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The magnesia-supported bismuth oxychloride with lithium carbonate present is significantly more 
effective and stable with time-on-stream than the unsupported or supported systems free of Li2CO 3 
in the oxidative coupling of methane at 750°C, PCH4 = 20.2 kPa, CH4/O 2 = 4, and a space velocity 
of 15,000 cm 3 g-1 h-l .  The most effective catalytic system is obtained when 10 mol% BiOC1 is 
supported on MgO with 10 mol% LizCO3, which leads to a methane conversion of 18%, C2 selectivity 
of 83%, and an ethylene-to-ethane molar ratio of 2.9 for at least 12 h under the aforementioned 
conditions and atmospheric pressure. The unsupported or supported samarium chloride free of 
Li2CO3 was less effective under similar conditions. Only when the samarium chloride and lithium 
carbonate contents on the support were sufficiently increased (28 and 40 mol%, respectively) the 
system became effective towards high C2 selectivity and stability. In contrast, none of the manga- 
nese-chloride-based systems exhibited good C2 selectivity and stability except initially, but they 
mainly promoted the reaction of methane to carbon oxides. The presence of chlorine, the nature 
of the cation associated with it and lithium are found to be key factors in determining the performance 
of the catalysts. The introduction of Li2CO3 is found to retard the loss of surface chlorine and 
prevent the decrease of surface bismuth and samarium, resulting thereby in more stabilized systems. 
In addition, the bulk and surface modifications, which are more prominent in the presence of 
Li2CO3, caused by calcination and reaction conditions are believed to influence the formation of 
the catalytically active or inactive sites. The performance of the catalysts is related to its surface 
composition, bulk modification, decomposition, and reducibility of the metal chlorides or oxychlor- 
ide on the basis of XPS, XRD, SEM, and thermal analysis (TPD and TPR) investigations. © 1992 
Academic Press. Inc. 

INTRODUCTION 

Many metal oxides, alkali-promoted 
metal oxides, and mixed metal oxides have 
been found to be quite effective in the oxida- 
tive coupling of methane (OCM) to higher 
hydrocarbons, principally to ethylene and 
ethane (1-31). It has been reported that the 
selectivity to ethylene, rather than ethane, 
can be enhanced when chloride ions are 
present in the catalyst (8, 24, 26, 32-39), or 
if a chlorine-containing gaseous compound 
is passed over the catalyst during reaction 
(40-44). From a practical viewpoint the pro- 
duction of ethylene, rather than ethane, is 
an important consideration in the OCM 
process. 
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Burch et al. (42) observed a high initial 
ethylene-to-ethane ratio over several chlo- 
ride catalysts, but in the approach to the 
steady state this ratio decreased to less than 
unity. They attributed the initial high ethyl- 
ene-to-ethane ratio to the gas-phase chlorine 
radical, the catalysts being the source of 
these radicals. However, in the course of 
the reaction that lasted less than 1 h, a sub- 
stantial loss of chlorine occurred. Thomas et 
al. (39) reported that a number of bismuth- 
oxychloride-containing catalysts exhibited 
good C 2 selectivity with high ethylene-to- 
ethane ratios, mentioning some loss in chlo- 
rine during reaction. Ahmed and Moffat 
(44), reported that lithium and cesium chlo- 
rides supported on silica showed significant 
improvements in conversion and selectivity 
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to C 2 hydrocarbons when CC14 was continu- 
ously added to the gas stream, unlike so- 
dium, potassium, and rubidium chlorides. 
This indicates that the cationic component 
of the catalyst also plays a role in the oxida- 
tive coupling process. Recently, Lunsford 
and co-workers (45) obtained a stable and 
active catalyst by incorporating chlorine 
ions into Li-doped MgO via a sol-gel pro- 
cess but observed that during the 238 h on 
stream the catalyst lost approximately half 
of the lithium and chlorine initially present. 

Much of the research on chloride- 
containing catalysts reported thus far has 
been aimed at attaining high initial conver- 
sions and selectivities to C2 hydrocarbons, 
with little emphasis on catalyst stability with 
time-on-stream and its characterization. 
The purpose of this study is to examine the 
catalytic stability of BiOC1 and to explore 
the possibility of its increase by employing 
a substrate (MgO) with or without Li2CO 3. 
Almost no information is available on the 
activity and stability of two other chlorides, 
namely, SmCI 3 and MnCl2, unsupported 
and supported on MgO with or without 
Li2CO3, although Sm203 and MnO2 doped 
with alkali halides have resulted in effective 
systems (11, 42, 46). We report on the cata- 
lytic performance and stability resulting 
from the addition of different loadings of 
BiOCI, SmC13, or MnC12 to the MgO and 
LizCO3/MgO systems. The relationship be- 
tween the catalytic performance and the 
physico-chemical properties of the cata- 
lysts, particularly the extents of surface 
chlorine, lithium, and cation associated with 
chlorine, is explored by employing a number 
of techniques. Preliminary results of our in- 
vestigations have been presented in Ref. 
(47). 

EXPERIMENTAL 

Catalyst Preparation 

Powdered BiOCI, SmCI3.6H20, MnC12, 
LiC1, MgO, and Li2CO 3 of 99.9% purity 
(Aldrich) were used as reagents. The cata- 
lysts were prepared by the conventional im- 
pregnation method. The procedure com- 
prises the introduction of a known amount 

of MgO powder into boiling water under 
vigorous stirring for 30 min, followed by 
the addition of an appropriate amount of 
LizCO3, if required. The slurry thus ob- 
tained was heated for another 30 min under 
continuous stirring followed by the addition 
of an appropriate amount of BiOC1, SmC13 • 
6H20, MnCI2, or LiC1. In the case of a tran- 
sition or alkali metal chloride or oxychloride 
supported on MgO, the same procedure was 
followed but without any addition of 
LizCO 3 . The resultant suspension was con- 
tinuously heated with stirring until a thick 
paste formed. The paste was dried at 120°C 
overnight in air. The material, white in 
color, was then compacted at 15,000 psi to 
form a disk of 20 mm diameter and 3 mm 
thickness. These disks were broken into 
small pieces and calcined in air at 750°C for 
15 h. After calcination, the white materials 
became yellowish for BiOCl-containing sam- 
ples, greyish for SmC13-containing samples, 
and black-reddish for MnClz-containing 
samples. During calcination some chlorine 
has evolved out. Some lithium was also lost 
during calcination. All the calcined materials 
were ground and sieved to select particle 
sizes of 80-100 mesh for the catalytic studies. 

Catalyst Screening 

The methane coupling reactions were per- 
formed at 650-800°C under atmospheric 
pressure by co-feeding the reaction gases 
(Pcn4 = 20.2 kPa, Po~ = 5.05 kPa, Pne = 
75.9 kPa, and CH4/O 2 = 4) into a high purity 
alumina tube reactor (6 mm i.d., 30 cm long) 
mounted horizontally and heated by a spe- 
cially constructed (Lindberg 54S-142) 
single-zone electric furnace (8-cm-long hot 
zone) with a built-in thermocouple. Usually 
200 mg of calcined catalyst sandwiched be- 
tween quartz wool plugs was placed in the 
center of the reactor tube, which is con- 
nected to the gas inlet and outlet systems 
through cajon fittings containing high-tem- 
perature (250°C) O-ring seals. A stainless 

1 tp steel reactor cap, constructed from a ~ Swa- 
gelok union tee, accommodated an inconel 
sheathed K-type thermocouple that ex- 
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FIG. I. Schemat ic  diagram of  the reactor setup used in the OCM process .  

tended into the catalyst bed and measured 
the temperature with an accuracy of -+3°C. 
The reactor tube was periodically cleaned 
with nitric acid to eliminate the carbona- 
ceous and alkali materials deposited on the 
inside wall. High purity methane, oxygen, 
and helium (all 99.9% purity; Union Car- 
bide) were used without any additional puri- 
fication. The flow of each gas was controlled 
by a variable constant differential flow con- 
troller (Porter VCD 1000) which was con- 
nected to a Nupro filter (7 t~m) and a check 
valve. The total flow rate measured at the 
inlet of the reactor was 50 ml/min (NTP). 
Under the conditions employed, the purely 
homogeneous gas phase reactions produced 
less than 1% methane conversion. The sche- 
matic diagram of the reactor is presented in 
Fig. I. 

