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Magnes ium oxide samples  doped with different Ioadings of zinc and manganese  oxides with and 
without lithium carbonate  being present  in the preparation were evaluated for their catalytic activity 
towards  the oxidative coupling of  methane  to higher hydrocarbons .  When Li2CO 3 is excluded,  the 
exhaus t ive  react ions of methane  to form carbon oxides are favoured.  With a doped Li2CO3/MgO 
catalyst ,  a methane  convers ion of  >25% and a selectivity to C, hydrocarbons  of  near  60% was 
retained but not enhanced  in the presence of  different loadings of Zn oxide at 805°C. Low loading 
of  Mn oxide on Li2CO3/MgO resulted in a methane  convers ion of  >35% and a selectivity to C, 
hydrocarbons  of  near  50%. At high Mn oxide loadings the methane  convers ion decreases  and the 
C 2 selectivity is less than 30% due to more exhaus t ive  oxidation.  The activity of  the doped catalyst  
is related to the physico-chemical  properties,  especially surface morphology,  and metal oxide 
reducibility on the basis of  SEM, XRD, TRP,  and electron microprobe analysis .  ~,.: 1991 Academic 
Press, Inc. 

1. I N T R O D U C T I O N  

It has been demonstrated by Driscoll and 
Lunsford (1) that when methane was passed 
over MgO or Li2COs-doped MgO at 500°C 
in the presence of oxygen C2 hydrocarbons 
were formed. Furthermore, Ito and Luns- 
ford (2) reported that a methane conversion 
of 37.5% with a C2 selectivity of 46.5% was 
achieved at 770°C. The catalytic efficiency 
of the Li2CO3/MgO system has been con- 
firmed by others (3-5). 

The doping of MgO with alkali metal was 
shown to result in a more effective material 
for the oxidative coupling reaction com- 
pared to MgO itself or MgO doped with re- 
ducible metal oxides (6). In addition cata- 
lysts prepared from the alkaline earth metal 
oxides and carbonates have been shown to 
be active for the oxidative coupling reaction 
of methane (7, 8). 
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In this paper the methane oxidative cou- 
pling activity resulting from supporting dif- 
ferent loadings of Zn oxide, a nonreducible 
oxide, and Mn oxide, a reducible oxide, on 
MgO and Li2CO3/MgO are discussed. The 
relationship between activity and the phys- 
ico-chemical properties of the catalysts are 
explored. This represents part of a compre- 
hensive study of the activity of these cata- 
lysts doped with various transition metal ox- 
ide. The information was sought with the 
aim of further understanding the reaction 
mechanism and to enable an improvement 
in the Li2CO3/MgO catalyst activity and C~ 
selectivity to be made. 

2. E X P E R I M E N T A L  

in the preparation of the catalysts, MgO 
powder (Strem) was added to boiling water 
and the mixture was continuously stirred. 
After ! h, the required amount of LizCO 3 
(Strem) was added. The appropriate amount 
of the transition metal nitrate, zinc or man- 
ganese, was added half an hour later. In the 
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case of a transition metal oxide supported 
on MgO the procedure was repeated but no 
Li2CO a was added. 

The suspension was continuously heated 
and stirred until a thick paste formed. 
This paste was left under room conditions 
overnight before being dried at 120°C for 
10 h. A portion of this material was then 
removed and set aside. Another portion 
was compacted at 15,000 psi to form a 
disk of 30 mm in diameter and 6 mm in 
thickness. These disks were later broken 
into cubes of about 6 mm in dimension 
and calcined in air at 900°C for 10 h in a 
platinum crucible. Under such conditions 
with a low partial pressure of carbon diox- 
ide the lithium carbonate can decompose 
to the oxide (9). A precalcination tempera- 
ture of 900°C was selected in order to 
achieve a stable catalytic system which 
would not sinter or lose material apprecia- 
bly at a reaction temperature of 700-850°C. 
All the calcined material was ground and 
sieved to select a particle size less than 43 
/~m for the catalytic studies. 

