
(14b). The initial step (path 2) that abstracts
hydrogen from methane is considered to
occur on active sites, such as surface de-
fects or O~ centers for which the lattice dis-
tortion may be a measure. A methyl radical
could be oxidized to CO, on the surface
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(path 3) or undergo recombination in the
gas phase to give C,Hg (path 4). Path 3 may
include an intermediate of CH3;0, (3¢).
Since CO, is formed over transition metal
oxide-doped MgO at lower temperatures
without accompanying C, hydrocarbons
(5a), a direct step to CO; (path 1) may
clearly be the case over less effective cata-
lysts. This path is not important over the
catalysts studied in this paper. It is as-
sumed that paths 1,2, 3, and 6 proceed over
a catalyst surface (heterogeneous), whereas
paths 4 and 5 proceed in the gas phase
(homogeneous). When we compare paths
2, 3, and 4, paths 2 and 3 sould be im-
proved with increasing specific surface
area, whereas path 4 should be indepen-
dent. Thus, a suitable specific surface area
would give the maximum C, hydrocarbon
yield among a series of catalysts depending
on the kinetic conditions. A kinetic demon-
stration of this mechanism is under study.
In the MgO system, the suitable surface
area would be very small, below 20 m* g™,
By adding alkali to MgO, the specific sur-
face area is reduced to a suitable value to
produce C, hydrocarbons effectively. If the
above mechanism is applicable, this reac-
tion should be called a heterogeneous—
homogeneous reaction (3¢, 5¢, 10a). In this
case, surface morphology, which deter-
mines the relative ratio of space to surface,
should be important.

CONCLUSION

MgO catalysts doped with alkali metal
ion were effective for the oxidative
coupling of methane even though most of
the alkali was lost during the reaction. Al-
kali addition brings about lattice distortion
and specific surface area reduction of MgO.
The lattice distortion is considered to in-
crease surface active centers for the pro-
duction of methyl radicals, whereas the
reduction in specific surface area is con-
sidered to prevent the deep oxidation of
methyl radical to CO, and to increase the
efficiency of coupling of the methyl radical
to C,H; in the gas phase. The characteristic

features of these catalysts are well under-
stood if a heterogeneous—homogeneous
mechanism is assumed.
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