Product Analysis 

The reaction effluents after passing 
through a heptanol-liquid nitrogen batl~ 
(-30°C) were sampled on-line using an au- 
tomatic 10-port sampling valve and ana- 
lyzed simultaneously with a dual detector 
(TCD and FID) GC (PE Sigma 2000) fitted 
with three different columns and attached 
to a PE 3600 data station. A Chromosorb 
102 column (6 ft x ~ in, 25 ° isothermal) was 
used to analyze 02, CH4, CO2, C2H4, 
C2H6, and residual H20 (if any), a molecu- 
lar sieve 5A column (6 ft x ~ in, 25 ° 
isothermal) to separate O2, N2, CH4, and 
CO, and a Porapak T column (6 ft x k in, 
programmed 25-140°C) to analyze CH4, 
C2H4, C2H6, and C3 hydrocarbons. The 
latter product was less than 1 mol% when 
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explicitly monitored. Nitrogen or argon 
was used as an internal standard. The 
response factors for the reactants and prod- 
ucts were determined using certified cali- 
bration gases (Linde Division). The carbon 
mass balance was greater than 95% in all 
experiments. 

Catalyst Characterization 

The specific surface area of the samples 
was measured by the BET method with ni- 
trogen adsorption at 77 K. The surface com- 
positions and the valence states of the ele- 
ments present in the samples were studied 
by X-ray photoelectron spectroscopy (XPS) 
using a PHI 500 spectrophotometer. The 
standard conditions for the analyses were: 
angle 45°; pass energy 35.75 eV; acquisition 
time 2-5 min; anode: Mg 300 W. The detail 
of the procedure can be found in Ref. (48). 
X-ray powder diffraction (XRD) patterns of 
the catalytic materials were obtained with a 
Siemens Analytical X-ray Instrument 
equipped with a curved, position-sensitive 
detector and a CuK~ source of radiation. 
The JCPDS files were used to identify the 
phases (49). The morphology and average 
particle size of selected samples were stud- 
ied by scanning electron microscopy (SEM, 
Hitachi S-800). Prior to being studied by 
SEM, the powdered samples were gold 
coated in order to eliminate the charging 
effect. The thermal decomposition and re- 
ducibility of the chloride samples were stud- 
ied by temperature-programmed decompo- 
sition (TPD) and temperature-programmed 
reduction (TPR) techniques according to 
Refs. (50, 51). Hydrogen was the reducing 
gas, with nitrogen as diluent. The gas flow 
rates were 0.5 ml/min hydrogen and 5 
ml/min nitrogen at NTP. Prior to starting 
the TPR, each of the samples (50 mg) was 
heated in flowing nitrogen from 30 to 300°C 
at a heating rate of 10°C/min and held at 
300°C for 1 h. The preheated samples were 
then subjected to TPR from 300 to 850°C 
at 10°C/min. A tungsten-rhenium thermal 
conductivity detector was used for this pur- 
pose. For the TPD experiments, H2 was re- 

TABLE 1 

Nominal Composition of the Samples Studied and 
Their Specific Surface Area 

Sample Sample designation Mol% BiOC1 b MoI% Surface 
number (SmCI3, MnCI2, Li2CO3 b area c 

or LiCl) (m2/g) 

I MgO 0 0 9.8 
2 BiOCI a 100 0 2.3 
3 BiOCI/MgO 10 0 6.7 
4 BiOCI/MgO 20 0 n.dfl 
5 BiOCI/MgO 30 0 n.d. 
6 BiOCI/MgO 40 0 4.6 
7 Ei2CO3/MgO 0 10 3.2 
8 Li2CO3/MgO 0 20 n.d. 
9 Li2CO~/MgO 0 30 n.d. 

10 Li2CO~/MgO 0 40 3.0 
11 BiOCI~Li2CO3/MgO 10 10 2.8 
12 BiOCI-Li2CO3/MgO 10 20 n.d. 
13 BiOCI-Li2CO3/MgO 10 30 n.d. 
14 BiOCI-Li2CO3/MgO 10 40 2.8 
15 BiOCI-Li2CO3/MgO 40 10 n.d. 
16 BiOCI-Li2CO3/MgO 40 40 2.9 
17 LiCl/MgO 6 0 n.d. 
18 LiCI-Li2CO3/MgO 7 8 n.d. 
19 Sm203 0 0 4.0 
20 SmCI 3 • 6H20 100 0 2.6 
21 SmCI3/MgO 7 0 3.8 
22 SmCI3/MgO 28 0 n.d. 
23 SmCI3-LizCO3/MgO 7 10 2.8 
24 SmCI3-Li2CO3/MgO 28 10 2.6 
25 SmCI3-Li2CO3/MgO 7 40 n.d. 
26 SmCI3-Li2CO3/MgO 28 40 2.6 
27 MnC12 100 0 3.5 
28 MnCI2/MgO 10 0 2.2 
29 MnCI2/MgO 40 0 n.d. 
30 MnCI2-Li2COjMgO 10 10 2.2 
31 MnCI~-Li2CO3/MgO 10 40 n.d. 
32 MnCI2-Li2CO3/MgO 40 40 2.3 

a As BiC13 is converted into BiOCI in the presence of water, the latter 
was-used as catalyst rather than BiCI 3. 

b Values before the preparation of the catalyst. 
Measured by the BET method. 

~t n.d. denotes not determined. 

placed by N2 with the conditions and sample 
amount as above. 

R E S U L T S  

Catalytic Performance 
Pure magnesium oxide, bismuth oxychlo- 

ride, samarium chloride, and manganese 
chloride are low-surface-area (<10 mZ/g) 
samples (Table 1). For the pure MgO the 
methane conversion at 750°C is quite low, 
the main products being ethane and carbon 
dioxide (Table 2). The ethene-to-ethane mo- 
lar ratio is as low as 0.2. For the pure BiOCI 
a similar low activity is observed with a 
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TABLE 2 

Methane Oxidative Coupling Activity over BiOC1-Based Catalysts at 750°C 

Sample Catalyst" Conversion Selectivity (%) 
no. (%? 

C2H 4 C2H6 CO 2 
CH4 02 

CzH4/C2H6 C 2 yield 
Ratio (%) 

CO 

1 MgO 4.5 43.2 8.3 39.5 47.5 
2 BiOCI 5.0 43.8 15.0 37.0 44.8 
3 10% BiOC1/MgO 9.5 79.7 28.2 25.0 44.8 
4 20% BiOCI/MgO 10.4 82.1 32.5 26.8 36.2 
5 30% BiOC1/MgO 14.7 82.3 36.8 18.0 41.2 
6 40% BiOC1/MgO 14.5 81.5 37.5 25.0 31.1 
7 10% BiOCI- 18.4 62.0 62.0 21.4 16.6 

10% Li2CO3/MgO 
8 40% BiOCI- 22.8 80.5 60.0 16.0 24.0 

10% Li2CO3/MgO 
9 10% BiOC1- 20.7 73.6 58.6 16.3 20.0 

40% Li2CO3/MgO 
10 40% BiOCI- 20.2 82.5 56.4 15.6 28.0 

40% Li2CO3/MgO 
11 10% Li2CO3/MgO 9.4 56.9 16.8 21.5 51.1 
12 20% LizCO3/MgO 10.5 59.8 18.0 25.7 47.5 
t3 30% Li2CO3/MgO 14.7 51.4 18.1 36.3 37.6 
14 40% LizCO3/MgO 12.4 50.5 17.2 53.7 20.3 
15 6% LiCl/MgO 11.8 48.2 10.1 30.3 51.4 
16 7% LiC1-8% LizCO3/MgO 13.6 52.4 16.1 27.2 48.8 

4.7 0.2 2.1 
3.2 0.4 2.6 
2.0 1.1 5.1 
4.5 1.2 6.2 
4.0 2.0 8.1 
6.4 1.5 8.1 
0 2.9 15.3 

0 3.8 17.3 

5.1 3.6 15.5 

0 3.6 14.5 

10.6 0.8 3.6 
8.8 0.7 4.6 
8.0 0.5 8.O 
8.8 0.3 8.8 
8.2 0.3 4.8 
8.0 0.6 5.9 

a Composition is on mol% basis; space velocity: 15,000 cm 3 g t h-i (at NTP). 
h Conversion is in mol%, measured after 1 h of reaction. 

slight improvement in the ethene-to-ethane 
ratio. 

