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of Methane

R. PuiLipp,! K. OMATA, A. AokI, AND K. FuriMoTo?

Department of Synthetic Chemistry, Faculty of Engineering, The University of Tokyo, Hongo, Bunkyo-ku,
Tokyo 113, Japan

Received February 20, 1991; revised September 3, 1991

The catalytic performance of Mg/Ca mixed oxides for oxidative coupling of methane and their
physical properties were studied. It was found that while the activity for formation of carbon oxides
was not influenced by the ratio MgO/CaO, both selectivity and activity to C, hydrocarbons were
maximum (67% and 14.5 C-mmol - h™! - g~!, respectively) with 85% MgO/CaO at 1023 K. The
values increased with increasing reaction temperature. Physical properties such as the strain in the
MgO lattice and the amount of strongly adsorbed CO, were also maximum at the same composition.
It was found that most of the surface species was MgO for Mg-rich oxides. Surface basicity, which
was estimated by the wavenumber difference of the asymmetric and symmetric IR absorption bands
of surface carbonates, was associated with these properties. The basicity of MgO, which was
promoted by incorporated CaQ, is considered to be the main factor for promoting the coupling

activity.  © 1992 Academic Press, Inc.

INTRODUCTION

Alkaline earth metal oxides, especially
MgO, have long been known to be active
catalysts for oxidative coupling of methane.
It has been pointed out that both the selec-
tivity for C, hydrocarbons and the basicity
of alkaline earth metal oxides are in the or-
der: BeO < MgO < CaO < SrO < BaO (J,
2). It has also been reported that MgO shows
higher selectivity for C, hydrocarbons when
alkali compounds are doped (3). Li-doped
MgO represents a special category among
these catalysts (e.g., (4-6)). Matsuda ef al.
(7) reported that basicity measured by phe-
nol adsorption increased by incorporation
of NaBH, or NaNH, on MgO. These facts
suggest that the basicity of catalyst is essen-
tial for high selectivity to C, hydrocarbons.

Other additives in alkaline earth metal ox-
ides such as Li,CO; (¢), RbNO, (3),
Ba(OH),, (8), La(NOy),, (9), and CaCl, (10)
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are also known to be effective in promoting
catalytic performance. A variety of func-
tions of additives has been proposed for high
selectivity, such as to form active centers
(4), to form structural defects resulting in
oxygen species of low coordination (9), to
form lattice distortion, and to reduce surface
area (3).

Mixed oxides of CaO/MgO or Ca?*-doped
MgO have been reported to show high activ-
ity and selectivity for oxidative methane
coupling (11, 12). It was reported that Ca’*-
doped MgO shows higher basicity than pure
MgO (13)and a previous paper (12) we clari-
fied the significant relationship between the
activity and basicity of the mixed oxide cata-
lyst. The present study has been undertaken
to clarify the morphology of mixed MgO/
CaO oxides and to correlate their catalytic
performances with their physical prop-
erties.

EXPERIMENTAL

Catalyst Preparation

MgO, CaO, and several mixed oxides
with different composition (mostly 95 mol%
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MgO/Ca0, 85 mol% MgO/Ca0, 75 mol%
MgO/Ca0, 50 mol% MgO/CaO, and 25
mol% MgQ/Ca0) were used. Catalysts were
prepared by coprecipitating hydroxides
from aqueous solution of the corresponding
nitrates (Ca(NO,),4H,0; Mg(NO,),6H,0;
Koso Chemical Co. Ltd., guaranteed grade,
used without further purification) by the ad-
dition of sodium hydroxide at 323 K, subse-
quent washing with water, and drying in air
at 393 K. They were activated by calcining
in air at 1023 K for 30 min before reaction
or CO, TPD measurement.