The catalytic activity of these materials 
was determined using a microreactor made 
of Alsint (AI:O3) operated at atmospheric 
pressure. The reactor was replaced at regu- 
lar intervals to avoid contamination by vola- 
tile components of the catalyst. In blank 
experiments the methane conversion at 
800°C was less than 3%, well below the 
value for suitable catalytically active materi- 
als. An amount of catalyst, normally 0.2 g, 
was used with a total gas flow rate of 25 ml/ 
min. The partial pressures of methane and 
oxygen in the reactant stream were near 220 
and 110 Torr, respectively, with the balance 
being helium. These parameters correspond 
to average methane flow characteristics of 
36.2 ml methane/g catalyst/rain. The efflu- 
ent from the reactor was connected to a HP 
5890 gas chromatograph. The composition 
of the gas was analysed using the thermal 
conductivity detector of the GC. Helium 
was used as the carrier gas at a total flow 
rate of 60 ml/min and the reference flow 
rate was 30 ml/min. Temperature-pro- 
grammed treatment of the Carbosieve S 

column was used in order to achieve good 
separation between the gas components. 
Water is one of the major products of 
the oxidative coupling reaction. Since the 
presence of water speeds up the degenera- 
tion of the column a copper tube immersed 
in a 1-hexanol bath at -44°C was used to 
trap out most of the water. Carbon mass 
balances were always better than 95%.The 
C 3 and C 4 yields were less than 2 C mol% 
of product when explicitly monitored. 

The composition of the prepared catalyst 
was determined by the atomic absorption 
spectroscopic method. A Varian AA1475 
series atomic absorption spectrometer was 
used in these determinations. X-ray pow- 
der diffraction patterns of the catalytic 
materials were obtained with a Philips pow- 
der diffractometer. A CuKa source was 
used under operating conditions of 40 kV 
and 20 mA. 

Temperature-programmed reduction 
(TPR) was performed on the catalytic ma- 
terials using a laboratory built apparatus 
(10). The reductant gas used was hydrogen, 
with argon as the diluent gas. The gas flow 
rates of 0.5 ml/min hydrogen and 5 ml/min 
argon were controlled by Porter electronic 
mass flow controllers. 

The average particle size of the prepared 
catalyst, and the morphology of calcined 
sample was studied by scanning electron 
microscopy (SEM). A Philips 505 SEM 
was used for this purpose. The samples 
that were normally used "as prepared" for 
the calcined samples, or as a pressed disk 
for powdered samples, were gold coated 
prior to being studied. A Jeol JXA 50A 
electron microprobe analysis was used to 
study the surface composition of a selected 
catalyst. The samples were in the forms of 
"as prepared" or as pressed disks suitably 
carbon coated as for the SEM studies. 

3. RESULTS AND DISCUSSION 

3. I Catalyst Compositions and Catalytic 
Activity 

The compositions of the zinc oxide doped 
Li2CO3/MgO and MgO catalysts as deter- 
mined by AAS are presented in Table I. 
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TABLE 1 

Composition of Calcined MgO and Li2CO3/MgO Catalysts Doped with Different Loadings of Zinc Oxide 

Sample Mol% Li Mol% Zn 

Znl - -  0.3 
Zn2 - -  0.6 
Zn3 - -  2.2 
Zn4 - -  9.4 
LiZn0 27.3 0.0 
LiZn I 21.4 0.3 
LiZn2 16.8 0.6 
LiZn3 24.2 2.6 
LiZn4 21.4 11.9 

Data are presented on a mole percent basis 
relative to the magnesium loading. For ref- 
erence, 21.4 mol% Li corresponds to 6.1 
wt%. 

The effect of zinc oxide loading on the 
activity of Li2CO3/MgO catalyst has been 
determined and the activity data are pre- 
sented in Table 2. The results are reported 
after 2-h time-on-stream. 

For reactions at 710 and 760°C the total 
methane conversions are largely indepen- 
dent of zinc loading. Comparing the activity 
of these catalysts at 805°C, it is observed 
that the percentage of methane conversion 
is near 30% except for the catalyst with 2.6 
wt% zinc. The presence of zinc oxide re- 
sulted in only minor changes in total 
conversion relative to the undoped sample, 
designated LiZn0. Studies by previous re- 
searchers (11, 12) have demonstrated that 
lithium-doped ZnO catalysts can be active 
for methane oxidative coupling, but conver- 
sion and selectivity are usually lower than 
for Li/MgO catalysts under comparable 
conditions. In no case was full oxygen con- 
sumption achieved. At 800°C, when the zinc 
oxide loading was 2.6 mol%, the lowest 
methane conversion of around 22% was 
achieved although the product distribution 
was similar to that at other loadings. While 
the partial pressures of reactants were 
slightly lower in this case this observation 
provides an incomplete explanation for the 
discrepancy. 