When BiOCI was supported on MgO, 
some increases in the conversion of meth- 
ane and selectivity to C 2 hydrocarbons were 
observed. In addition, the ethene-to-ethane 
ratio became higher than unity. However, 
upon increasing the BiOC1 content from 10 
to 40 mol%, no significant change either in 
the methane conversion or in the selectivity 
to C2 hydrocarbons was observed. The 
ethene-to-ethane molar ratios vary between 
1.1 and 2.0. 

When 10% Li2CO 3 was introduced into 
10% BiOCI/MgO, the methane conversion 
increased up to 18 mol% and the selectivity 
to C2 hydrocarbons up to 83 mol% compared 
to 5 and 52%, respectively, for the unsup- 
ported BiOCI, the ethene-to-ethane molar 
ratio being 2.9. Increasing the BiOC1 con- 

tent up to 40 mol% (Li2CO3 at 10%) in- 
creased the methane conversion to 22.8 
mol% and the ethene-to-ethane molar ratio 
to 3.8, but the C2 selectivity decreased to 
76%. However, for the system with maxi- 
mum BiOCI and Li2CO 3 contents (40% 
BLOC1-40% Li2CO3/MgO) there was no sig- 
nificant change in conversion, selectivity, 
and ethene-to-ethane molar ratio compared 
to the two systems mentioned above. The 
C2 hydrocarbon yield was much higher over 
the BiOCI-LizCO3/MgO systems than those 
over unsupported and supported systems 
free of L i 2 C O  3 . 

Comparison with the Li2CO3/MgO sys- 
tems (without any BiOC1) shows that these 
catalysts are much inferior to the BiOCI- 
Li2CO3/MgO systems, particularly in terms 
of C2 selectivity, yield and ethene-to-ethane 
ratio. Moreover, increasing the L i 2 C O  3 c o n -  
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TABLE 3 

Methane Oxidative Coupling Activity over SmC13-Based Catalysts at 750°C 
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Sample Catalyst a Conversion Selectivity (%) C2H4/C2H6 
no. (%)b Ratio 

CH4 02 
C2H 4 C2H 6 CO 2 CO 

C 2 yield 
(%) 

1 SmzO3 14.0 60.6 13.0 18.8 55.5 12.7 0.70 
2 SmCI 3 10.2 63.7 12.3 12.5 70.2 5.0 0.95 
3 7% SmCI3/MgO 14.3 62.7 13.3 12.4 70.2 4.1 1.1 
4 28% SmC13/MgO 17.3 54.3 18.0 16.8 62.2 3.0 1.1 
5 7% SmC13- 15.1 55.5 23.5 20.0 54.2 2.3 1.2 

10% Li2CO3/MgO 
6 28% SmCI 3- 16.3 64.0 35.2 26.3 36.5 2.0 1.3 

10% Li2CO3/MgO 
7 7% SmC13- 15.5 65.8 36.2 23.5 36.0 4.3 1.5 

40% Li2COjMgO 
8 28% SmC13- 18.4 58.7 57.5 20.0 20.5 2.0 2.8 

40% LizCOCMgO 

4.4 
2.7 
3.7 
6.0 
6.6 

10.0 

9.3 

14.3 

a Composition is on mol% basis; space velocity: 15,000 cm 3 g-I h-1 (at NTP). 
b Conversion is in mol%, measured after 1 h of reaction. 

tent from 10 to 40 mol% decreases the eth- 
ene-to-ethane molar ratio from 0.8 to 0.3, 
although the total C 2 selectivity for 40% 
LizCO3/MgO is close to that for the 
BiOC1-LizCO3/MgO systems. 

The CH 4 conversions over SmC13 is 
higher than that over BiOCI but the C2 selec- 
tivity is much lower (Table 3). However, the 
CzH4/C2H 6 ratio is somewhat larger for the 
former. Supporting SmC13 on MgO does not 
make any noticeable change in its perfor- 
mance, and increasing its content up to 28 
mol% does not bring about any enhance- 
ment in conversion and selectivity. Upon 
introduction of Li2CO3 to SmC13/MgO some 
increase in the C2 selectivity and decrease in 
selectivity to COx were observed. However, 
the C z H 4 / C z H  6 ratio remained almost un- 
changed at 1.1-1.2. Only when the SmC13 
content was increased to 28 tool% and that 
of LizCO 3 to 40%, the C 2 selectivity and 
ethylene-to-ethane molar ratio increased to 
77.5% and 2.8, respectively, which are com- 
parable to those observed for 10% BiOC1- 
10% LizCO3/MgO. The C2 hydrocarbon 
yield over this SmCl3-based sample was also 
comparable to that of the BiOCl-based one. 

Unsupported MnCI z promotes, to a great 
extent, the formation of carbon oxides, the 
total C2 selectivity being less than 20% and 
the ethylene-to-ethane molar ratio after at- 
taining the steady state being 0.5 (Table 4). 
It should be mentioned that the initial ethyl- 
ene-to-ethane ratio over pure MnCI2 was as 
high as 23.5 but decreased to 0.5 within 20 
rain of reaction. Unlike BiOCI or SmCI3, 
supporting MnCI 2 on MgO results in an infe- 
rior system which drastically reduces the 
C2 selectivity and promotes mainly the CO 2 
formation. When LizCO 3 was introduced 
into the supported systems (MnC12/MgO), 
only a minor increase in methane conver- 
sion was observed. Still the carbon oxides 
remained the major products (higher than 
90% selectivity), with C2 hydrocarbons less 
than 10% and the ethylene-to-ethane ratio 
less than 0.7. The C2 hydrocarbon yield was 
very low over any MnCl2-based sample. 

