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Activation of Methane on the MgO Surface at Low Temperatures
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The C-H bond of methane is easily activated on the MgO

surface even below room temperature. Active sites consist of

2- 2+ 2- 2+
O3¢™ Mgze and Oz." -Mg,qo—

coordination states on which a methane molecule adsorbs in hete-

intrinsic ion pairs, of MgO in low

rolytically dissociated form.

Since methane has high molecular stability, the chemical wutilization of
natural gas which contains methane as the main component is a difficult and
unsolved problem in today's industry. Hence activation of the C-H bond of methane
is a current problem of great significance in heterogeneous catalysis. Recent
studies have shown that the oxidative dimerization of methane to ethane and ethene
over catalysts such as Sm203 and MgO is one of the most hopeful reaction to acti-

1)

vate methane. This catalytic reaction, however, needs high reaction tempera-
tures around 1000 K. It is desirable to find catalysts which can activate methane
at lower temperatures.

Recent spectroscopic studies have directly revealed that coordinatively unsa-
turated ions are formed on the surfaces of MgO outgassed at high temperatures.2_4)
These lowly coordinated ions has attracted special interest as a crystal imperfec-

4-6)  hig paper reports that

tion responsible for surface properties of the oxide.
a pair of surface ions of MgO with very low coordination numbers plays an impor-

tant role in activating the C-H bond of CH, at low temperatures.

4
An MgO sample mainly used was obtained by the thermal decomposition in vacuo
of a magnesium hydroxide sample, JRC-MgO-2, supplied from Catalysis Society of

Japan. In a part of experiments another sample, MgO-JM, supplied from Johnson-

Matthey Chemicals was also used. Adsorption behavior of methane on the two sam-



1724 Chemistry Letters, 1987

ples was qualitatively similar. The samples were outgassed at the prescribed
pretreatment temperatures of 673-1123 K before each measurement and the same
sample was repeatedly used through a series of measurements. The specific surface
areas of the used catalysts were about 250 and 130 ng_1 for JRC-MgO-2 and MgO-JM,
respectively. All the gases used were of high purity. TPD spectra were measured
in a vacuum system equipped with a quadrupole mass spectrometer.

Figure 1 shows TPD spectra of CH4 adsorbed on the MgO surface pretreated at
various temperatures. These were measured after the admission of 1.3 kPa of CH4
onto the sample at room temperature followed by a gradual cooling to 77 K in the
presence of the gas. The concentration of active sites for methane adsorption
rapidly increases with increasing pretreatment temperature. TPD spectrum for the
sample pretreated at the highest temperature of 1123 K (curve d) exhibits three

peaks; main one designated M with desorption maximum at 300 K and two sub-peaks,

1A

and M1 desorbing at 370 and 450 K, respectively. Adsorption was scarcely

M1B c’

observed on the samples pretreated below 823 K.

The pretreatment-temperature dependence described above strongly suggests
that the adsorption sites for the M1 species consist of low-coordination surface
ions since these ions also increases in concentration with increasing pretreatment

2)

temperature. To confirm this point we examined poisoning effect of hydrogen on
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Fig.1. TPD of methane adsorbed on JRC-Mg0-2 Fig.2. TPD of methane adsorbed on JRC-Mg0-2
pretreated at (a)673, (b)823, (c)973, carrying preadsorbed hydrogen species
and (d)1123 K, respectively. (a)WS_WS' (b)WG_WB’ and (c)nothing,

respectively.
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the methane adsorption. Seven types of active sites for the hydrogen adsorption

on MgO were found by TPD measurements in our previous work and labeled as W2 to W8

5)

in the order of increasing peak temperature. Figure 2 shows poisoning effects

observed on the sample pretreated at 1123 K where specified species of preadsorbed
hydrogen were formed by the adsorption of hydrogen at 273 K followed by desorbing
unnecessary preadsorbed species by heating under evacuation. Curves (a) and (b)
were observed when 1.3 kPa of methane was introduced below 253 K to the samples
which had been already covered by preadsorbed hydrogen species W5—W8 and w6—W8,
respectively, while curve (c) was observed on the surface without any preadsorbed

hydrogen. All the active sites M, for methane were completely blocked by the

1

preadsorbed hydrogen of species WS—WB. The M1A site, however, was completely

recovered on the surface carrying preadsorbed species W6—W8 only, Dbut the M1B and

M1C sites were not at all. The surface concentration of the total M1 sites, esti-

mated from the TPD area, 1is approximately equal to that of the W5—W8 sites; they

are only about 50 ppm of the number of total surface ions for JRC-MgO-2. Similar-

ly the presence of the preadsorbed M1 species also blocked the adsorption of

hydrogen as species WS—W8. These facts clearly demonstrate that the M1A site and
the Mg and M1C sites for methane are identical to the W5 site and the w6-W8
sites for hydrogen, respectively. The struc-
tures of the W5 and the W6—W8 sites have been

5) 4,6)

already revealed by us and others to be

anion-cation pairs with low coordination num-

2 2+

ber, O ——Mg4c and O respective-

2—_M 2+

3c 3C 93¢

ly, where the subscript denotes a coordination
number.

Figure 3 shows an ESR spectrum observed

after the admission of 1.3 kPa of oxygen onto x5
the sample surface on which the M1 sites had

been already covered by preadsorbed methane.

This spectrum clearly demonstrates the forma- T il 05
tion of superoxide ions, O, , on the surface 2.093 T2'074 T2'003
2 2.081 2.009

carrying the M, species; there are at 1least

1
three kinds of O,  with g components at 2.093, Fig.3. ESR spectrum of 0, formed

2
Mg0-JM treated
2.081, and 2.074, respectively. This formation ?:239K pretreated at

of 02_ indicates that methane is adsorbed in a
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heterolytically dissociated form, g and CH3_, as the M1 species since this crite-
rion has been justified in other hydrogen-containing molecules such as hydrogen
and ethene.6_8) Upon the admission of oxygen onto the bare surface 02‘ was not
formed.

This study has shown that MgO catalysts can easily activate the C-H bond of
methane at low temperatures. Indeed the M1 species can be formed even at 223 K.
The structures of the active sites and of the adsorbed species have also been
revealed, and these findings may lead to new possibilities to use natural gas
chemically at low temperatures. It is not clear, at the present stage, whether

the M, species participates in the oxidative dimerization reaction at high tempe-

1

ratures. It has been known that aluminum oxide also can activate methane at room

9)

temperature; in this case, however, active sites and adsorption states have not

been clear.
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