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The oxidative coupling of methane was studied on a series of amorphous lanthanum aluminum 

oxides prepared by the mist decomposition method. The C, activity was increased with increasing 

aluminum content, showing a maximum at 10 at.%. The C? selectivity of 47% and total methane 

conversion of 25% was obtained at 983 K on this catalyst. A study on the effect of pretreatment 

temperature revealed that the active samples were amorphous and that the growth of the crystalline 

phases decreased greatly the C2 activity. The IR study indicated that octahedrally coordinated 

isolated aluminum ions, which were dispersed into the amorphous lanthanum oxide, constituted 

the active sites of the reaction. The two kinds of O2 adsorption sites were observed in the mixed 

oxides pretreated at 983 K. The study on the TPD spectra of a series of catalysts suggested that 

these sites were responsible for the oxidative coupling of methane. 0 lY87 Academic Press. Inc. 

INTRODUCTION 

The oxidative coupling of methane is one 
of the most important reactions in relation 
to the chemical utilization of natural gas. 
Although many studies have been made to 
find an efficient catalyst under a variety of 
reaction conditions (j-16), it has not been 
possible to achieve both high activity and 
good selectivity for C2 hydrocarbon forma- 
tion. Our recent communication (9) has 
demonstrated that the LaAlQ , prepared by 
the mist decomposition method, shows a 
high activity for C2 hydrocarbon formation 
in an atmospheric flow reactor under a high 
oxygen partial pressure. As the mutual 
acceleration effect of lanthanum and 
aluminum was large in developing the C2 
activity, a series of lanthanum aluminum 
oxides was prepared and some properties 
as well as the catalytic activities were mea- 
sured to determine the active sites of the 
reaction. 

METHODS 

Catalysts were prepared by the mist 
decomposition method (17, 18). A mist of a 

mixed solution (5 wt%) of lanthanum 
nitrate and aluminum nitrate was produced 
by supersonic atomization and treated suc- 
cessively through three furnaces at the flow 
rate of I literlmin. The temperatures of the 
furnaces were maintained at 443, 573, and 
1073 K, respectively, in this study. The fine 
particles of the mixed oxides were collected 
by a glass filter at 390 K. It should be noted 
that the retention time of the mist in the 
constant temperature portion (L~S K) of the 
furnaces was ca. 10 s. Lanthanum nitrate 
(>99.9%) was obtained from Soekawa 
Chemical Co., Ltd., while aluminum nitrate 
(>99.99%) was obtained from Wako Pure 
Chemical Industries, Ltd. The collected 
powders were dried overnight at 383 K, 
pressed into tablets, crushed, sized (32-60 
mesh), and stored for use in the measure- 
ments. 

The catalytic activities were measured by 
a flow method with the quartz reactor 
shown in Fig. 1. Methane and air were 
preheated separately in a two-fluid nozzle 
(20 mm o.d.; 100 mm long) and mixed 
rapidly just before the catalyst bed (14 mm 
i.d.). An inner cooler (lo-mm-o.d. air 
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FIG. 1. Schematic diagram of the reactor: (a) pre- 
heater nozzle, (b) siiica wool, (c) catalyst, (d) inner 
tooter, (e) thermocoupIe welt. 

cooler) was provided immediately after the 
catalyst bed for the rapid cooling of the exit 
gas. The difference in temperatures be- 
tween the top and the bottom of the catalyst 
bed was kept within 2 K by independent 
control of the temperatures of the preheater 
nozzle and the catalyst bed. A constant 
volume (0.3 ml) of catalyst was diluted to 
1.2 ml with quartz powder (32-60 mesh) 
and packed into the reactor. After pretreat- 
ment by air at 983 K for 16 h, 20 mlfmin (at 
room temperature) of methane and 20 
milmin (at room temperature) of air were 
passed into the reactor at various tempera- 
tures. The reaction products were analyzed 
by a gas chromatography with 2m-Molec- 
ular Sieve 13X and 2m-Porapak Q columns. 
Methane (Research Grade, >99.95%) was 
obtained from Takachiho Chemical Co., 
Ltd., and fed to the reactor through a 
Molecular Sieve 3A column. Air was puri- 
fied through sodium hydroxide solution and 
sulfuric acid successively. 