Figure 2 presents the variation of the total 
C2 selectivity with time-on-stream over the 
catalysts at 750°C. Only two systems, 
namely, 10% BiOCI-10% Li2CO3/MgO and 
28% SMC13-40% Li2CO3/MgO, operate in a 
stable manner for at least 12 h, unlike the 
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TABLE 4 

Methane Oxidative Coupling Activity over MnCl2-Based Catalysts at 750°C 

Sample Catalyst s Conversion Selectivity (%) C2H4/C2H 6 
no. (%)b Ratio 

CH4 0 2 
C2H 4 C2H 6 CO 2 CO 

C 2 yield 
(%) 

1 MnCI z 6.2 50.3 6.5 12.5 77.0 4.0 0.5 
2 10% MnCIz/MgO 5.8 75.3 0.1 0.9 93.2 5.8 0.11 
3 40% MnCIz/MgO 10.6 78.2 0.2 1.8 92.0 6.0 0.11 
4 10% MnCI z- 13.1 76.1 0.4 1.6 94.4 3.6 0.25 

10% LizCO3/MgO 
5 10% MnCI 2- 12.1 68.7 11.2 17.1 69.6 2.0 0.65 

40% LizCO3/MgO 
6 40% MnC12- 16.0 66.4 2.6 4.8 87.6 4.6 0.51 

10% Li2CO3/MgO 
7 40% MnCI 2- 15.9 68.0 3.8 5.5 85.7 5.0 0.70 

40% Li2CO3/MgO 

1.2 
0.06 
0.2 
0.3 

3.4 

1.2 

1.5 

Composition is on mol% basis; space velocity: 15,000 cm 3 g-i h-~ (at NTP). 
b Conversion is in tool%, measured after 1 h of reaction. 

corresponding systems without any Li2CO 3 
and the MnCla-based systems. The initial 
high C: selectivity with a high ethylene-to- 
ethane molar ratio (2.9) is maintained, after 
an initial slight decrease, over the 10% 

"6 fi 
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FIG. 2. Change in selectivity to C 2 hydrocarbons with 
time-on-stream over BiOCI-, SmCI3-, and MnC12-based 
catalysts at 750°C. (The numbers in parentheses repre- 
sent the ethylene-to-ethane ratios.) ( I )  10% 
BiOCI/MgO, ([3) 10% BiOCI-10% Li2CO3/MgO, (A) 
28% SmCls/MgO, (G) 28% SMC13-40% Li2COs/MgO, 
(©) 40% MnClz/MgO, (×) 40% MnCI2-40% 
Li2COs/MgO. 

BiOCI-10% Li2CO3/MgO system and to a 
smaller extent over the 28% SMC13-40% 
Li2CO3/MgO system. The methane conver- 
sion did not vary much during this period. 

To establish the effect of the contact time 
on the methane conversion and selectivity, 
the amount of catalyst was varied while 
holding the flow rate constant at 50 ml/min. 
It was found (Fig. 3) that the methane con- 
version and the selectivity (both to C2 hy- 
drocarbons and carbon oxides) were depen- 
dent on the contact time only for very short 
contact times (small catalyst content). With 
the increase in contact time, the conversion 
and selectivity became more or less inde- 
pendent of the contact time, but the ethyl- 
ene-to-ethane ratio continued to increase. 
These observations are consistent with re- 
ported values (52). 

Figure 4 shows that the methane conver- 
sion increases with temperature over the 
three catalysts presented, the BiOCl-based 
one exhibiting the highest conversion (24%) 
at 800°C. However, the C2 selectivity varies 
differently over these catalysts. Over the 
BiOCl-based catalyst the C2 selectivity in- 
creases with temperature, that over SmC13- 
based catalyst passes through a maximum at 
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FIG. 3. The effect of contact time on methane conversion (11) and selectivity to CzH 4 (IS]), C2H 6 (O), 
total C2 (@), and CO x ( × ) over BiOCI-, SmC13-, and MnCl2-based catalysts at 750°C. (a) 10% BiOCI- 10% 
Li2COa/MgO, (b) 28% SMC13-40% Li2CO3/MgO, and (c) 40% MnC12-40% Li2CO3/MgO. 

750°C, whereas that over  the MnCI2-based 
catalyst decreases with increasing tempera- 
ture. The ethylene-to-ethane molar ratio in- 
creases with temperature  over  the BiOC1- 
and SmCl3-based samples, but decreases 
over  the MnC12-based samples. 

Figure 5 presents methane conversion 
and C2 selectivity as a function of  partial 
pressure of  the reactants.  The partial pres- 
sures of  methane and oxygen were changed 
such that the methane- to-oxygen ratio var- 
ied between 2 and 8. It was found that the 
methane conversion decreased and the C2 
selectivity increased as the methane-to-oxy- 
gen ratio increased (higher methane partial 
pressure).  The selectivity to carbon oxides 
decreased to some extent  with the increase 
in methane- to-oxygen ratio. The three cata- 
lysts have similar conversion levels but the 
BiOCl-based catalyst has a higher C2 selec- 

tivity compared to the SmC13-based cata- 
lyst, whereas the MnClz-based catalyst 
showed a negligible C 2 selectivity. The eth- 
ylene-to-ethane ratio decreased to some ex- 
tent with the increase in methane- to-oxygen 
ratio, except  for the MnCl2-based catalyst  
which showed a negligible C2 selectivity 
from the beginning. 

XRD Analysis 

Pure BiOCI is a crystalline solid. After 
calcination of BiOCI at 750°C for 15 h a dif- 
ferent phase structure emerges which pre- 
sumably belongs to Bi24031C110 (Fig. 6) ac- 
cording to Sill6n and Edstrand (53). When 
10% BiOCl is supported on MgO and cal- 
cined at 750°C for 15 h, both MgO and 
Bi24031C110 were  detected,  with low inten- 
sity for the latter and significantly reduced 
intensity for the former (Fig. 6). Upon intro- 
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Li2CO3/MgO. 

ducing 10% Li2CO 3 to this BiOCI/MgO sys- 
tem, the XRD signals of  the calcined sam- 
ples completely disappeared, indicating that 
a further structural change has occurred.  
Increasing the LizCO3 content  to 30 or 40 
mol%, XRD peaks were again observed for 
MgO, Bi24031Cl10, and some new com- 
pounds such as LiBi304C12. After the cata- 
lytic reaction, the 10% BiOCI-10% 
Li2CO3/MgO catalyst exhibited well- 
resolved XRD peaks which belong to MgO 
and Bi203 mainly. 

For  the calcined SmC13.6HzO no new 
phase (such as Sm203, SmOC1) was, how- 
ever,  detected,  although it has been sug- 
gested that SmOCI, whose structure is simi- 
lar to that of  BiOC1, could be obtained in 
crystallized form under certain conditions 
(54, 55). When 7% SmC13 is dispersed on 
MgO support  and the sample is calcined at 

750°C, the XRD peaks of  MgO and SmCI 3 
become more prominent.  Upon introducing 
10% Li2CO 3 to this system and calcining at 
750°C for 15 h, mainly MgO, SmC13, and 
Sm203 were detected, whereas after the ca- 
talytic reaction only the peaks for MgO and 
Sm203 survived. However ,  when the SmCI3 
and Li2CO 3 contents were increased to 28 
and 40%, respectively,  on MgO with subse- 
quent calcination, the XRD peaks of  MgO, 
Sm203, and SmCI3 disappeared, indicating 
that a largely amorphous solid solution has 
been formed which escapes detect ion by 
XRD. After reaction, this sample shows the 
presence of  the Sm203 phase mainly. 

Pure MnC12 also shows crystalline behav- 
ior but with a smaller peak intensity than 
SmCI 3. Upon dispersing 10% MnCI 2 on 
MgO with subsequent calcination at 750°C 
for 15 h, the chloride is conver ted  to an ox- 
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FIG. 5. The effect of partial pressure of the reactants on methane conversion (11) and selectivity to 
C2H 4 ([]), C2H 6 (©), total C2 (@), and COz (×) over BiOCI-, SmCI3-, and MnCl2-based catalysts at 
750°C. (a) 10% BiOCI-10% Li2COJMgO, (b) 28% SMC13-40% Li2COJMgO, and (c) 40% MnCI2-40% 
Li2CO3/MgO. 

ide with a noticeable increase in the peak  
intensity. Addition of  10% Li2CO 3 to this 
sys tem does not result in new peaks,  either 
before or after reaction.  However ,  when the 
MnCI z and Li2CO3 contents  are increased to 
40% each and the sample is calcined at 
750°C, the peak  intensities drastically de- 
crease and after the catalytic reaction they 
complete ly  d isappear  (as in the SmCI3- 
based sample).  