The activity of the zinc oxide-doped MgO 

catalysts at 805°C has been determined and 
the results are presented in Table 3. An ex- 
haustive oxidation with full oxygen con- 
sumption occurs favouring the formation of 
carbon dioxide. A slight decrease in meth- 
ane conversion occurs with increasing Zn 
loading, but this is not considered sig- 
nificant. 

The effect of reaction temperature on the 
activity of samples with different loadings 
of zinc oxide on Li2CO3/MgO catalysts is 
also given in Table 2. Generally similar 
trends between the product distribution and 
temperature were observed over these cata- 
lysts. At low temperatures, ethane and car- 
bon dioxide are the major products. At 
higher reaction temperatures the overall C2 
yield and selectivity to C 2 H  4 increases. 

The composition of catalysts with differ- 
ent Ioadings of Mn oxide on Li2COz/MgO 
and MgO as determined by AAS is given in 
Table 4. The activity of the Li2CO3/MgO- 
doped catalyst at 805°C is affected by the 
Mn loading (Table 5). The presence of Mn 
oxide on Li2CO3/MgO resulted in a signifi- 
cant increase in the total methane conver- 
sion but not in the product quality. At a 
loading of 0.1 mol% Mn, the methane con- 
version was 36% compared with 27% for 
the undoped catalyst. The highest methane 
conversion (39%) occurred over a 0.3 mol% 
Mn-doped catalyst. The C 2 selectivity was 
near 53% compared with 64% for the un- 
doped catalyst. 

The activity data of catalysts with differ- 
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T A B L E  2 

The Activity of  Calcined Li2CO3/MgO Catalysts Doped with Different Loadings  of  ZnO 

T(°C) PO 2 PCH 4 Convers ion"  Carbon Selectivity" 
(Yorr) (Yorr) 

CH 4 O~ C2H 6 C2H 4 CO CO~ 

LiZn0(0.0) 
800 117 219 27 49 30.3 33.8 0.0 35.9 
760 14 22 46.4 32.2 0.0 30.5 
710 6 14 41.1 7.3 0.0 51.6 

LiZnl  (0.3) b 
805 116 234 27 58 29.7 25.7 1.9 42.4 
760 17 42 35.5 9.3 0.0 55.3 
710 8 22 33.3 5.4 0.0 61.3 

LiZn2 (0.6) 
805 112 225 30 61 28.1 33.7 1.6 36.6 
760 15 27 47.6 15.9 0.0 36.6 
710 5 8 47.9 12.7 0.0 29.4 

LiZn3 (2.6) 
805 107 214 22 42 32.5 33.4 0.0 34.1 
760 12 18 51. I 22.7 0.0 26.2 
710 3 2 77.3 22.7 0.0 0.0 

LiZn4 (11.9) 
805 107 224 32 75 28.0 26.1 1.6 43.3 
760 17 36 45.8 10.8 0.0 43.3 
710 5 6 68.6 10.3 0.0 18. I 

" Percent.  
h Mol% Zn. Total flow rate 25 ml min- l .  

ent loadings of  Mn oxide on MgO at 805°C 
are prcsented in Table 6. These catalysts 
favour the exhaustive oxidation of methane 
to carbon dioxide as was the case for the 
ZnO/MgO systems (Table 3). Full oxygen 

consumption occurs even at a low manga- 
nese loading. It was also observed that at 
higher manganese loadings the amount of  
methane converted decreased slightly while 
selectivity to carbon dioxide increased. The 

T A B L E  3 

The Activity of  MgO Catalysts Doped with Different Loadings  of Zinc Oxide at 805°C 

T(°C) PO~ PCH 4 Convers ion"  Carbon selectivity" 
(Torr) (Torr) 

CH 4 O, C2H 6 C2H 4 CO CO, 

Znl  (0.3) b 107 199 29 
Zn2 (0.6) 109 215 28 
Zn3 (2.4) 105 207 28 
Zn4 (9.4) 105 217 27 

