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Pulse Microreactor Studies on Conversion of Methane, 
Ethane, and Ethylene over Rare Earth Oxides in the Absence 

and Presence of Free Oxygen 

Rare earth oxides (1-6) and rare earth 
promoted alkaline earth oxides (7-9) show 
high activity in the oxidative coupling of 
methane (OCM) to C2 hydrocarbons. Oxida- 
tive coupling of methane has been covered 
in a number of recent reviews (10-13). In 
our recent studies (6), rare earth oxides have 
been compared for their acid/base strength 
distribution and catalytic activity of the 
OCM process, and a mechanism for the for- 
mation of methyl radicals involving 
acid-base pairs on the catalyst surface has 
been suggested. According to this mecha- 
nism, the formation of the methyl radical 
involves the transfer of an electron from 
CH 3 to an oxygen molecule. Hence, for the 
rare earth oxide catalyst to be active in the 
OCM process, the presence of free oxygen 
is essential. Earlier, Lin et al. (2) have ob- 
served the requirement of free O2 for the 
formation of methyl radicals on La203 (at 
773 K) in substantial concentrations. It is 
therefore very interesting to compare the 
catalytic activity/selectivity of the rare 
earth oxides in the conversion of methane 
and also of ethane and ethylene (which are 
the desirable products of the OCM) in the 
absence and presence of free oxygen for 
understanding the catalytic process. These 
studies could be carried out very conve- 
niently using a pulse microreactor. The 
present investigation was undertaken for 
this purpose. 

The rare earth metal oxide catalysts (viz. 
La203, CeO2, Sm203, Eu203, and Yb203) 
were prepared from high purity (99.9%) rare 
earth oxides by hydrothermal treatment (at 
373 K for 4 h) followed by high temperature 
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calcination in static air at 873 K for 6 h. The 
preparation and surface characterization 
(viz. surface area, acidity/basicity distribu- 
tion) of the rare earth oxide catalysts have 
been given in detail in our earlier paper (6). 

The conversion of methane, ethane, and 
ethylene over the catalysts in the absence 
and presence of free 02 was investigated 
using a pulse microreactor (made up of 
quartz) connected to a gas chromatograph. 
The experimental arrangement was similar 
to that described earlier (14). Helium 
(99.99%) passed over the activated molecu- 
lar sieves and Oxysorb to remove the traces 
of moisture and oxygen, respectively, were 
used as a carrier gas (flow rate, 30 cm 3 
min- 1). 

A known mass (0.1 g) of catalyst (particle 
size 22-30 mesh) was packed between two 
quartz wool plugs in the constant tempera- 
ture zone (10 mm) of the quartz microreac- 
tot (i.d., 4.0 mm; o.d., 6.2 mm; and length, 
30 cm). Before carrying out the pulse reac- 
tion, the catalyst was calcined in situ at 1223 
K in a flow of helium (20 cm 3 min-1) for 2 h. 

The pulse reactions of methane, ethane, 
and ethylene over the catalysts in the ab- 
sence of free 02 were carried out by passing 
the pulses of pure methane, ethane, ethyl- 
ene, and methane (following this sequence) 
one after another at an interval of 30 min 
over the catalysts at 1073 K. Similarly the 
pulse reactions in presence of free O2 were 
carried out by passing pulses of methane, 
ethane, and ethylene, all mixed with 02 , 
over the fresh catalysts. The pulse reactions 
were carried out under the following condi- 
tions: amount of catalyst, 0. lg; He carrier 
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gas flow rate, 30 cm 3 min-l;  temperature, 
1073 K; pulse size and length, 0.3 cm 3 and 
2.4 cm. The pulse reactions were also car- 
ried out in absence of catalyst (i.e., in an 
empty reactor) under similar conditions. 
The possibility of the coke formation in the 
pulse reactions was checked by passing an 
O2 pulse over the La203 catalyst after the 
pulse reactions of methane, ethane, and eth- 
ylene and analyzing the oxides of carbon 
formed. The products formed in each pulse 
experiment were analyzed by the gas chro- 
matograph using a Spherocarb column. 