Thermal Analyses 

Tempera tu re -p rog rammed  decomposi-  
tion (TPD) and tempera tu re -programmed 
reduction (TPR) studies were  per formed in 
order  to gain a bet ter  understanding of  the 
decomposi t ion  and reduction behavior  of  
the calcined catalysts .  The analyses were  
under taken to identify the tempera tures  at 
which intensive dissociation of  chlor ine 

f rom the samples takes place, and also to 
detect  the pr imary initial species which are 
present  in the catalyst.  The react ion condi- 
tions used for the TPR exper iments  are, 
however ,  different f rom those for the meth- 
ane coupling reactions.  

Pure BiOCI dissociates chlorine f rom its 
crystalline lattice intensively at 850°C, as 
can be seen f rom the TPD profile (Fig. 7). A 
broken shoulder around 650°C with a 
smaller intensity indicates that some disso- 
ciation takes place at a lower tempera ture .  
From 870°C the tempera ture  was kept con- 
stant and the change was mainly isothermal.  
For  10% BiOC1/MgO the dissociat ion takes 
place at a lower tempera ture  (780°C) and is 
a lmost  complete  at 870°C, indicating that 
BiOC1 is well dispersed on MgO. For  10% 
BiOCI-10% Li2COa/MgO the TPD peak  
reaches a max imum at a much lower temper-  



332 KHAN AND RUCKENSTEIN 

q 

• - -  i - , , , , , l e t v  ~ , ~  • - v  r - r ~  

3 
. A 

20.0 40.0 50.0  80 .0  
2Theka 

FIG. 6. XRD patterns of the BiOCl-based catalysts after calcination at 750°C for 15 h and after the 
oxidative coupling of methane at 750°C for 6 h. (For comparison the diffraction pattern for the uncal- 
cined BLOC1 is included.) (1) BLOC1 (uncalcined), (2) BiOCI (calcined), (3) 10% BiOCl/MgO (calcined), 
(4) 10% BiOCI-10% LizCO3/MgO (calcined), and (5) 10% BiOCI-10% Li2CO3/MgO (post-catalysis). 

ature (700°C) and the profile becomes paral- 
lel to the baseline from 700 to 870°C and 
remains parallel during isothermal heating 
for 2 h at 870°C. This indicates that the de- 
composition is not complete even under the 
isothermal condition (870°C). In order to ex- 
clude any contribution from CO2 evolved 
from Li2CO 3 , the product effluent was 
passed through a molecular sieve 5A column 
which traps the CO2 and moisture. Even 
then the influence of the underlying decom- 
position of the LizCO 3 cannot be excluded 
(56) since this changes the thermal conduc- 
tivity of the material. 

Pure SmCI 3 and MnCI 2 release less chlo- 
rine than BiOCI under the same conditions 
as can be seen from the area under the pro- 
file, and the peaks for maximum dissociation 
are at lower temperatures, 680-700°C (Fig. 
7). The TPD profiles return to the baseline 

at 800°C, indicating that the dissociation is 
presumably complete, unlike BiOCI. For 
28% SmCl3-40% LizCOa/MgO no new fea- 
ture emerges in the TPD profile which shows 
a broad peak between 625 and 725°C. In 
contrast, 40% MnCI2-40% LiECOa/MgO ex- 
hibits intensive dissociation which reaches 
a maximum at 750°C and remains parallel to 
the baseline at that level even under the 
isothermal decomposition. Evidently, the 
presence of Li2CO 3 enhances the decompo- 
sition of the compound. 

Figure 8 shows the TPR profiles of the 
various chloride-based samples. In order to 
exclude any contribution from HCI or other 
volatile compounds, the products were 
passed through a liquid nitrogen trap. Pure 
BLOC1 exhibits two peaks, one at 680°C and 
the other at 800°C, while 10% BiOC1/MgO 
shows a valley-like TPR profile with the 



OXIDATIVE COUPLING OF METHANE 333 

o 

, I , I , I , l I I , 

500 600 700 800 900 

Tempera tu re ,  *(2 

FIG. 7. Temperature-programmed decomposition 
(TPD) profiles of the BiOCI-, SmC13-, and MnCl2-based 
catalysts (50 rag) after calcination at 750°C for 15 h. 
(From 870°C the decomposition is isothermal, which 
continues for 2 h.) (1) BiOCI, (2) 10% BiOCI/MgO, 
(3) 10% BiOCI-10% Li2CO3/MgO, (4) SmCI3, (5) 28% 
SMC13-40% Li2COflMgO, (6) MnCI2, and (7) 40% 
MnC12-40% Li2COflMgO. 

peaks centered at lower temperatures (620 
and 670°C) than before. When doped with 
Li2CO3, the sample shows a narrow peak at 
650°C and a broken shoulder at 600°C. 

Pure SmC13 and MnCI2 as well as the 
MgO-supported chlorides do not show any 
meaningful TPR profile; only some H2 up- 
take is observed. SmCI 3 is more inert than 
MnCI: under the TPR conditions. Only 
when 40% LizCO 3 is introduced into 40% 
MnClz/MgO does the TPR profile show a 
sharp peak at 725°C. 

SEM Studies 

The charging effect due to the presence 
of chlorine has not allowed to obtain very 
good micrographs. A few for BiOCI are pre- 
sented in Figs. 9a-9e. The micrograph of 
the fresh BiOCI clearly shows a randomly 
distributed layered structure as has been 
pointed out by Sill6n and Edstrand (53). 
After calcination at 750°C for 15 h, the 

sheets of BiOCI fused together. When 10% 
BiOCI is supported on MgO and subse- 
quently calcined, the micrographs reveal a 
granular structure. Addition of the lithium 
carbonate to the 10% BiOCI/MgO system 
followed by calcination results in the ag- 
glomeration of the granules. After the cata- 
lytic experiments at 700-800°C for 6 h, the 
10% BiOCI-10% LizCO3/MgO system ex- 
hibits again a granular structure with larger 
and well-shaped granules with small crys- 
tallites (presumably Bi20 ~) adhered to their 
surface. 

XPS Studies 

Table 5 summarizes the electron-binding 
energies of the Bi 4f, CI 2p, Mg 2p, Li ls, 
O ls, and C ls levels detected in the BiOC1- 
based samples. From the fresh BiOCI to the 
calcined and post catalysis 10% BiOC1-40% 
LizCO3/MgO the binding energies for Bi 4f7/2 

tt 
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5O0 6O0 7OO 8OO 9OO 

Temperature, "(2 

F1G. 8. Temperature-programmed reduction (TPR) 
profiles of the BiOCI-, SmCl3-, and MnC12-based cata- 
lysts (50 mg) after calcination at 750°C for 15 h. (1) 
BiOCI, (2) 10% BiOCI/MgO, (3) 10% BiOCI-10% 
LizCOJMgO, (4) SmCI3, (5) 28% SmCI3/MgO, (6) 28% 
SmCI3-40% Li2CO3/MgO , (7) MnCIz, (8) 40% 
MnClz/MgO, and (9) 40% MnCI2-40% Li~CO3/MgO. 
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FIG. 9. SEM micrographs of the BiOCl-based catalysts. (a) BiOCI (uncalcined), (b) BiOCI (calcined, 
750°C, 15 h), (c) 10% BiOCI/MgO (calcined, 750°C, 15 h), (d) 10% BiOCI-10% Li2CO3/MgO (calcined, 
750°C, 15 h), and (e) 10% BiOCI-10% Li2CO3/MgO (post-catalysis). 

are between 158.5 and 159.5 eV, and those 
for Bi 4f5/2 between 163.9 and 164.9 eV, 
which are in agreement with the literature 
(48). These values correspond to trivalent 
bismuth. The C ls  and O ls spectra with 
binding energies of  285.0-290.4 and 
529.2-532.1 eV, respectively,  provide evi- 
dence that multiple carbon and oxygen spe- 
cies are present  on the catalyst surface. The 
higher binding energy of  O ls is ascribed to 
the carbonate- type,  whereas the lower value 

to the oxide-type oxygen.  For  C 1 s the lower 
binding energy is ascribed to graphite or hy- 
drocarbons and the higher to carbonates  
(57). The C1 2p spectra exhibit a very  noisy 
background due to the charging effect. For  
some samples, these spectra show a doublet 
2P3/2 and 2pl/2 with a split of  1.7 eV. 