In temperature-programmed desorption 
(TPD) studies, a constant weight (0.58 g) of 
catalyst was packed in a quartz measuring 
tube (8 mm o.d., 6 mm i-d.). After pretreat- 
ment by the purified air at 983 K for 16 h, 
the temperature of the catalyst was lowered 
to 323 K and kept constant for 30 min in the 
stream of the air. Then, 20 mllmin of 

helium gas was passed through the measur- 
ing tube by a gas handling valve, and after 
10 min the temperature of the catalyst was 
increased at the rate of 6.25 Kimin. The 
composition of exit gas was monitored by a 
thermal conductivity cell at 373 K. A gas 
sampler was provided immediately after the 
cell for the detailed analysis of the desorbed 
gas. The analysis was made by gas chroma- 
tography with 0.6m-Molecular Sieve 5A 
and 0.5m-Porapak Q columns. Helium gas 
was obtained by Kayama Oxygen Co., 
Ltd., and purified through a Molecular 
Sieve 5A column and a rare gas purifier 
(Model RT-3, Japan Pure Hydrogen Co., 
Inc.), successively. 

The specific surface areas were measured 
by the BET method from the adsorption of 
nitrogen at liquid nitrogen temperature. A 
Rigaku Denki powder X-ray diffractometer 
with nickel filtered CuKlr radiation, a Hit- 
achi HSM2 scanning electron microscope, 
a Hitachi 295 infrared (IR) spectrometer, 
and a Shimadzu SA-CP3 particle size distri- 
bution analyzer were used for the charac- 
terization of the catalysts. 

RESULTS AND DISCUSSION 

Figure 2 shows the surface areas of the 
catalysts pretreated at 983 K for 16 h. The 
surface areas are about 2 m”/g except La203 
and Al&. Samples consisted of spherical 
particles as shown in Fig. 3. The particle 
size distribution measurement on LaA103 
(aluminum content = 50 at.%) gave the 
average diameter of 0.61 pm and the cumu- 

Al content (atom%) 

FIG. 2. Surface areas of catalysts. Pretreated at 9X3 
K for 16 h. 
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FIG. 3. Scanning electron micrograms of catafysts. ~agnificatjon = 5500, (left) aluminum content = 
10 at.%, (right) aluminum content = 50 at.% 

lative outer surface area of 1.73 m/g. The 
comparison with the BET surface area 
(1.93 m’/g) suggests that the particles are 
nonporous. 

The catalytic activities for the oxidative 
coupling of methane were measured on 
these catalysts. Figure 4 shows the result 
obtained with the catalyst containing 10 
at.% of aluminum. The formation of ethane 
was observed at temperatures higher than 
813 K. Ethylene was not detected at 813 K, 
but it was formed at higher temperatures. 
The ethylenelethane ratio increased with 
increasing temperature. Other reaction 
products were carbon monoxide, carbon 
dioxide, hydrogen, and water. At tempera- 
tures higher than 813 K, the rate of forma- 
tion of carbon dioxide remained almost 
constant, and the rates of formation of Cz 
hydrocarbons were increased with increas- 
ing temperature. 

C2 activity (R2) and Cz selectivity (SZ) 
were calculated with these data and are 
shown as a function of temperature in Fig. 5 
together with the total rate of reaction of 
methane (RT). We shall refer to C2 activity 
as micromoles of Cz hydrocarbons formed 
per unit time per unit surface area of the 
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FIG. 4. Effect of reaction temperature. Aluminum 
content of catalyst = 10 at.%. 0: CO; l : CO,; @: 
c=c; a: c-c. 
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FIG. 5. Total rate, Cz activity, and Cz selectivity. 
Aluminum content of catalyst = 10 at.%. 0: RT; 0: 
R2; Q: S2. 

catalyst and C2 selectivity as the percentage 
of carbon atoms converted into C2 hydro- 
carbons in the total converted methane 
molecules. The CZ selectivity increased 
with increasing temperature, up to 47.9% at 
1033 K. A total methane conversion of 
25.1%, total oxygen conversion of 95.5%, 
and C2 selectivity of 46.8% was observed at 
983 K. 