Reaction Apparatus and Procedures

Methane oxidation was conducted in a
fixed-bed, flow-type reaction apparatus. A
quartz tube (6-mm i.d.) was employed as a
reactor where 0.3 g of catalyst was charged
for activity measurements and 0.015 g of
catalyst for measurements of kinetics. The
details of the reaction apparatus have been
described in a previous paper (/0). The reac-
tion conditions were: temperature =
1003-1103 K, W/F = 0.02-1 g~cat - h -
mol ™', Pcy, = 13-35 kPa, Py, = 1.4-5.7
kPa. Effluent gas was analyzed by on-line
gas chromatography. CO and CO, in the
product gas were converted to methane in a
methanator (Ru/ALO, catalyst, 723 K) and
then detected by FID.

Catalyst Characterization

a. CO, adsorption and TPD. Volumetric
measurement of CO, adsorption and tem-
perature-programed desorption (TPD) of
CO, were carried out to investigate surface
basicity. A sample was heated at 1023 K in
flowing air for 30 min followed by evacua-
tion at that temperature. After cooling to
room temperature, 20 kPa of CO, was intro-
duced onto the sample. Evacuation and CO,
introduction (13.3 kPa) were repeated to dis-
tinguish physical and chemical adsorption
volumetrically. After conducting the mea-
surement the sample was subjected to TPD
in situ at a heating rate of 10 K - min~! up
to 1073 K in flowing He. The effluent gas
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was analyzed by on-line gas chromatog-
raphy.

b. Surface area. Specific surface area was
determined by the BET method with a
Quantasorb instrument (Yuasa Ionics) using
helium gas containing 30% nitrogen.

c. IR spectroscopic measurement. The
FTIR measurements were performed with a
Perkin—Elmer 1600 Series FTIR instrument
at room temperature. The transmission ab-
sorption technique was applied in the range
4000-900 cm~'. The oxides were pressed
into thin self-supporting sample wafers. The
IR cell was homemade. It had cemented
CaF, windows and permitted all sample han-
dling to be performed without removing the
oxide wafers from the cell. The wafers were
calcined in the heating zone of the cell at
1223 K for 45 min in flowing helium. The
calcined samples were moved into the opti-
cal path and cooled to room temperature in
a helium atmosphere. They were exposed
to a CO, stream for 10 min. Surplus of CO,
was removed by purging with helium. A set
of desorption experiments was carried out
by heating the disks on which CO, was pre-
viously adsorbed at a fixed temperature for
10 min in a helium stream. After cooling to
room temperature the corresponding spec-
trum was recorded and the procedure was
repeated with continuously increasing de-
sorption temperatures.

d. XRD measurement. XRD measure-
ments were conducted with a Rigaku Ro-
taflex instrument using CuKe irradiation (40
kV, 100 mV). The catalyst powder was cal-
cined at 1073 K for 1 h immediately before
measurement.

RESULTS AND DISCUSSION
Catalytic Features of CaO/MgO Catalyst

a. Effects of catalyst composition. Con-
version rates of methane to C, (C,H, and
C,H,) and CO, (CO and CO,) at 1023 K are
illustrated in Fig. 1. The MgO composition
ranges from 0 to 100 mol%. While methane
conversion to C, and CO, was 9.2 and 4.4%,
respectively, with 85% MgO/CaO catalyst,
the conversions were 0.5 and 0.5%, respec-
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FiG. 1. Catalytic activity and specific surface areas
of MgO/CaO catalysts: T = 1023 K, W/F = 1 g-
cat - h-mol™!, Pey, =13.1,Pp, = 14,Py = 865
kPa.

tively, without catalyst under the same reac-
tion conditions. Hence the results shown in
Fig. 1 reflects the activity of the oxides.
Both the activity and the selectivity for C,
were highest at 85% MgO/CaO, giving a to-
tal methane conversion of 13.6% and C, se-
lectivity of 67.1%. Methane conversion to
CO, is only slightly affected by the catalyst
composition, contrary to C, formation. By
incorporating CaO into MgO an active site
for C, formation should be generated inde-
pendently of an active site for CO,.

b. Effects of reaction temperature. In Ta-
ble 1 are shown the temperature effects on

TABLE 1
Effect of Reaction Temperature on 85% MgQ/CaO

Temperature (K) 1003 1023 1043 1073 1103
Conversion (%)

CH, 144 16.5 152 139 15.0
0O, 95.3 98.5 979 999 998
CH, conversion rate (mmol - g=! - h™!)

