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The oxidative coupling of methane was studied over unsupported SrCO3 and 20 kinds of (10 
mole%) metal oxides (Li, Na, K, Rb, Cs, Mg, Ca, Ba, AI, Pb, La, Y, Zr, V, Cr, Mo, Fe, Co, Ni, 
and Ag) supported on SrCO3. The prepared catalysts were composed of microparticles of diameters 
ranging from 0.3 to 100 gm, and were considered to be covered by the oxides added. In general, 
the oxygen and methane conversions at 1023 or 1073 K increased with an increase of the surface 
area of the doped catalysts. C2 selectivity at 1023 K decreased with an increase of methane 
conversion on the surface area, except for Fe-, Co-, Ni-, Cr-, and Ag-doped catalysts, which 
produced quite low C 2 selectivity. These results suggest that the catalytic activity or selectivity of 
catalysts other than Fe, Co, Ni, Cr, and Ag do not differ remarkably from each other at high 
temperatures (1023 and 1073 K), although there is a trend that Li, Cs, and La oxides are more active 
and K, Cs, and Y oxides are more selective. Doped oxides were not very effective on SrCO 3, but 
were quite effective on MgO, which can incorporate added cations in the lattice. These results 
suggest that there is very little interaction between the additives and SrCO3. The XRD study also 
disclosed that the SrCO3 crystal was not affected by the doping. ~ 1991 Academic Press. Inc. 

INTRODUCTION 

The oxidative coupling of methane to give 
ethane and ethene has interested many re- 
searchers as an alternative route for utilizing 
methane (1, 2). Alkaline earth metal oxides 
(3, 4) and lanthanide oxides (5) have been 
widely studied as host oxides. Among alka- 
line earth metal oxides, MgO and CaO cata- 
lysts are often promoted with alkali metal 
oxides, and have been well studied (3, 4, 
6-10). SrO and BaO (or SrCO3 and BaCO 3) 
give higher C2-selectivity, although the ac- 
tivities are lower than those of MgO and 
CaO (8, 11). C2-yields of MgO and CaO im- 
prove when doped with alkali metal oxides 
(3, 4, 6, 7, 9, 10). The doping effects for SrO 
or BaO have not been reported in detail. The 
addition of other components to SrO or BaO 
could improve the activity while maintain- 
ing a high level of C2-selectivity. S r C O  3 
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rather than SrO was selected as a starting 
material because the surface of carbonate is 
believed to be partly turned into oxide at 
1023 or 1073 K (11), and if SrO is used as a 
starting material, it can react with the quartz 
glass reactor or can be turned into liquid 
hydroxides (8). 

First, we tried to study the effect of addi- 
tives on SrCO3 in a series of consecutive 
experiments, based on the previous study 
of MgO (7). Both catalyst morphology and 
the coupling reaction were studied. No 
strong promoter effects for the SrCO3 sys- 
tem were observed, which is contrary to the 
MgO system. Instead, the activities of single 
component oxides supported on SrCO 3 have 
been compared. 

METHODS 

The reaction was performed by using a 
conventional flow reactor (12 mm i.d.) at 
temperatures from 623 to 1073 K. C H  4, air, 
and He were charged with flow rates of 1.5 
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ml min-l (4.02 mmol h-l),  3.75 ml min-J, 
and 50 ml min -l, respectively. A ratio of 
CH4/O 2 was 2.0 - 0.1 (2CH4 + 02 = C2H4 
+ 2H20). The selectivity and yield were 
defined as (2 x moles Cz-compounds pro- 
duced)/(moles CH 4 reacted) and (2 × moles 
C2-compounds produced)/(moles CH4 in the 
feed), respectively. Metal nitrates other 
than V (NH4VO3) and Mo ((NH4)6Mo7024 • 
4H20) were added to SrCO3 (Kanto Chemi- 
cal Co., 99.6%) in water, and the samples 
then were stirred, dried, pelleted, and 
weighed. The amount of promoter was ex- 
pressed as tool% of SrCO 3. The pure SFCO 3 
sample also was made by soaking with water 
and pelleting (0.8 to 2.4 mm size). A sample 
of 2 g was treated in a He flow at 773 K for 
1 h and at 1073 K for 2 h and then used for 
the reaction. Use of a full 2 g of sample 
helped to eliminate the bypassing problem 
due to the large pellet size (0.8 to 2.4 mm). 
The surface area was measured after the 
heat treatment by the BET method, using 
N 2. SEM pictures were obtained with a Hi- 
tachi SEM HFS-2 with an EDX attached 
(Philips EDAX-707B). XRD spectra were 
taken with a Rigaku RAD-B system. 