The activity (i.e., conversion) and selec- 
tivity data were calculated from the carbon 
balance in the pulse before and after the 
reaction, taking into consideration the reac- 
tion stoichiometry [e.g., conversion (%) of 
a particular reactant = (Ri - Ro) x 100/Ri, 
where R~ and Ro are the moles of reactant 
in the pulse before and after the reaction, 
respectively, and selectivity (%) of a partic- 
ular product = (Z x P x R i x 100)/(R i - 
Ro), where P is the moles of the product 
formed and Z = Cp/CR (Cp and CR are the 
number of C-atoms in the product and re- 
actant, respectively)]. The activity/selectiv- 
ity data were reproducible within 6%. 

High purity methane (99.995%), ethane 
(99.95%), ethylene (99.99%), and oxygen 
(99.99%) were used in the pulse experi- 
ments. 

Results of the conversion of methane, eth- 
ane, and ethylene over the rare earth oxide 
catalysts in a pulse microreactor at 1073 K 
in the absence or the presence of gaseous 
oxygen are given in Tables 1-4. The conver- 
sion/selectivity data for the pulse reactions 
in absence of any catalyst (i.e., in the empty 
reactor) are also included in the respective 
table. 

In the absence of free 02 , the methane 
conversion activity of all the rare earth ox- 
ides is very poor and there is no formation 
of C2 hydrocarbons (Table 1); the activity of 
air-pretreated La203 is even lower than that 
of the He-treated one. The partially reduced 
rare earth oxide (except Sm203) catalysts 
(i.e., after the pulses of methane, ethane, 

and ethylene) showed higher methane con- 
version activity and all the reduced catalysts 
showed 100% selectivity for the COx forma- 
tion. This reveals that the reactivity of the 
lattice oxygen of the rare earth oxides in the 
conversion of methane is very low and the 
reaction leads only to the combustion of 
methane (i.e., shows no selectivity for C2 
hydrocarbons). On the contrary, in the pres- 
ence of free O2 the rare earth oxides showed 
high methane conversion activity and, ex- 
cept for CeO2, the catalyst also showed se- 
lectivity for C2 hydrocarbons (Table 2). 
These observations are very much consis- 
tent with the earlier ones made by Lin et al. 
(2) for the formation of methyl radicals on 
La203 from methane in the presence and 
absence of 02 in the feed; for the formation 
of methyl radicals in substantial concentra- 
tions, O 2 must be present in the reactant 
stream, even though the catalyst has been 
pretreated in O2. 

In presence of free 02, the formation of 
methyl radicals from methane over the rare 
earth oxides is likely to follow the mecha- 
nism suggested earlier (6), which involves 
an acid-base pair on the catalyst surface 
in the abstraction of an H atom from the 
adsorbed methane molecule by its polariza- 
tion, followed by heterolytic C-H bond rup- 
ture to form CH 3 and the transfer of an 
electron from the carbanion to 02, resulting 
in a methyl radical (which undergoes a cou- 
pling reaction in the gas phase) and 02 
(which leads to regeneration of sites and 
formation of O- species on the surface). 
Whereas, in absence of free O2, since there 
is no possibiliy of the transfer of an electron 
from CH3 (which interacts strongly with 
surface acid, i.e., low coordinated metal cat- 
ion on the surface, n+ MLC), the CH~ 
seems to undergo a surface reaction leading 
to its combustion. This is supported by the 
fact that there is no formation of Ca hydro- 
carbons, which indicates no release of 
methyl radicals (which could undergo cou- 
pling in the gas phase) from the catalyst sur- 
face to the gas phase, in the absence of free 
02. 