The surface composition of the elements 
present in the samples after various pre- 
treatments is presented in Table 6. In the 
fresh BiOC1 the surface atomic concentra- 
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Electron Binding Energies of the Elements in the BiOCI-Based Samples as Measured by XPS ~ 
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Sample Pretreatment Binding energy (eV) 
or reaction 
condition Bi 43~/2 Bi 4f5/2 Mg 2p Li ls C1 2p O ls C ls 

BiOCI Uncalcined 159.5 164.9 
BiOC1 Calcined, 750°C, 15 h 158.8 164.2 

m 

BiOCI Calcined, and reaction 158.8 164.2 - -  
with CHJO2, 
700-800°C, 6 h 

10% BiOCl/MgO Calcined, 750°C, 15 h 158.8 164.2 49.2 

10% BiOC1/MgO Calcined, and reaction 158.7 164.2 49.5 
with CH4/O2, 
700-800°C, 6 h 

20% BiOC1/MgO Calcined, 750°C, 15 h 158.5 163.9 48.9 

20% BiOCI/MgO Calcined, and reaction 158.5 163.9 49.3 
with CHJO 2 , 
700-800°C, 6 h 

10% BiOCI- Calcined, 750°C, 15 h 159.0 164.3 49.4 
10% LizCO3/MgO 

10% BiOC1- Calcined, and reaction 158.9 164.2 49.3 
10% Li2CO3/MgO with CH4/O2, 

700-800°C, 6 h 
10% BiOCI- Calcined, 750°C, 15 h 159.2 164.6 49.4 

40% Li2CO3/MgO 
10% BiOC1- Calcined, and reaction 158.9 164.4 49.3 

40% Li2CO3/MgO with CHJO2, 
700-800°C, 6 h 

- -  198.3 530.4 285.0 
- -  197.9  529.9 285.0 

199.4 
- -  198.0  529.8 285.0 

199.7 

- -  198.4  530.0 285.0 
199.5 531.9 290.4 

- -  198.9  530.0 285.0 
532.0 290.1 

- -  198.1 529.9 285.0 
531.8 289.7 

- -  198.3 532.1 285.0 
289.9 

54.9 198.0 531.7 285.0 
199.4 290.4 

54.9 198.0 531.7 285.0 
199.5 290.1 

- -  198.0  531.4 285.0 
290.0 

- -  198.0  529.2 285.0 
289.1 

For charge referencing the C ls line was used at 285.0 eV. 

t ions  o f  Bi,  O,  and  CI a r e  rough ly  equ iva -  
len t  to the  s t o i c h i o m e t r i c  va lues .  A f t e r  
ca l c ina t i on ,  the  Bi c o n t e n t  i n c r e a s e s  to  
s o m e  ex t en t ,  w h e r e a s  tha t  o f  ch lo r ine  dras -  
t i ca l ly  d e c r e a s e s  a c c o m p a n i e d  b y  an in- 
c r e a s e  in the  o x y g e n  level .  A f t e r  the  ca ta -  
ly t ic  r e a c t i o n  the  Bi c o n t e n t  d e c r e a s e s  to 
s o m e  ex t en t ,  w h e r e a s  tha t  o f  ch lo r ine  de-  
c r e a s e s  fu r ther .  T h e s e  d e c r e a s e s  in Bi and  
C1 c o n t e n t s  a re  m o r e  n o t i c e a b l e  for  the  
c a l c i n e d  I0 and  20% B i O C I / M g O  af te r  the  
c a t a l y t i c  r e a c t i o n s  than  t h o s e  be fo re  the  
r eac t ion .  F o r  t h e s e  s u p p o r t e d  s y s t e m s ,  
the  C Is  s p e c t r a  r e v e a l  the  p r e s e n c e  o f  a 
c a r b o n a t e  s p e c i e s  (30%) w h i c h  is f o r m e d  
due  to  the  a d s o r p t i o n  o f  CO 2 dur ing  the  

r e a c t i o n  and  a lso  f rom the  a t m o s p h e r e  b y  
MgO.  

The  d e c r e a s e  in su r face  b i s m u t h  c o n c e n -  
t r a t ion  tha t  o c c u r s  dur ing  the  c a t a l y t i c  r eac -  
t ion is p r e v e n t e d  w h e n  Li2CO 3 is a d d e d  to  
the  BiOC1/MgO but  the  ch lo r ine  c o n c e n t r a -  
t ion d e c r e a s e s  fu r the r  (Table  6). A l t h o u g h  
the su r face  ch lo r ine  c o n c e n t r a t i o n s  fo r  the  
B i O C I - L i 2 C O 3 / M g O  s a m p l e s  s h o w  s o m e  
d e c r e a s e  a f te r  the  ca t a ly t i c  r eac t i on ,  t h e s e  
va lues  a re  still  m u c h  h ighe r  than  t h o s e  for  
10 and 20% B i O C I / M g O .  

The  sur face  l i th ium cou ld  no t  be  de-  
t e c t e d  in s o m e  o f  the  s a m p l e s  i n v e s t i g a t e d  
(Tab le  6), w h i c h  might  be  r e l a t ed  to i ts 
high vo la t i l i ty  and  high ab i l i ty  to  d i f fuse  
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TABLE 6 

Surface Composition of Various Elements in the BiOCl-Based Samples 

Sample Pretreatment 
or reaction 
condition 

Atomic concentration Cx a (%) 

B i 4 f  Mg 2p Li ls C12p O ls C Is 

BiOCI Untreated 22.05 - -  
BiOCI Calcined, 750°C, 15 h 25.67 - -  
BiOCI Calcined, and reaction 23.79 - -  

with CH4/O2, 
700-800°C, 6 h 

10% BiOCI/MgO Calcined, 750°C, 15 h 2.98 25.67 
10% BiOCI/MgO Calcined, and reaction 0.73 23.29 

with CH4/O2, 
700-800°C, 6 h 

20% BiOC1/MgO Calcined, 750°C, 15 h 3.24 25.00 
20% BiOCI/MgO Calcined, and reaction 1.58 22.10 

with CH4/O2, 
700-800°C, 6 h 

m 

D 

B 

m 

19.23 2 3 . 8 1  34.91 
6.87 36.63 30.83 
5.04 33.95 37.21 

0.74 50.65 19.96 
0.56 56.75 18.68 

0.73 47.47 23.57 
0.53 49.25 26.54 

10% BiOCI- Calcined, 750°C, 15 h 2.41 4.76 15.98 1.17 53.85 21.83 
10% LizCO3/MgO 

10% BiOCI- Calcined, and reaction 2.85 18.64 n.d? 1.10 54.60 22.83 
10% Li2CO3/MgO with CH4/O2, 

700-800°C, 6 h 
10% BiOC1- Calcined, 750°C, 15 h 2.78 17.96 n.d. 4.42 54.47 20.37 

40% Li2CO3/MgO 
10% BiOC1- Calcined, and reaction 3.23 17.25 n.d. 2.26 55.78 21.47 

40% Li2CO3/MgO with CH4/O2, 
700-800°C, 6 h 

a Cx  = ( i x / S x ) / ( ~ , i  l i / S i )  ' where 1 = intensity of the peak; S = atomic sensitivity factor. 
b n.d. denotes not detectable. 

into the bulk of the solid (57). An apprecia- 
ble amount of surface lithium far exceeding 
the bulk stoichiometric value was observed 
only for the calcined 10% BiOCI-10% 
Li2CO3/MgO system and as a result the 
surface magnesium concentration became 
much lower than that in 10% BiOC1/MgO. 
When lithium could not be detected on 
the surface, the surface concentration of 
magnesium increased significantly. 