RESULTS 

Morphological Study by SEM, XRD, 
and BET 

Various doped SrCO3 samples were pre- 
pared and evacuated at 1073 K for 2 h. These 
samples were characterized by the SEM, 
XRD, and BET methods and also used for 
the coupling reaction. The SEM pictures of 
19 kinds of 10 mol% M-SrCO 3 samples 
(M = metal element), 5 mol% Na+-SrCO3, 
15 mol% Na+-SrCO3, and SrCO3 are shown 
in Fig. I. Alkali metal elements were seen 
as a pseudoliquid phase covering the SrCO3 
particles, especially if the alkali content was 
high. The other samples seemed to be com- 
posed of a coral-like structure. SrCO3 doped 
with 10 mol% ofLi ,  Na, Rb, Mg, Ba, Y, Zr, 
and Co were analyzed by XRD. Most of 
the samples produced nearly the same XRD 
pattern as SrCO3, which indicates that the 
additives separated from SrCO 3 and are 

amorphous or form thin crystal coverings. 
Weak XRD peaks due to additive oxides 
are seen with Y3+-SrCO3 and Zr4+-SrCO3 . 
Since SrCO3 is insoluble in water, the added 
soluble nitrates seem to be recrystallized 
during the drying process and decomposed 
to oxides during the baking process. SrCO 3 
seems to act as a support. The particle sizes 
are quite different from sample to sample. 
The average particle diameters were mea- 
sured from TEM pictures and compared 
with the calculated diameter from BET data- 
assuming spheres. Both values correspond 
well, as shown in Fig. 2. All dopants except 
Zr and Y increased the particle size. Alkali 
earth metals and especially alkali metals in- 
creased the particle diameter, perhaps be- 
cause the molten salt covering the surface 
caused the particles to stick together at high 
temperatures. XRD line broadening can be 
used to calculate the crystal diameter (7, 12, 
13). The values obtained with this method 
are compared with the diameters from SEM 
pictures in Fig. 3. The crystal diameters 
(XRD) are smaller than the apparent diame- 
ter (SEM) for the various doped samples 
(shown in Fig. 3). Thus, a model is proposed 
in which a dopant covers the SrCO3 fine 
crystals and produces a particle with a diam- 
eter larger than that of the crystals. This 
may be typical of alkali. A model is shown 
in Fig. I. EDX analyses show that alkali 
remains on SrCO3 after the reaction. 

It should be noted that XRD line broaden- 
ing due to the lattice distortion was not ob- 
served in this case, which is different from 
the Na+-MgO or Rb+-MgO system (7). 

Apparent Feature of the Reaction: 
Temperature Profile and 
Catalytic Classification 

02 conversion and CH 4 conversion at 
1023 K are shown as a function of the sur- 
face area in Figs. 4 and 5. C: selectivity and 
ethene selectivity in C~ compounds at I023 
K are shown in Figs. 6 and 7. The activities 
of these catalysts are mostly stable over 
100 h. 

Alkali metal (Li, Na, K, Rb, Cs) oxides 
or hydroxides supported on SrCO 3 produce 
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FIG. 1. SEM pictures ofSrCO 3 catalysts doped with various metal oxides. Doped amounts are expressed 
as mol% of SrCO 3. Samples were evacuated at 1073 K for 2 h. 
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FIG. 2. Comparison of the particle diameters calcu- 
lated from BET surface area and the average particle 
diameter in SEM picture. Amounts of doped elements 
are expressed as 10 mol% of SrCO3. None represent 
pure SrCO3. 
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FIG. 4. 02 conversion of oxidative coupling of meth- 
ane as a function of specific surface area of 10 mol% 
doped-SrCO 3 catalysts at 1023 K. 

low activity, but high selectivity (40 -+ 10% 
at 1023 K and 50 -+ 10% at 1073 K). The 
surface area is low (below 0.6 m 2 g- ') .  C2- 
production is observable above 873 K (using 
flame ionization detector of GC), while CO2- 

production is observable above 973 K (using 
a thermal conductivity detector of GC). 

Alkali earth metal (Mg, Ca, Ba) oxides 
supported on SrCO3 have higher activities 
and surface areas than the alkali metal ox- 
ides. Both C2 and CO2 production are ob- 
servable above 873 K. 
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FIG. 3. Comparison of the average particle diameter 
in SEM picture and that calculated from XRD line 
broadening. Amounts of doped elements are expressed 
as 10 tool% of SrCO3. None represent pure SrCO3. 
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FIG. 5. CH4 conversion of oxidative coupling of 
methane as a function of surface area of 10 mol% metal 
oxide-doped SrCO 3 catalysts at 1023 K. 
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FIG. 6. C 2 selectivity of  oxidative coupling of  methane  as a funct ion of  specific surface area at 1023 K 
over  2 g of  metal oxide-doped SrCO 3 catalysts  (a) and 2 g of  metal oxide-doped MgO cata lys ts  (b). 