Hydrogen was observed in the exit gas in 
the temperature range (813-1033 K) stud- 
ied. Thus, at 983 K, the composition 
(mol%) of the exit gas was as follows: 
methane (38. I), oxygen (0.47), carbon mon- 
oxide (1.05), carbon dioxide (5.73), ethane 
(1.84), ethylene (1.15), hydrogen (3.97), 
water (8.05), and nitrogen (39.7). The pres- 
ence of hydrogen as well as oxygen balance 
suggests that steam reforming of methane 
and/or hydrogen forming reactions from 
methane and oxygen are taking place on the 
catalyst. 

Activities and selectivities for C2 hydro- 
carbon formation of various catalysts were 
compared at 983 K, as shown in Fig. 6. The 
C? activity was increased with increasing 
aluminum content, showing a maximum at 
the aluminum content of 10 at.%. The activ- 
ity decreased only a little in the range 
between 10 and SO at.%, but it decreased 
very much in the range over 50 at.% with a 
further increase in the aluminum content. 
The C2 selectivity remained almost con- 
stant in the range between 0 and 50 at.%, 

but decreased with a further increase in 
aluminum content. 

Effect of pretreatment temperature was 
studied with LaAI03. The catalyst was 
pretreated for 16 h at temperatures between 
983 and 1373 K, and changes in catalytic 
activity and X-ray structure (XRD peak 
height of LaA103 perovskite (110) plane) 
was studied. The surface area of the cata- 
lyst did not change very much during these 
pretreatments; the surface area was 
increased slightly from 1.93 m’lg at 983 K 
to 2.40 m’/g after the pretreatment at 1373 
K. An examination with the scanning elec- 
tron microscope indicated that some 
cracking of the particles occurred after the 
high temperature treatment. The pretreat- 
ment at higher temperature accelerated the 
growth of crystalline perovskite phase and 
decreased the rates of ethane and ethylene 
formation, as shown in Fig. 7. The 
ethylene/ethane ratio (from 0.72 to 0.35) 
and C2 selectivity (from 48.4 to 36.8%) 
decreased with increasing pretreatment 
temperature. This indicates that the active 
sites for C2 formation are formed in the 
amorphous phase. 

Figure 8 shows the XRD spectra of a 
series of catalysts pretreated for 16 h at 983 
K. The figure also shows the spectrum of 
Laz03 pretreated at 1473 K for I h in the 
stream of helium. The samples pretreated 
at 983 K were almost amorphous, and the 
degree of crystallization was decreased 
with increasing aluminum content. 
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FIG. 6. Effect of aluminum content. Reaction tem- 
perature = 983 K. 0: R2; 0: S2. 
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FIG. 7. Effect of pr~tf~atment tem~~t~re. 
Ahuninum content of catalyst = 50 al.%, reaction 
temperature = 983 K. 0: R(C-C); I): R(C=C); c): 
LaAIQ (110) peak height. 

The sesquioxide of lanthanum exhibits a 
characteristic polymorphism and can exist 
in one or more of three distinct crystahine 
modifications (hexagonal, monoclinic, and 
cubic), Standard XRD spectra of these 
crystafs were obtained from the ASTM 
cards for powder X-ray diffraction spectra, 
and are shown in Fig. 9. In the sample 
prepared at 1073 K, or in the present case, 
the hexagonal structure is stable (19). 
Figure 8 shows that the stable phase of 
hexagonal structure was not produced in 
the pretreatment of 983 K, although it was 
produced in the pretreatmet~t at 1473 K. 
The figure also indicates the increase of 
aluminum content stabilizes the metastable 
cubic La&& phase. 
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FE. 8. XRD spectra. (a) E&l3 pretreated at 1473 K 
for i h. (b) Pretreated at 983 K for 16 h. 