100 9.3 0.0 0.0 90.7 
100 8.1 0.0 6.3 85.6 
100 7.3 0.0 10.0 82.7 
100 10.6 0.0 4.9 84.5 

" Percent.  
b Mol%. Total flow rate 25 ml m i n -  t. 
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TABLE 4 

Composition of Calcined Li2CO3/MgO and MgO Catalysts Doped with Different Loadings of Manganese Oxide 

Sample Li/Mn/MgO Sample Mn/MgO 
Mn" 

Li" Mn" 

LiMnl 21.7 0.1 Mnl 0.1 
LiMn2 20.7 0.3 Mn2 0.4 
LiMn3 22.4 2.0 Mn3 2.0 
LiMn4 24.2 8.8 Mn4 9.2 

" MoI%. 

trend in CO yields with temperature was 
different for the two catalysts. 

Higher methane conversion at all reaction 
temperatures was observed over Li2CO3/ 
MgO doped with Mn oxide compared to the 
corresponding Zn oxide-doped catalytic 
system; however, the selectivity to C 2 com- 
pounds was generally lower at the higher 

conversions. A decrease in the reaction tem- 
perature resulted in a decrease in methane 
conversion but it was not necessarily fol- 
lowed by the increase in C 2 selectivity. On 
the catalysts with Mn Ioadings of 0.1 and 0.3 
mol% the C2 selectivity increases to a value 
of >64% with a decrease in reaction temper- 
ature to 710°C; however, the C2 selectivity 

T A B L E 5  

The ActivityofCalcined Li2CO3/MgO CatalystDoped with DifferentLoadingsofManganeseOxide 

T(°C) PO 2 PCH 4 Conversion" Carbon Selectivity" 
(Tow) (Torr) 

CH4 0 2 C2H 6 C2H 4 CO CO 2 

LiMnl (0.1) h 
805 112 233 36 84 
760 24 49 
710 8 15 

LiMn2 (0.3) 
805 109 228 39 95 
760 28 60 
710 10 18 

LiMn3 (2.0) 
805 111 237 38 100 
760 28 73 
710 11 28 

LiMn4 (8.8) 
805 108 227 31 100 
760 27 97 
710 19 74 

23.6 31.4 0.0 45.1 
35.0 25.9 0.0 39.1 
48.6 15.8 0.0 6.7 

22.0 31.0 0.0 47.0 
31.3 29.7 0.0 39.1 
48.9 16.6 0.0 34.5 

21.6 26.3 0.0 52.1 
28.4 19.4 0.0 52.2 
37.4 11.4 0.0 51.2 

16.5 10.4 0.0 73.1 
13.8 5.5 0.0 80.7 

5.4 1.9 0.0 92.7 

a Percent. 
b Mol%. Total flow rate 25 ml min-t. 
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T A B L E  6 

The Activity of  MgO Catalys ts  Doped with Different Loadings  of Manganese  Oxide at 805°C 

T(°C) PO 2 PCH 4 Convers ion"  Carbon selectivity" 
(Torr) (Tort) 

CH 4 0 2 C2H 6 C2H 4 CO CO 2 

Mnl  (0.1) ° 114 218 28 100 4.6 0.0 14.3 81.1 
Mn2 (0.4) 105 217 28 100 6.3 0.7 10.0 81.3 
Mn3 (2.0) 113 222 27 100 4.6 0.3 4.1 87.6 
Mn4 (9.2) 111 223 26 100 3.1 1.4 0.0 94.5 

a Percent .  
b Mol%. Total flow rate 25 ml min-~.  

over the 8.8 mol% catalyst decreased to 
<8% with a decrease in reaction tempera- 
ture to 710°C. The carbon oxides selectivity 
over these catalysts at all temperatures is 
exclusively to carbon dioxide in contrast to 
the case when Li is not present (Table 5). 
These results demonstrate that while Mn 
oxide on Li2CO3/MgO promotes the overall 
conversion of methane more effectively 
than the zinc oxide dopant the product dis- 
tribution is not as beneficial since the Mn- 
based catalyst shows increased combustion 
activity. 