C,H, 88 10.6 11.7 128 125
C,H, 33 47 51 63 65
CO 1.6 1.2 1.1 0.9 0.6
CcOo, 6.3 6.3 6.7 6.8 6.6
C2 selectivity (%): 60.4 67.1 68.4 715 72.5

Note. 0.85 g-cat-h - mol™ !,

WIF =

Pcy, = 13.1kPa, Py = 1.4KPa, Py, = 86.5 kPa.
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F1G. 2. Kinetics with 85 mol% MgQO/Ca0 catalyst at
1023, K, W/F = 0.02 g-cat - h - mol~!.

the catalytic performances of 85% MgO/
CaO catalyst, which showed the highest ac-
tivity and selectivity among the mixed ox-
ides at 1023 K. The selectivity for C, in-
creased with the rise in reaction temperature
up to 12.5% at 1103 K because the formation
rate of C, increased while that of CO, was
constant.

¢. Reaction orders with respect to partial
pressure of CH, and O,. Reaction orders
were examined under differential conditions
where conversion of both CH, and O, were
always less than 10%. Nitrogen was used as
balance gas to control the partial pressure.
Figure 2 demonstrates the dependence of
the formation rate of C, and CO, with 85%
MgO/CaO catalyst. Ethane was predomi-
nant (>90%) in the C, hydrocarbons in ev-
ery case. Since experimental results showed
good linearity between the pressure and the
rate, a power rate law expression can be
applied. Solid lines in Fig. 2 correspond to
rates calculated by Eqgs. (1) and (2), where
rc,and reqg are formation rates (mmol -
h~!- g 1) of C, and CO,, respectively, and
Pcy,and Py, are partial pressure (kPa) of
methane and oxygen, respectively:

.
rco, = 60 - Pg'& ‘ P8'29~ (2)

It is clear that a high partial pressure of
methane and a low partial pressure of oxy-
gen are favorable for high C, selectivity.
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Structural and Morphological Features

Specific surface areas of CaO/MgO mixed
oxides increase from pure CaO 31 m?- g™ 1)
with increasing MgO content to reach a
maximum value (62 m® - g~!) at 50% MgO/
CaO and then decrease almost proportion-
ally with MgO content toreach 18 m?- g~ ' at
pure MgO (Fig. 1). The variation of specific
surface area as a function of catalyst compo-
sition is quite similar to that of CO, uptake
at room temperature. This means that on
each oxide surface, CO, is adsorbed. The
values do not correlate with catalytic ac-
tivity.

XRD measurements of the mixed oxides
show exclusively the diffraction pattern of
MgO (periclase) and CaO. No peaks attrib-
utable to the hydroxides or carbonates were
found. Calculation of lattice constants ac-
cording to the method described in Ref. (14)
gives (4.80 = 0.015) A for CaO and (4.20 +
0.100) A for MgO independent of catalyst
composition and in agreement with litera-
ture data (15, 16). Doping of CaO leads to a
remarkable broadening of the MgO peaks,
whereas the CaO peaks become narrower.
Peak positions are only slightly influenced
in a unsystematic manner. Line breath of
XRD reflections is affected both by particle
size and microstrain inside the crystal lattice
(13, 14, 17). According to Hall (17) the rela-
tionship between these parameters is ex-
pressed by

BcosO/\ = 1/e + nsin O/, 3

where B represents linewidth, © and A de-
note reflection angle, and X-ray wavelength,
¢ is the average particle size, and 7 is the
effective strain. Correlation of 8 cos O ver-
sus sin © according to Eq. (3) gives good
straight lines with correlation higher than
0.98, except for 95% MgO/CaO sample (0.94
and 0.90). Values of £ and 7 can be calcu-
lated from the slope and the intercept, re-
spectively. Their dependences on catalyst
composition are shown in Fig. 3. The parti-
cle sizes of the MgO crystallites increase
with increasing CaO content to reach maxi-
mum at 5% CaO, then decrease at higher
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CaO amounts. The size of CaO particles is
highest for the 50% MgO/CaO sample. The
stress effect in the MgO crystallites is
strongest in the 85% MgO/CaO sample,
whereas that of the CaO crystallites is high-
est for the 50% MgO/CaO catalyst. The
results show that the composition of the
catalyst affects their crystallographic prop-
erties, although a uniform and common
MgO/CaO phase is not formed.