Less active metal (AI, Pb, La, Y, Zr, V, 
Mo) oxides for oxidation supported on 
SrCO3 give similar activity and had surface 
areas comparable to that of SrCO3. CO2 is 
produced above 773 K and C2 production 
occurs above 873 K. Small amounts of CO 
were produced on these catalysts above 
873 K. 

Active metal (Fe, Co, Ni, Cr, Ag) oxides 
for oxidation supported on SrCO3 have 
surface areas similar to that of SrCO3 but 
with higher activities. CO2-production 
starts at a lower temperature (773 K) and 
02 conversion exceeds 90% at 873 K. From 
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FIG. 7. E thene  selectivity in C 2 compounds  by oxi- 
dative coupling o f  me thane  as a funct ion of  CH 4 con- 
vers ion over  metal  oxide-doped SrCO 3 catalysts  at 
1023 K. 

this temperature upward, C2-production 
occurs; however, C2-selectivity is ex- 
tremely low. 

Reaction Profile at 1023 K 

Although the selectivities of the various 
catalysts differ from each other at lower 
temperatures, they seem to become closer 
to each other at higher temperatures (1023, 
1073 K), except for the active oxidation ele- 
ments (Fe, Co, Ni, Cr, Ag). Alkali metal and 
alkali earth metal oxides, including SrCO3, 
have some inherent activity. They are poi- 
soned by CO 2, so operation at high tempera- 
tures is recommended. 

02 conversion (x) at 1023 K is plotted as 
a function of surface area (S) in Fig. 4. The 
solid line shows the first-order plot with re- 
spect tox :  In(1 - x) = -0 .5  S. Most of 
the catalysts seem to have similar activity; 
however, Li +, Cs +, and La 3+ appear to be 
more active than the others. The conversion 
of methane at 1023 K is also plotted as a 
function of the surface area in Fig. 5. The 
same trends can be seen as in the 02 conver- 
sion figures. 

C2-selectivity at 1023 is plotted as a func- 
tion of the specific surface area in Fig. 6a. 
Cz-selectivity is generally lower at high sur- 
face areas, partly because of the secondary 
reaction of C2-compounds to CO z and the 
morphological effect described in the previ- 
ous papers (7, 14). K and Cs give high C2- 
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FIG. 8. C 2 yield of oxidat ive coupling of methane as a function of surface area at 1023 K over  2 g of 

metal oxide-doped SrCO 3 catalysts  (a) and 2 g of metal oxide-doped MgO cata lys ts  (b). 

selectivities, Y has a relatively high selectiv- 
ity at a high surface area, and active oxida- 
tion catalysts (Ag, Fe, Co, Cr, Ni) give low 
selectivities. Cz-selectivities on doped MgO 
catalysts at 1023 K also decrease with an 
increase in the specific surface area as 
shown in Fig. 6b (15). The results are dis- 
cussed in the next section. 

Ethene selectivity in C2-compounds at 
1023 K is also plotted as a function of CH4- 
conversion in Fig. 7. This figure confirms 
that ethane is a secondary product of the 
oxidative coupling of methane. 

Finally, the C2-yield at 1023 K is plotted 
as a function of the surface area (see Fig. 
8a). The Cz-yield increases with the surface 
area. The same plot for doped MgO is shown 
in Fig. 8b, where the C2-yield decreases with 
the surface area (15). 

DISCUSSION 

By being doped with various elements, a 
surface area can be changed from ca. 0.01 
to 6 mZ/g for SrCO 3 and from ca. 0.1 to 
300 mZ/g for MgO. Reaction profiles of the 
doped MgO catalyst (2 g) and the doped 
SrCO 3 (2 g) catalysts are compared. CH 4- 
conversion, C2-selectivity, and C2-yield at 
1023 K on both catalysts are shown as a 
function of specific surface area (up to 20 m 2 

g-i) in Fig. 9. The solid lines indicate the 
lines drawn in Figs. 5, 6, and 8, and the 
dotted lines indicate the expected data. It is 
clear that the doped MgO is much more ac- 
tive than the doped SrCO3 (see CHn-conver- 
sion in Fig. 9). Two grams of 10 to 20% 
Na+-MgO, with an approximate surface 
area of 1 m 2 g- i, gives a CH4-conversion of 
about 40% and O2 conversion of about 95% 
(7, 14, 15). The C2-selectivity decreases with 
an increase of the surface area on both cata- 
lysts. One of the reasons for the decreased 
selectivity is that the methyl radical (or 
methyl peroxide) in the gas phase is oxidized 
more easily on the increased surface area 
(7, 14, 15). Since the C2-yield is equal to 
"CHa-conversion × C2-selectivity," it in- 
creases with the surface area for the small 
surface area (0 to 5 m 2 g- ~ for doped SrCO 3 
and below 0.3 m 2 g- '  for doped MgO; see 
Ref. (14)), whereas it decreases at the high 
surface area. (It is expected for doped 
SrCO 3 catalyst.) 