The results in Table 5 serve to demon- 
strate that selectivity and conversion are in- 
fluenced by the Mn doping levels on the 
catalyst. This effect is associated with the 
physical and chemical changes occurring on 
the Mn oxide-doped Li2CO3/MgO catalysts. 
At a Mn loading of less than 2.0 mol%, the 
high C2 selectivity and the similar product 
distribution trends with reaction tempera- 
ture are consistent with the surfaces of these 
catalysts being chemically similar to those 
for the undoped Li2CO3/MgO catalyst, or 
for the Zn oxide-doped Li2CO3/MgO cata- 
lyst. The increase in methane conversion 
over these catalysts relative to the undoped 
LizCO3/MgO or the Zn oxide-doped LizCO3/ 
MgO catalyst can be related to surface phys- 
ical changes outlined in the next section. 
Over the 8.8 mol% catalyst, however, the 
surface must be chemically different to 
those with lower loadings. This is confirmed 

by SEM studies. The increase in exhaustive 
oxidation of methane over this catalyst (Ta- 
ble 5) is consistent with the findings for the 
Mn oxide/MgO samples (Table 6) and re- 
sults from manganese oxide in a high oxida- 
tion state being present on the surface dur- 
ing the reaction. The manganese oxide may 
be involved in a redox process and hence 
facilitate oxygen transfer on the catalyst sur- 
face. The mechanism apparently increases 
the conversion of methane to carbon diox- 
ide. The zinc ion predominantly exists in an 
oxidation of + 2 and is not reducible under 
the reaction conditions (•3); hence a redox 
process involving ZnO is highly unlikely. 
An alternative explanation is required for 
the exhaustive oxidation of methane over 
ZnO/MgO catalysts (Table 3). An increase 
in surface defects as a consequence of the 
doping may be the explanation. Surface 
areas are in general too small (1-5 m 2 g ~) 
to play a significant role. Furthermore, the 
findings do not reveal a significant variation 
with zinc oxide loading. 

3.2 Physico-Chemical Properties 

3.2.1 Zn oxide-doped MgO and LizC03/ 
MgO systems. The surface layer coating on 
the precalcined (900°C for I0 h) but un- 
ground Zn oxide-doped Li2CO3/MgO sam- 
ples was studied by scanning electron mi- 
croscopy (Fig. 1). This was done to gain 
an insight into surface layer formation, an 
effect which is less clearly visible but still 
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present after grinding the samples for activ- 
ity studies. The undoped Li2CO3/MgO 
shows evidence of a surface coating layer 
(Fig. la) due to carbonate melting (9) rela- 
tive to an uncalcined sample, not shown, 
where a distribution of particles was evident 
mainly in the range from 0.1 to 1/zm. A few 
of the individual particles are still evident in 
Fig. la. At low loadings of zinc, LiZnl (0.3 
mol%), the surface layer increases, Fig. lb, 
and is similar in appearance to the overlayer 
for the undoped sample LiZn0. When the 
zinc loading is substantially increased as for 
LiZn4 (11.9 mol%) a major change in the 
surface morphology is observed. The micro- 
graph for LiZn4 at lower magnification 
(× 203) reveals a honeycomb-type surface 
network while the structure revealed at the 
same magnification (× 5000) as Fig. l a - l b  
shows the underlying MgO particles pre- 
serving much of their original integrity but 
with some fusing together. 

In order to further characterise the Zn 
oxide-doped Li2CO3/MgO catalyst, electron 
microprobe analyses of the various forms of 
these materials have been studied in (Table 
7). The calcined samples are prepared (C) 
and after being ground to a powder (P) were 
examined. The activity studies were per- 
formed on the powdered samples. The anal- 
ysis of the powdered form of the calcined 
sample (P) should represent more closely 
the composition of ,the bulk. The difference 
between the calcined (C) and powdered (P) 
samples should indicate the changes that oc- 
curred near the surface of the calcined cata- 
lysts as a result of precalcination, since the 
Li-rich layers encapsulating the particles are 
thicker than the X-ray escape depth. Micro- 
graphs of the powdered samples (not shown) 
reveal a material with particles of similar 
size to the original MgO crystallites, but 
more irregular in shape. 