Adsorption and Desorption of CO,

The basicities of the mixed oxides were
investigated using CO, adsorption. The vol-
umetrically measured CO, uptake on mixed
oxides was larger than that of pure CaO or
pure MgO. The amount increases linearly
with increasing CaO content in MgO and
vice versa in CaO catalyst. A significant re-
lationship between CO, uptake and activity
was not observed.

TPD of CO, was conducted to clarify the
adsorption strength of CO, since a desorp-
tion peak at high temperature corresponds
to high basicity of the surface. The desorp-
tion profiles in Fig. 4 are classified into two
categories of CaO-rich catalyst and MgO-
rich catalyst. CaO-rich samples (0% MgO/
CaO and 50% MgO/CaQ) showed almost the
same desorption profile up to 673 K and the
same activity for C, formation (Fig. 1). It
could be concluded that the incorporation
of MgO into CaO contributed only slightly
to the increase in its activity and basicity.

Contrary to CaO-rich catalysts, MgO-rich
catalysts were effectively modified by the in-
corporation of CaQ. The characteristic peak
between 873 and 973 K was most remarkable
on 85% MgO/Ca0O among the MgO-rich ox-
ide catalysts. These observation suggest that
the high activity of 85% MgO/CaO arises
from a high basicity originating from surface
structure. To obtain information on the char-
acter of the adsorption state, FTIR spectro-
scopic measurements were performed.

IR Spectroscopic Measurement of
Adsorbed CO,

a. Adsorption states at room tempera-
ture. Figure 5 shows spectra of calcined
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Fi1G. 3. Dependence of average particle sizes and microstrains on catalyst composition.

MgO, 85% MgO/Ca0, 50% MgO/Ca0, and
CaO before and after CO, exposure and
after heating at 373 K. The calcined samples
produce absorption bands around 1000
cm~' caused by crystal lattice vibrations
(18, 19). No OH stretching bands of residual
surface hydroxyl groups were detected on
MgO-rich samples whereas on CaO and 50%
MgO/CaO a weak band at 3640 cm™! was
found (not shown in the figure). However, it
was proved by deuterium exchange reaction
that even after outgassing MgO at 1273 K
a measurable number of surface hydroxyls
remains on the surface (20). It can also be
assumed that under reaction conditions the
water molecules formed create a small pop-
ulation of surface hydroxyls.
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F1G. 4. Desorption profile of CO, at 10 K - min™!.

Adsorbed CO, produces large bands in
the range 1400 to 1550 cm ! with a shoulder
at still higher wavenumbers. A weaker band
around 1070 cm~! and a very weak one
around 1220 cm™! are observed. On 50%
MgO/Ca0O and pure CaO additional bands
around 1780, 2500, and 2900 cm ™! appear.
The bands between 1400, and 1550, and 1070
cm™! are attributed to surface unidentate
carbonates (Fig. 6) (I8, 19, 21, 22) and be-
long to the antisymmetric and symmetric
O,CO;, stretching vibration and the stretch-
ing vibration of OyC, respectively. Uniden-
tate carbonate seems to be the dominant
adsorption state of CO, at room tempera-
ture. The shoulder band at 1630-1660 cm !
is most probably assigned to the antisym-
metric stretching mode of O;COy; of a sur-
face bicarbonate (19, 21, 22) (Fig. 6), which
is formed by interaction of CO, with surface
hydroxyl. The symmetric stretching vibra-
tion of O,COy, is reported to lie in the range
1410-1480 cm~' (19, 22, 23). This means
that in the present case this band is masked
by the broad symmetric stretching mode of
the unidentate complex. The weak band
around 1220 cm ! is probably caused by the
COH bending vibration of bidentate (19, 22,
23). The band around 1780 cm~! on CaO
and 50% MgO/CaO is tentatively assigned
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to the COy; stretching mode of a *‘bridging”’
carbonate (21, 23-25) (Fig. 6). For this
structure an asymmetric stretching O;CO,
band in the region 1150 to 1259 cm™!is ex-
pected (21, 23). A weak shoulder band in
this range is just discernible. The corre-
sponding symmetric O;CO; stretching mode
is reported to lie in the range 1020 to 970
cm~! (21) and hence it is masked by metal
oxide lattice vibrations. ‘‘Bridging’’ carbon-
ate is known to be formed on different
Al,O;-containing surfaces (23—-26) but not
yet for CaO (13, 18).