So, both the activity and selectivity are 
higher with doped MgO, when compared 
under the same conditions (surface area, 
catalyst weight, and temperature). A mech- 
anism including methyl radical as a mutual 
intermediate both to C2-compounds and to 
CO 2 has been proposed to explain these dif- 
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FIG. 9. Comparison of the reaction data over 2 g of 
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SrCO3 catalysts at 1023 K. 

ferences (7, 14, 16). The steady-state treat- 
ment of reactions (1) to (4) gives C2/C  1 selec- 
tivity (R2/RI) as shown in Eq. (5) (14). 

x, 
O~ + site ~ [oxygen] (I) 

k~ 
CH 4 + [oxygen] - 

• C H  3 + O H ( a )  + site (2) 

k 3 
• CH3 + xO ~ CO, CO2 (3) 

k4 
2"CH 3 ~ C2H 6 (4) 

R2 ! 

R I 4 

k~P~_,(kiPo2 + k2Pcny 

If the activity is high (in k~ and k2), the 
R2/R 1 value is high in Eq. (5). The rate of 
Cz-production is proportional to the second 
order of methyl radical concentration, while 
that of Cj production is proportional to the 
first order. That is why the active catalyst 
(doped MgO) produces high C2-selectivity 
as is shown in the middle frame of Fig. 9. 

Doping of MgO caused both surface area 
decrease and structural changes (lattice dis- 

tortion), both of which are thought to in- 
crease C2-yield (7). MgO is believed to ex- 
change cations with doped metal ions which 
distorts the MgO lattice. The effects o fNa  ÷ 
and Rb + ions on MgO have been studied (7). 
Doping of SrCO 3 caused the surface area to 
decrease while no structural change oc- 
curred (XRD line broadening is normal). 
SEM observations also suggest that the dop- 
ant is situated on a separated phase of the 
SrCO 3. The added compound is thought to 
be mounted on the SrCO 3 surface, but to 
have few interactions with SrCO 3, due to 
the large ionic radius of St 2+ and insolubility 
of SrCO3 in water. MgO may be activated 
by doping, while SrCO 3 is just support mate- 
rial for the dopant. One of the models for 
alkali-doped SrCO 3 is shown in Fig. 1. Al- 
kali-MgO shows a synergic effect (3, 7, 8), 
and alkali-SrCO 3 does not. 

Since the dopant may cover the outer sur- 
face, it is considered to be a catalyst. If this 
is true, it is surprising that the alkali metal 
oxides, alkali earth metal oxides, and oxides 
ofLa,  Mo, V, Zr, and Y have similar reactiv- 
ity and C2-selectivity at 1023 to 1073 K, al- 
though it is clear that La, Li, and Cs have 
somewhat higher activities (Figs. 4, 5, and 
8). The first-order rate constants of all the 
other elements differ very little. It is inter- 
esting to note that the activities of complete 
oxidation of ethene do not differ markedly 
among V205, Cr203, BaO, CaO, and A1203 
(17). Carreiro and Baerns have reported that 
MgO and CaO are about two orders more 
active than BaO or SrO, although they are 
difficult to compare since 02 conversion is 
near 100% (8). Our results show that Mg, 
Ca, Ba, and Sr have very similar rate con- 
stants. The enhancement of the activity of 
MgO and CaO is significant only when the 
oxides are doped with alkali metal oxides. 
It seems necessary to incorporate some cat- 
ions of an oxide into the host oxides lattice 
in order to activate the surface or to produce 
defects on the surface. 

SrCO3 acts as a support, and its surface 
area can be controlled by mixing with a sin- 
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gle component, which, when applied pure, 
has a rather low catalytic activity. However, 
if SrCO 3 is covered with the active mixture 
(for example Na+-MgO), better catalysts 
may be produced, 

CONCLUSION 

It is difficult to evaluate the catalytic ac- 
tivity of the oxidative coupling of methane, 
because the activity and selectivity depend 
not only on the reaction conditions but also 
on catalyst morphology (7, 14, 16). Al- 
though we could not produce various cata- 
lysts with the same surface area, we were 
able to compare their activity and selectivity 
under very similar conditions and morphol- 
ogy by using SrCO3 as a support. The activi- 
ties of effective oxide catalysts thus are ex- 
pressed by first-order kinetics and surface 
area data. While doped MgO catalysts have 
been thought to have synergistic effects, 
doped SrCO 3 catalysts had few synergistic 
effects, which may be due to the fact that 
SrCO 3 and dopant produce separate phases. 
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