FIG. 9. XRD spectra of La&l3 

This fact may be interpreted by the stabi- 
lizing effect of the surrounding amorphous 
phase. If the local structure of the 
amorphous phase is simiIar to the crystaf 
structure of the cubic La&&, the interfacial 
energy between the crystallite and the 
amorphous phase is diminished and the 
crystallites of cubic structure are stabilized. 
In the cubic La&, cations are octahe- 
drally coordinated, while oxygen anions are 
tetrahedrally coordinated. The conse- 
quence of the above discussion suggests 
that the local structure of the active 
amorphous phase is similar to the GubiG 

structure of La*O?. 
Figure 10 shows the IR spectra of a series 

of the catalysts. Two absorption bands 
were appeared at 340 and 730 cm-’ when 10 
at.% of aluminum were added into lantha- 
num oxide. The absorption band of the 
lower frequency shifted to the higher fre- 
quency side and began to decrease at 50 
at.% with increasing aluminum content. On 
the other hand, the absorption band of the 
higher frequency shifted to the higher fre- 
quency side and inereased with increasing 
aluminum content. It should be noted that 
these bands are quite different from those 
assigned to crystalline perovskite (2U), 
because sharp abso~tion bands were 
developed at 482 and 658 cm-’ with the 
growth of the perovskite phase after the 
heat treatment at temperatures higher than 
1073 K. 

It is well known that the cation-oxygen 
vibrational frequencies of a coordinated 
group AO,z depend on the coordination 
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FIG. 10. IR spectra. The aluminum content (at.%) is 
described in the figure. 

number of the cation. In aluminum- 
containing oxides (21), the characteristic 
absorption band of AlO is observed at 
530-400 cm-’ while that of A104 is 
observed at 800-650 cm-‘. Both of these 
bands shift to the higher frequency side 
when the coordinated groups are in the 
condensed phase. The results in Fig. 10 
show that the aluminum ions of isolated 
AlO are initially produced with the addi- 
tion of aluminum. This is consistent with 
the suggestion based on the X-ray analysis. 
As the aluminum content is increased, the 
condensation of the isofated AlOb occurs 
below 50 at.%, but the concentration of the 
AlO decreases above 50 at.%. The compa- 
rison of these results with those shown in 
Fig. 6 suggests that the isolated AlO dis- 
persed in an amorphous lanthanum oxide 
constitutes the active sites of C2 formation. 

TPD spectra of the series of catalysts are 
shown in Fig. 11. A desorption peak of 
oxygen was observed at 563 K in LazOx, 
white no desorption peak was observed 
below 920 K in AlzOJ. In the mixed oxides, 
two desorption peaks of oxygen were 
observed below 980 K. The lower tempera- 
ture peak showed a maximum at about 20 
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FIG. 1 I. TPD spectra. The aluminum content (at.%) 
is described in the figure. 

at.% with increasing aluminum content. On 
the other hand, the higher temperature 
peak showed a maximum at about 60 at.%. 
These desorption peaks were decreased 
when the sample was treated at 1373 K for 
16 h, as shown in Fig. 12. The amounts of 
oxygen molecules desorbed from the 
LaAIOx, pretreated at 983 K, were 1.5 and 
3.4 pmol/m*, respectively, for lower tem- 
perature and higher temperature peaks. As 
the monolayer coverage of oxygen is 11 
~mollm”, these sites may be composed of a 
special lanthanum aluminum combination 
on the surface. These facts indicate that 
these sites are characteristic of the active 
amorphous materials and suggest that these 
sites are responsible for the C? hydrocarbon 
formation. 

Temperature (K) 

FIG. 12. TPD spectra of LaAIO,. (a) Pretreated at 
983 K for 16 h. (b) Pretreated at 1373 K for 16 h. 
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