312 NOTES 

TABLE 1 

Oxidative Conversion of Methane over Rare Earth Oxides in Pulse Microreactor in the Absence of Free Oxygen 

Without 
catalyst 
(empty 
reactor) 

Catalysts 

La203 La20~ CeO 2 Sm203 Eu203 Yb203 

Data on fresh catalyst 
CH 4 conversion (%) 0.0 0.6 0.1 1.8 1.9 2.3 0.4 
Selectivity for Cz (%) . . . . . . .  
Selectivity for COx (%) - -  100 100 100 100 100 100 
CO2/CO ratio - -  2.5 0.0 0.4 0.1 0.0 0.0 

Data on partially reduced catalyst (i.e., after the pulse of 
methane, ethane, and ethylene one after another) 
CH4 conversion (%) 0.0 2.2 1.8 2.2 0.5 3.4 1.2 
Selectivity for C2 (%) . . . . . . .  
Selectivity for CO x (%) - -  100 100 100 100 100 100 
CO2/CO ratio - -  0.0 0.0 0.4 0.0 0.0 0.0 

Note. The catalysts were calcined in situ at 1223 K for 2 h in air. Amount of catalyst, 0.1 g; pulse, 0.3 cm 3 of 
pure methane; temperature, 1073 K; and He flow rate, 30 cm 3 min -j. 

In the catalytic pulse reaction in presence 
of free 02, ethane is expected to be formed 
by gas phase coupling of methyl radicals 
(15). The ethane thus formed is likely to be 
converted to ethylene and carbon oxides by 
gas phase reactions or surface reactions or 
by both. 

No coke deposition on the La203 catalyst 
in the methane pulse reaction in absence 
of free 02 was detected. However, in the 
presence of free 02, a deposition of coke 
on the catalyst to a very small extent was 
observed. 

From the results in Table 3, the following 

observations on the ethane conversion in 
the pulse reactions could be made. 

1. In the absence of a catalyst, the ethane 
conversion, with or without 02 in the pulse, 
is quite high. 

2. The presence of a rare earth oxide cata- 
lyst causes an increase in the ethane conver- 
sion but a decrease in the ethylene selectiv- 
ity, in the presence or absence of 02 in the 
pulse. In both the cases, a deposition of coke 
on the LazO 3 catalyst to a small extent was 
observed. 

3. An addition of 02 in the pulse causes 

T A B L E 2  

Oxidative Conversion of Methane over Rare Earth Oxides in Pulse Microreactor in the Presence of Free Oxygen 

Without 
catalyst 
(empty 
reactor) 

Catalysts 

LazO3 CeOz Sm203 Eu203 Yb203 

CH4 conversion (%) <1.0 25.2 18.4 27.6 23.6 24.8 
Selectivity for C2 (%) 0.0 33.8 0.0 21.6 29.6 35.6 
Selectivity for COx (%) 100 66.2 100 78.4 72.5 64.4 
COflCO ratio - -  4.4 11.1 3.8 10.4 2.1 
C2H4/C2H6 ratio - -  1.3 - -  3.1 1.8 3.3 

Note. Amount of catalyst, 0.1 g; pulse, 0.3 cm 3 of a mixture of CH 4 and 02; CH4/O z ratio = 2.9; temperature, 
1073 K. 
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TABLE3 

Oxidative ConversionofEthaneoverRa~ EaCh OxidesinthePulse Microreactor 
intheAbsenceand ~esenceofFree Oxygen 
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Without 
catalyst 
(empty 
reactor) 

Catalysts 

La203 CeO2 Sm203 Eu203 Yb203 

Data in the absence of free oxygen (pulse: pure ethane) 
C2H 6 conversion (%) 55.6 62.8 57.4 
Selectivity for CH4 (%) 2.9 7.1 2.7 
Selectivity for C2H4 (%) 96.8 83.0 83.1 
Selectivity for COx (%) 0.0 10.2 14.2 
CO2/CO ratio - -  0.09 0.5 

Data in the presence of free oxygen (pulse: a mixture of ethane and 
with C2H6/O2 = 3.3) 
C2H 6 conversion (%) 67.9 73.3 66.4 
Selectivity for CH4 (%) 8.1 10.4 4.1 
Selectivity for C2H4 (%) 81.2 75.9 77.5 
Selectivity for COx (%) 10.7 13.7 18.8 
CO2/CO ratio 0.06 0.3 1.2 