The bands at higher wavenumbers can
hardly be explained by surface carbonates.
More probably, they are caused by weaker
adsorbed CO,, where the molecules are as-
sumed to interact via one oxygen atom with
metal cations, preserving its linear shape.

Such species are well known on Al,O; (23)
and mixed ALOyMgO surfaces (22, 27).
They produce more than one band in the
range 2250-2500 cm ™. The bands observed
in our case, however, have somewhat higher
wavenumbers. The assignments are summa-
rized in Table 2 and Fig. 6.

b. Desorption of CO,. Heating the sam-
ples at 373 K leads to the disappearance of
the shoulder band at 1630-1660 cm™' and
mostly to a slight decrease in the height of
the main band between 1400 and 1550 cm ™!
(Fig. 5). This indicates the desorption of the
bicarbonate, which is known to have a lower
thermal stability than unidentate carbonate
(22). The result corresponds to the first peak
(around 398 K) in the TPD spectrum (Fig. 4).
These findings are independent of catalyst
composition.
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TABLE 2

Wavenumbers (in cm~!) of Adsorbed CO, at Room Temperature and after Heating at
Different Desorption Temperatures

Room temp. 373K 573 K 773 K 873 K
MgO 1075 A, 1072 A,
1419 A,,B, 1421 A, 1393 A,
1526 A, 1522 A; 1504 A,
1658 sh B,
1223 B,
95% MgO/CaO 1072 A, 1068 A 1058 A, 1069 A, 1074 A,
1415 A,,B, 1414 A, 1405 A, 1427 A, around 1418 A,
1506 A, 1513 A, 1513 A, 1481 A; 1478 A,
1637 sh B,
1220 B,
1584
85% MgO/CaO 1067 A 1067 A, 1060 A,
1418 A,,B, 1420 A, 1411 A, 1418 A;
1506 A; 1509 A; 1492 A, 1478 A, around 1480 A,
1639 sh B;
1217 B,
50% MgO/CaO 1071 A, 1072 A, 1053 A,
around around around around 1428 A,
1472 A, A4,B, 1477 Ay, A 1461 A,y A 1455 Az A, 1542 A,
1630 sh B,
1220 B,
1299 E, 1304 E,
1624 E, 1622 E,
1781 C, 1782 C, 1781 C, 1797 C,
2500 D 2500 D 2500 D 2518 D
2783 D
CaO 1069 A, 1073 A, 1074 A, 1063 A,
around around around around 1425 A,
1461 A,,A;,B, 1470 A, A, 1469 A, A, 1458 Ay, A; 1533 A,
1630 sh B,
1213 B,
1299 E, 1299 E,
1629 E, 1619 E;
1776 C, 1780 C, 1780 C, 1797 C,
2554 D 2550 D 2554 D 2514D
2900 D 2880 D 2800 D 2877 D
1368

Note. sh, shoulder. A, A,, A;: COy stretching, O;CO; symmetric stretching, and O;COj antisymmetric stretch-
ing mode of unidentate carbonate. B, B,, By: COH bending, O;COy; symmetric stretching, and O;COy; antisymmet-
ric stretching mode of bicarbonate. C;: COy stretching mode of ‘‘bridging’’ carbonate. D: CO stretching modes
of linearly adsorbed CO,. E;, E,: COy stretching and O;CO, antisymmetric stretching mode of bidentate carbonate.
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adsorption of CO, on metal oxide MO (18-21).