The binding energies for Sm 4d5/2 were 
recorded (Table 7) and these values corre- 
spond to the trivalent samarium (48). As 
with the BiOCl-based samples, for the 
SmCl3-based samples the C ls and O ls 
spectra provided evidence that multiple car- 
bon and oxygen species were present on the 
catalyst surface. Some platinum impurities 
(72.0 eV) were found on the surface of 7% 

SmC13/MgO. The values for CI 2p levels 
matched well with those for the BiOC1- 
based samples. Instead of Mg 2p, the spec- 
tra for Mg 2s levels were recorded whose 
binding energies corresponded to those in 
literature (48). 

The surface chlorine concentration in the 
MgO-supported SmC13 samples suffers a 
drastic decrease during the catalytic reac- 
tion and that of samarium also decreases to 
some extent (Table 8). Although this surface 
chlorine loss could not be prevented by add- 
ing LizCO 3 to the system, the samarium con- 
tent noticeably increased after the catalytic 
reaction, as also observed with bismuth. 
The presence of lithium in the surface layer 
could be detected only for the calcined sam- 
ple and its value was near to that of the 
initial bulk value. 
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Sample Pretreatment Binding energy (eV) 
or reaction 
condition Sm 4d5/2 CI 2p Mg 2s Li ls  O ls C ls  

7% SmCI3/MgO Calcined, 750°C, 15 h 132.8 198.9 88.5 - -  531.8 
199.8 

7% SmCI3/MgO Calcined, and reaction 132.8 198.6 88.2 - -  532.0 
with CH4/O2, 
700-800°C, 6 h 

28% SmC13/MgO Calcined, 750°C, 15 h 132.4 198.6 88.4 - -  532.0 

28% SmC13/MgO Calcined, and reaction 132.4 198.6 88.3 - -  529.4 
with CH4/O2, 532.1 
700-800°C, 6 h 

28% SmC13- Calcined, 750°C, 15 h 134.1 198.9 89.9 56.1 532.3 
40% Li2CO3/MgO 200.3 

28% SmC13- Calcined, and reaction 132.0 198.2 88.4 n.d. b 532.0 
40% L%CO3/MgO with CHJO2, 199.9 

700-800°C, 6 h 

285.0 

285.0 
290.4 

285.0 
290.4 
285.0 
290.2 

285.0 
290.3 
285.0 
289.8 

a For charge referencing the C ls line was used at 285.0 eV. 
b n.d. denotes not detectable. 

DISCUSSION 

Catalytic Performance 
The present work demonstrates that the 

presence of bismuth oxychloride in 
Li2CO3/MgO or of certain compositions of 
samarium chloride in Li2CO3/MgO results 
in more active and stable catalysts, capable 
of more selectively converting methane into 
C2 hydrocarbons with an appreciable ethyl- 
ene-to-ethane ratio than the corresponding 
unsupported or undoped systems. In con- 
trast, manganese chloride, either alone or 
supported on MgO with or without Li2CO3, 
promotes mainly oxidation to CO2. This in- 
dicates that the nature of the cation associ- 
ated with chlorine and the presence of 
Li2CO 3 are two key factors that determine 
the selectivity, the ethylene-to-ethane ratio, 
and the stability of the catalysts. The differ- 
ence in performance is clearly not a result 
of surface area. The catalyst that exhibits 
the best performance in terms of con- 
version, selectivity, ethylene-to-ethane 
ratio, and stability (10% BiOCI-10% 
Li2CO3/MgO) has a specific surface area of 

2.8 m2/g, which is comparable to those of 
the SmCI 3- and MnC12-based samples. 

As observed in the present study, the se- 
lectivity to C2 hydrocarbons, particularly 
that to ethylene, is greatly enhanced in the 
presence of certain cations (Bi, Sm). Conse- 
quently, not only the active chlorine species 
produced by the interaction of the catalyst 
with water (which is a by product of OCM) 
but also the cation plays a role in the en- 
hancement of the coupling process. To ver- 
ify if, indeed, bismuth plays a role in the 
process, experiments have been performed 
by employing LiCI/MgO as well as LiCI- 
Li2CO3/MgO (samples 15 and 16, Table 2). It 
was found that the C2 selectivity was much 
lower than that over the BiOCl-based cata- 
lysts with C2H4/C2H 6 becoming less than 
unity. However, it is not the mere presence 
of bismuth (or samarium) and chlorine that 
produces effective and stable catalysts. 
Only when Li2CO 3 was added to the 
BiOCI/MgO, did the system become effec- 
tive and stable. This suggests that the true 
active sites for the formation of methyl radi- 
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TABLE 8 

Surface Composition of Various Elements in the SmCl3-Based Samples 

Sample Pretreatment 
or reaction 
condition 

Atomic concentration Cx a (%) 

Sm 4d5/z CI 2p Mg 2s Li ls O ls C ls 

7% SmC13/MgO Calcined, 750°C, 15 h 4.28 4.07 21.91 - -  56.84 12.68 
7% SmCI3/MgO Calcined, and reaction 3.77 1.87 19.05 - -  59.33 13.94 

with CHJOz, 
700-800°C, 6 h 

28% SmCI3/MgO Calcined, 750°C, 15 h 12.08 17.58 10.23 - -  41.47 18.64 
28% SmCI3/MgO Calcined, and reaction 10.59 8.08 8.90 - -  52.43 20.00 

with CHJO2, 
700-800°C, 6 h 

28% SmC13- Calcined, 750°C, 15 h 3.02 30.31 8.86 3.62 3 1 . 9 1  22.28 
40% LiECO3/MgO 

28% SmC13- Calcined, and reaction 8.24 4.62 12.91 n.d. b 51.92 22.31 
40% Li2CO3/MgO with CH4/OE, 

700-800°C, 6 h 

" Cx = ( I x lSx ) / (Z i  l i l S i ) ,  where 1 = intensity of the peak; S = atomic sensitivity factor. 
b n.d. denotes not detectable. 

cals generated, presumably, at the oxy- 
chloride/oxide interface are stabilized by 
the presence of Li. 

The effect of operating conditions on the 
catalysts' performance reported in the pres- 
ent work suggests a possible path to the 
various reaction products. The generation 
of methyl radicals by the reactive oxygen 
species of the catalyst is the primary step in 
the OCM process (3, 4). These radicals then 
desorb into the gas phase where they com- 
bine to produce ethane, which is partially 
dehydrogenated to ethylene. Methyl radi- 
cals could also react with gaseous dioxygen 
or oxygen species present on the surface, 
forming reactive intermediates which de- 
compose to produce carbon oxides. The 
present findings suggest that the formation 
of methyl radicals by the catalysts is an im- 
portant step of the overall synthesis since 
an empty reactor gave a negligible methane 
conversion. Presumably, this primary step 
is facilitated on the catalyst surface, to a 
greater extent, by the oxygen species than 
the chlorine species. Indeed, the finding that 
the C H  4 conversion is changed very little by 
the presence of chloride catalysts (without 

Li2CO3) indicates that the chlorine species 
are less likely to enhance the formation of 
methyl radicals under the conditions em- 
ployed. The enhancement of ethylene-to- 
ethane ratio in the presence of certain chlo- 
ride catalysts suggests that the chlorine spe- 
cies are involved in the generation of CzH 5 
radicals from C2H 6 and ultimately of C2H 4 (a 
sequential product) through a chain reaction 
(42). Since in the absence of the chlorine 
species the ethylene-to-ethane ratio is very 
small, the dehydrogenation by the reaction 

C2H 6 + 20~-  ~ C2H 4 + 2 OHm- 

is not very significant over the chloride cata- 
lysts. The methane conversion, C2 selectiv- 
ity, and C2H4/C2H 6 ratio are greatly in- 
creased when LizCO 3 is also present in some 
of the chloride catalysts. This indicates that 
the Li2CO 3 additive plays a major role both 
in enhancing the generation of active sites 
for methyl radicals and blocking some of 
those for carbon oxides. 