02 

89.7 78.3 84.5 
16.1 21.5 11.2 
72.5 46.5 85.3 
11.4 32.0 3.5 

1.8 0.0 0.0 

95.8 78.5 91.8 
27.3 13.4 14.4 
28.4 60.4 71.1 
44.3 26.2 14.5 
0.02 0.04 0.14 

Note. Amount of catalyst, 0.1 g; pulse size, 0.3 cm3; temperature, 1073 K; He flow rate, 30 cm 3 min-k 

an increase in the ethane conversion,  selec- 
tivity for  CO and methane  (except  for 
Eu203) , and CO2/CO ratio (except  for 
SmzO3), but a decrease  in the selectivity for 
ethylene (except  for Eu203). These  observa-  
tions reveal  that e thane undergoes both gas 
phase  and surface react ions in presence  or 
absence  of  02. 

The results on the convers ion of  ethylene 
in the pulse react ions (Table 4) reveal  the 
following. 

1. The thermal  cracking of  ethylene (i.e., 
e thylene convers ion  in absence  of  catalyst  
and 02) is negligibly small. 

2. Ethylene  undergoes gas phase  oxida- 
tion with O2 (in absence  of  catalyst)  to a 
large extent.  

3. Ethylene  undergoes reaction on the 
rare earth oxides in the absence  of  02 (i.e., 
with lattice oxygen  of  the oxides) to an ap- 
preciable extent .  

4. An addition of  02 in the pulse causes  
an increase in the ethylene conversion,  CO x 

selectivity and C O J C O  ratio, in both  the 
catalytic and non-catalytic (i.e., homoge-  
neous gas phase) reactions.  

5. In the convers ion of  ethylene over  the 
rare earth oxides in the presence  or absence  
of 02, the formation of  methane  and ethane 
is quite appreciable and there is also a depo- 
sition of  coke on the La20 3 catalyst  to a 
small extent.  

Based on the observat ions  on the hetero-  
geneous (i.e., catalytic) and homogeneous  
(i.e., non-catalytic) pulse react ions of  meth-  
ane, ethane, and ethylene in the presence  
and absence  of  free O:,  the possible gas 
phase and surface catalyzed react ions in- 
volved in the oxidative coupling of  methane  
to Ca hydrocarbons  over  the catalysts  in the 
presence  of free 02 are presented in Fig. 
1. The reactions involved in the oxidative 
coupling process  are very complex.  The re- 
sults (Table 4) indicate that the C 2 selectivity 
in the process  is also expected  to be con- 
trolled by the catalytic and/or  non-catalyt ic  
oxidation of ethylene to COx in presence  of  
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TABLE4 

Oxidative ConversionofEthyleneoverRareEa~h OxidesinthePulse Microreactor 
intheAbsenceandPresenceofFreeOxygen 

Without 
catalyst 
(empty 
reactor) 

Catalysts 

La203 CeO 2 Sm203 Eu203 Yb203 

Data in the absence of free oxygen (pulse: pure ethylene) 
C2H 4 conversion (%) 0.3 5.5 18.2 14.8 15.3 7.1 
Selectivity for CH 4 (%) - -  13.5 2.8 68.6 14.2 35.3 
Selectivity for C2H 6 (%) - -  59.8 8.2 14.5 43.8 43.0 
Selectivity for COx (%) - -  26.5 89.0 16.9 42.1 21.7 
CO2/CO ratio - -  0.0 0.15 0.0 0.0 0.0 

Data in the presence of free oxygen (pulse: a mixture of ethylene and 
02, C2H4/O 2 = 5.1) 
C2H 4 conversion (%) 21.7 33.3 30.1 50.9 69.4 37.0 
Selectivity for CH4 (%) 5.8 24.1 7.4 17.4 21.8 26.5 
Selectivity for CzH 6 (%) 9.4 5.4 3.0 4.4 6.5 4.6 
Selectivity for CO x (%) 84.9 70.5 89.6 81.1 71.1 68.9 
CO2/CO ratio 0.2 0.2 0.5 0.0 0.01 0.1 

Note. Amount of catalyst, 0.1 g; pulse size, 0.3 cm3; temperature, 1073 K; He flow rate, 30 cm 3 min -1. 

free 0 2 . This is consistent with the earlier 
observation (6) that the selectivity in the 
oxidative coupling of methane over the rare 
earth oxide catalysts is increased to a large 
extent with increasing the C H 4 / O  2 ratio in 
the feed. 