In contrast, desorption temperatures of
the unidentate carbonate increase with in-
creasing CaO content. On pure MgO de-
sorption starts around 473 K and most of
the absorption bands disappear below 773 K
(Fig. 7). This desorption process causes the
second peak (673 K) in the TPD spectrum
(Fig. 4). The unidentate carbonate on the
MgO/Ca0O mixed oxides is stable over a
wider temperature range than on pure MgO.
For instance, the intensities of the corre-
sponding bands on the 85% MgO/CaO sam-
ple diminish in the range 473 K < T < 973
K (Fig. 7).

Absorption bands on 50% MgO/CaO and
pure CaO do not change their shape below
673 K. At this temperature the three bands
at higher wavenumbers start to develop
sharp peaks. This effect continues at 773 K.
Simultaneously, the band around 1470 ¢cm ™!
becomes narrower and starts to split, and
the band around 1070 cm ! decreases. This
indicates the beginning of desorption of the
unidentate carbonate whereby a small
amount of it is converted into other surface
species. It was already reported (27, 28) that
increase in temperature and dehydration
weakens the basicity of surface oxygen on
Al,O; and MgAl,O,. This leads to transfor-
mation of unidentate into bridging species,
where an additional bond between one oxy-
gen atom of CO, and metal cation stabilizes
the surface structure. Also in the present
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case a decreased activity of surface oxygen
may be the reason for the features men-
tioned above.

After heating to 873 K the broadband
around 1470 cm™! is drastically decreased
and all bands at higher wavenumbers disap-
pear. This is in accordance with the sharp
peak in the TPD spectrum at 873 K (Fig. 4).
The remaining bands decrease continuously
with further increase in temperature. Even
at 1073 K some of the bands between 1600
and 1350 cm ™! are still observed. The bands
around 1535 and 1425 cm™! are assigned to
unidentate carbonate, whereas the band
around 1300 cm™! and the small shoulder
band around 1620 cm™! may be caused by
traces of bidentate carbonate (asymmetric
0,CO; stretching and COy, stretching mode)
for which the splitting of the asymmetric CO
stretching mode of carbonate ion is reported
to be ca. 300 cm~! (I3, 18, 19, 21). The
coexistence of uni- and bidentate carbonate
at higher temperatures and lower coverages
was already found by Fukuda and Tanabe
(18). All assignments are summarized in Ta-
ble 2. Adsorption/desorption behavior of
CO, on the 50% MgO/CaO sample is very
similar to pure CaO, indicating that large
parts of the surface are covered with CaO.

d. Correlation with surface basicity and
catalytic activity. It was already reported
that MgO formed by thermal decomposition
of the hydroxide consists of agglomerates
of crystallites with high densities of higher
index planes and consequently larger num-
bers of low coordinate oxide ions (29, 30).
These high-index planes are more selective
for C, hydrocarbon formation compared to
low-index crystallographic planes (29).

The IR-spectroscopic results show that
on pure MgO and on MgO doped with small
amounts of CaO the same CO, adsorption
states are formed. This means that the sur-
faces of these samples consist mainly of
MgO. However, higher amounts of ad-
sorbed CO, and enhanced thermal stability
of the adsorbate reflect that the surfaces are
modified by CaO; this CaO is probably
highly dispersed so that a large boundary
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region between MgO and CaO exists. This
modification causes changes in morphology
and surface basicity, as discussed later. On
the other hand, on CaO-rich sampels (in-
cluding the 50% MgO/CaO sample) CO,
forms the same adsorption states as on pure
CaO, indicating that the surfaces are largely
covered by CaO and not effectively modi-
fied by incorporated MgO. These findings
are in agreement with previous morphologi-
cal studies of the MgO system. Calcium seg-
regation to MgO surfaces was theoretically
predicted (37) and spectroscopically proved

(32, 33). In contrast, a depletion of Mg**
was predicted at low-index planes of CaO
Q3n.