The increase in ethylene-to-ethane ratio 
with the contact time observed in 10% 
BiOCI-10% Li2COs/MgO and 28% 
SMC13-40% Li2CO3/MgO is also indicative 
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of sequential reactions in which ethylene is 
formed via a consecutive reaction pathway 
involving the dehydrogenation of ethane. 
The formation of the latter is also facilitated 
by higher temperature, as evidenced by Fig. 
4, suggesting that the gas-phase reactions 
become important. In addition, the chlorine 
species, presumably, block to some extent 
the total oxidation sites on the surface of the 
catalysts. The moderate decrease in ethyl- 
ene-to-ethane ratio as the methane partial 
pressure increases indicates that the dehy- 
drogenation of ethane is retarded by high 
methane-to-oxygen ratios. This happens be- 
cause the decreased amount of oxygen shifts 
the equilibrium between ethane and ethyl- 
ene in the direction of ethane. The CH4/O~ 
ratio also affects the extent of oxidation of 
ethane and ethene (58). 

Relationship between Physico-chemical 
Properties and Catalytic Behavior 

The physical and chemical characteristics 
of the catalysts, particularly the cooperation 
among various components, are reflected in 
their catalytic performance. The XRD anal- 
ysis reveals that pure as well as BiOCI 
supported on MgO is transformed into 
Bi24031Cl10 after calcination and that the sys- 
tem 10% Li2CO3-10% BiOC1/MgO fails to 
present any peaks. After the catalytic reac- 
tion, however, the main phases detected 
were MgO and Bi20 3, which indicate that 
the chloride phase decomposes to a great 
extent during reaction. Such phase modifi- 
cation does not imply that chlorine is com- 
pletely lost from the solid. Indeed, the XPS 
results revealed that the surface chlorine, 
although in depleted amount, was still pres- 
ent on the solid surface even after the cata- 
lytic reaction, and the amount was much 
higher when Li2CO 3 was added to 
BiOCI/MgO, indicating that lithium plays a 
role in the retention of some of the chlorine. 
The catalytic stability exhibited by the sys- 
tems Li2CO3-BiOC1/MgO may be related to 
the stabilization of bismuth on the surface, 
and to the retention of some chlorine. The 
fact that lithium disappears from the surface 

during calcination and reaction is due to its 
high volatility. Evidently, the introduction 
of Li is beneficial probably because the va- 
cancies generated by its disappearance from 
the surface facilitate the formation of active 
sites. 

The TPD experiments show that by sup- 
porting BiOCI on MgO, the dissociation 
temperature is shifted to a lower value 
(750°C), and to an even lower value (700°C) 
when LizCO 3 is added. For the latter system 
the decomposition is not complete even dur- 
ing the isothermal heating (870°C), which 
indicates that the rate of chlorine release is 
slower than that for BiOC1/MgO. However,  
the molten state of LizCO 3 and the underly- 
ing decomposition of the Li2CO 3 (56) phase 
as well as intraparticle and interparticle 
mass transfer can affect the TPD peaks. 

In an attempt to verify the possible exis- 
tence of redox sites which are known to 
facilitate the oxygen transfer between the 
gas phase and the crystalline lattice, TPR 
experiments were performed with the cal- 
cined samples. Only for the BiOCl-based 
samples (which are reducible) meaningful 
TPR profiles were obtained (Fig. 8). The 
TPR and the XRD analyses are consistent 
in that while the latter reveals the likelihood 
of transformation of BiOCI into B i240 3 I Cll0,  
and possibly into LiBi304C1 when LizCO 3 is 
added, the former reveals the existence of 
two reduction sites which might be related 
to those complex phases. 

The observation that after the catalytic 
reaction the SEM micrograph of 10% 
BiOCI-10% LizCO3/MgO sample exhibited 
a well-shaped granular structure, instead of 
the initial sheet structure, indicates that the 
reaction environment facilitates the forma- 
tion of an active surface layer. The presence 
of BiOCI disrupts the interactions between 
LizCO 3 and MgO, making the resulting ma- 
terial easy to grind, as also observed during 
the sample preparation in Ref. (56). 

The catalysts based on SmC13 were less 
active, and only one sample with high SmCI3 
and LizCO 3 contents (28% SMC13-40% 
LizCO3/MgO) resulted in an effective sys- 
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tem. Although it was suggested that the hy- 
drated precursor SmC13. 6H20 forms 
SmOCI upon heating (55, 59), no such phase 
was detected by XRD. Even if a SmOC1 
phase was formed, it might have escaped 
XRD detection due to its low concentration. 
The SmCla-based samples failed to show 
any characteristic TPD or TPR profiles, un- 
like the BiOCl-based samples. The absence 
of any noticeable TPD peak suggests that 
the concentration of chlorine released is not 
high enough under the conditions employed. 
The relatively inert behavior of the 
SmCI3/MgO, even after the addition of 
LizCO3, in the TPR mode indicates that such 
samples lack any reducible sites, which fa- 
cilitate the oxygen transfer between the gas 
phase and the catalyst under the OCM con- 
ditions. However,  the XPS evidence shows 
that the addition of lithium carbonate pre- 
vents the decrease of the surface samarium 
concentration in the course of the catalytic 
reaction, as observed for bismuth. This sta- 
bilization of samarium may play a role in 
the high C2 selectivity and stability of the 
catalyst. 

Although MnC12 is likely to form manga- 
nese oxychloride under mild conditions 
(42), it is transformed into an oxide under 
severe conditions. The XRD evidence 
shows that MnC12 is transformed into MnO2 
after calcination. The TPR profiles confirm 
this observation by revealing reduction sites 
which are characteristics for MnO:. In view 
of this transformation into MnO2, which is 
well known as a catalyst for complete oxida- 
tion of C H  4 to C O  2, it is unlikely that the 
MnCl2-based samples would produce effec- 
tive catalytic systems in the OCM process. 

CONCLUSION 

The following conclusions can be drawn 
from the present study: 

(1) In the OCM process, the formation 
of ethylene from ethane is a consecutive 
reaction which is greatly enhanced in the 
presence of certain oxychloride or chloride 
catalysts supported on MgO containing 
L i 2 C O  3 • 

(2) Bismuth oxychloride-lithium carbon- 
ate/magnesia as well as some compositions 
of samarium chloride-lithium carbonate/ 
magnesia act as active, selective, and stable 
catalysts for the OCM process, yielding 
up to 15% C2 hydrocarbons with an appre- 
ciable ethylene-to-ethane ratio (2.8-3.8). 
In contrast, manganese chloride-lithium 
carbonate/magnesia promotes mainly ex- 
haustive oxidation of methane to carbon 
oxides. 

(3) The nature of the chloride catalyst, 
reaction temperature, contact time, CH4/O 2 

ratio, and the partial pressures of methane 
and oxygen are important factors in de- 
termining the C H  4 activity, C2 selectivity, 
and ethylene-to-ethane ratio. 

(4) The performance of the active cata- 
lysts is found to depend mainly on the pres- 
ence of chlorine, the nature of the cation 
associated with chlorine, and the stabilizing 
effect of lithium carbonate. In spite of a sig- 
nificant decrease in the surface chlorine dur- 
ing calcination followed by a lower decrease 
during the catalytic reaction, the BiOCI- 
and SmC13-based catalysts remained ac- 
tive, selective, and stable for a period of 
12 h. 

(5) The precursor materials (BiOC1, 
SmC13" 6H20, and MnC12) are found to ex- 
hibit chemical and physical changes under 
calcination and reaction conditions, and 
these modifications lead to the formation of 
active (for BiOCI and SmC13) or inactive 
(MnC12) systems when they are added to 
Li2CO3/MgO. 
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