The results (Tables 1-4) reveal that the 
rare earth oxides differ widely in their 
catalytic activity/selectivity and also in the 
activity of their lattice oxygen in the oxida- 
tive coupling of methane. The catalysts 
showed the following order for their activ- 
ity/selectivity or product yield (i.e., con- 
version to the product) in the different 
pulse reactions. 

For the activity o f  lattice oxygen. In the 
conversion of methane: 

Eu203 > Sm203 ~> CeO 2 > 
La203 > Yb203 > La20~'. 

For ethylene yield in the ethane conversion: 

Yb203 > Sm203 > La203 > CeO 2 > Eu203. 

For COx yield in the ethylene conversion: 

CeO 2 > Eu203 > Sm203 > Yb203 --- La203 . 

For the catalytic activity in presence o f  
free 0 2. For C 2 yield in the methane con- 
version: 

Yb203 > La203 > Eu203 
> Sm203 >>>  CeO 2. 

For ethylene yield in the ethane conversion: 

Y b 2 0 3  > L a 2 0 3  > C e O 2  > E u 2 0 3  > Sm203. 

For COx yield in the ethylene conversion: 

Eu203 > Sm203 > CeO2 > Yb203 > La203. 

The results of the pulse reactions of meth- 
ane, ethane, and ethylene lead to the follow- 
ing conclusions. 

1. The presence of free (or gaseous) oxy- 
gen is very much essential for the rare earth 
oxide catalysts to be active in the OCM 
process. 

2. In the OCM process over the rare earth 
oxides, ethane and ethylene undergo both 
the gas phase (homogeneous) and surface 
catalyzed (heterogeneous) reactions in 02- 
rich or O2-deficient conditions. 

3. The rare earth oxides differ widely in 
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SURFACE CATALYSED FORMATION OF METHYL RADICALS FROM 

METHANE (Ref.  6) 

- 6  +6 + + 
H3C -- H H3C . . . .  H H3C- H 0,- 2 ,H 

" " : = " : i12- + 'CH3t  n+ 2- n+ 2 ~ I n+ 12- I n+ 
MLC OLC MLC OLC MLC OLC MLC OLC 

COUPLING OF METHYL RADICALS IN GAS PHASE (Ref. 15) 

2 [ "  CH3]  ~ C2H6 

HOMOGENEOUS (NON-CATALYTIC)  REACTIONS 

Free-02 
C 2 H6 

Without free-02 
C2H6 

Free -02 
C2H4 

Free -02 
H2 

IP CzH 4 (major)~ COx and CH 4 

J, CzH 4 (major) ~ H 2 (major) and CH4(minor) 

m, COx (major) ~ CH 4 and C2H 6 

l, H20 

HETROGENEOUS REACTIONS 

Catalyst 
C2H6 With or without free-02 ID CpH4(maj°r)~ Cox and CH 4 

C2H4 Catalyst IP COx (major) ~ CH 4 and C2H 6 (minor) 
Free-02 

C2H4 Catalyst ID COx ~ C2H 6 and CH 4 
Without fres-O 2 

C a t a l y s t  

H2 Without free-02 I~ H2O 

Free -02 
Reduced Catalyst m, Catalyst 

FIG. 1. Reactions occuring simultaneously in the oxidative coupling of methane over rare earth oxide 
catalysts. 

their activity and selectivity in the conver- 
sion of methane, ethane, and ethylene in 
presence or absence of free 02. 
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