Enrichment of Ca®>* on the surface of
MgO leads to surface reconstruction pro-
cesses that create a “‘rumpled’” arrangement
with oxygen anions displaced outward (/1,
31, 34) and higher densities of surface ions
in lower coordination (33, 34). These anions
are catalytically more reactive. For higher
CaO levels the CaO content is large enough
to form more than one monolayer of CaO
on MgO. In this case the misfit between the
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surface monolayer and the underlying layer
is less and consequently the reconstructed
surface is less rumpled in structure. This
may be the reason for the decline in catalytic
activity of the oxides in which the Ca con-
tent reaches levels higher than 25%.

Surface rumpling is probably not the only
factor that governs catalytic activity; other-
wise MgO covered with a monolayer of CaO
should be the catalytically most active sam-
ple. However, on such a sample adsorbed
CO, should form adsorption states like those
on pure CaO. In the present case, on the
catalytically most active samples adsorption
states are similar to those formed on pure
MgO. We conclude, therefore, that besides
surface rumpling the boundary region be-
tween CaO and MgO creates sites with en-
hanced reactivity. This region is largest for
highly dispersed CaO.

The connection between strain and cata-
lytic activity indicates that segregation and
surface reconstruction are incomplete on
the high-index planes that form the surface
of the catalyst. This is in agreement with
Ref. (34), in which it was proved that on
polycrystalline MgO surfaces doped with
Ca®* rumpled regions coexist with nonre-
constructed regions. Possibly, the increased
strain indicates a larger number of defects
on the surface, which may be involved in
catalytic reactions. Increased lattice strain
resulting in high C, selectivities was already
reported for MgO catalysts doped with Na™
(3). In this case, the lattice distortion was
considered to create surface active centers
for methyl radical formation.

It was reported (I8, 22, 35) that the wave-
number difference Av = v,, — v, of the
asymmetric and symmetric stretching band
of surface carbonates decreases with in-
creasing (more negative) partial charge of
the lattice oxygen, i.e., increasing electron-
pair donor properties. This means that the
degree of (Av)~! seems to be a direct mea-
sure of the strength of Lewis-basic sites. In
Fig. 8 (Av) ! is shown as a function of MgO
content. It is clear from the data that addi-
tion of small doses of CaO increase the
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Fic. 8. Correlation of the reciprocal value of the
wavenumber difference (Av) of the asymmetric and
symmetric CO stretching band, of the strain in the
MgO lattice, and of the C, formation rate versus MgO
content. (Av)~! values were obtained at room tempera-
ture (O) and after heating at 873 K (@).

Lewis basicity of the MgO surface, remark-
ably. For the 509% MgO/CaO sample and for
pure CaO, Av could be obtained only after
heating the sample at temperatures equal to
or higher than 873 K. At lower temperatures
the band concerned does not show any fine
structure. However, the values indicate a
decrease in surface basicity in comparison
to the samples with smaller CaO amount.

Figure 9 shows that the catalyst proper-
ties of strain, number of strong basic sites,
and Lewis basicity increase monotonically
with the activity increment (C, formation
rate minus C, formation rate on pure MgO).
These results show that small amounts of
CaO increase basicity and modify the mor-
phology of MgO surfaces. Both properties
seem to enhance the catalytic activity to-
ward methane coupling.

CONCLUSION

By studying the catalytic performances,
the morphologies, and the characteristics of
adsorbed CO, on mixed MgQ/CaO oxide
catalysts the following conclusions were ob-
tained:

(1) The mixed oxides that contain 10 to
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15% of CaO exhibited extraordinarily high
activities and selectivities for C, formation.

(2) The high activity arose from MgO
modified by CaO.

(3) Surfaces of the MgO-rich oxides were
covered mostly by MgO and its basicity was
enhanced by incorporated CaO.

(4) The enhanced basicity of MgO is con-
nected with morphological changes in the
surface layer.

(5) The basicity of the mixed oxides was
well characterized by the IR wavenumber
difference of asymmetric and symmetric
stretching of surface carbonate.
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