On the Li2CO3/MgO catalyst doped with 
Zn oxide the microprobe analyses per- 
formed were for the determination of Mg 
and Zn content while on the Mn oxide- 
doped catalyst the analyses were for Mg and 
Mn. The values for Li present given in Table 

7 were calculated by difference. The cal- 
cined Zn oxide-doped analyses yielded a 
much higher content of Zn than for their 
calcined and powdered counterpart. For ex- 
ample, the calcined LiZn4 sample is pre- 
dicted to have 11.4 mol% Zn in the layers 
analysed which is close to the stoichiometric 
value while the value for the corresponding 
powdered sample is reduced to 2.3 mol% 
Zn. There is an enrichment of the surface 
layers with Zn oxide and Li2CO 3 relative 
to the MgO phase during the precalcination 
stage. The higher average percentage devia- 
tion in the mol% of Mg on calcined samples 
relative to the powdered form (typically a 
factor 5-10) is due to the Li2CO3 phase being 
unevenly distributed on the sample surface. 
Evidence for Li segregation has also been 
obtained from some preliminary XPS 
studies. 

The XRD patterns for samples with differ- 
ent loadings of ZnO on MgO and on Li2CO3/ 
MgO have been determined. No XRD pat- 
tern for the ZnO phase was observed for the 
doped MgO indicating that the ZnO exists 
as small crystallites or is in an amorphous 
form. On the doped LizCO3/MgO catalysts, 
at low loadings of Zn oxide the major fea- 
tures are consistent with the presence of 
MgO and Li2CO 3. At higher ZnO loadings 
the XRD patterns changed considerably and 
the presence of an independent ZnO phase 
is indicated. These observations are consis- 
tent with the electron micrographs, Fig. l b 
and ld. 

In the activity studies it was observed that 
Zn oxide on MgO promoted the exhaustive 
oxidation of methane to carbon dioxide. The 
presence of Zn oxide on MgO is not likely 
to result in a major increase in the redox 
ability of the catalyst. The temperature-pro- 
grammed reduction technique was used to 
confirm the absence of reducible sites on 
the zinc oxide-doped MgO and Li2CO3/MgO 
catalysts. The TPR profiles of ZnO-doped 
MgO catalysts revealed no reducible phases 
while those for zinc oxide-doped Li2CO3/ 
MgO catalysts (Fig. 2a, 2b) were typical of 
the Li2CO 3 decomposition profiles observed 
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FIG. 1. SEM micrographs of  Li2CO3/MgO catalysts doped with different loadings of  Zn oxide after 
precalcination at 900°C for 10 h. (a) LiZn0 ( x 5000); (b) LiZnl ( x 5000): (c) LiZn4 ( x 203): (d) LiZn4 
( × 5000). 
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FIG. I--Continued 
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TABLE 7 

Composition of Calcined and Powdered Li2CO3/MgO Catalysts Doped with Zn and Mn Oxides 

Catalyst Mg Mol% (microprobe)" Lih 
Zn or Mn 

LiZn2-C 24.8(7.1 )" 1.5(6.1 ) '  73.7 
LiZn2-P 80.2(1.2) 0.2(5.7) 19.6 
LiZn3-C 44.8(7.8) 2.8(0.5) 52.4 
LiZn3-P 76.7(1.5) 0.4(2.2) 22.9 
LiZn4-C 24.6(23.8) 11.4(4.6) 64.0 
LiZn4-P 71.0(2.2) 2.3(4.4) 26.7 
LiMn2-C 34.6(12.3) 0.2(7.1) 65.2 
LiMn2-P 80.2( 1.6) 0.4(2.9) 19.4 
LiMn3-C 57.1 (9.1) 2.3(4.1 ) 40.6 
LiMn3-P 66.6(1.2) 2.0(2.8) 32.4 

Note. C, calcined. P, calcined and ground to a powder <43 ~tm. 
" Values determined by microprobe analysis. 
h The difference between 100% and (Mg + metal values). 
' Average % deviation from three analyses. 

on an undoped LizCO3/MgO catalyst, that 
is, a small peak (I) at around 800°C followed 
by a major peak (II) at around 850°C. The 
TPR profiles of the used LiZn3 catalyst also 
indicated the absence of any new reducible 
sites. An increase in the size of the Li2CO 3 
decomposition profiles (Fig. 2d) of the used 
LiZn3 catalyst further confirms the enrich- 
ment of the surface with Li2CO 3 under reac- 
tion conditions. 

3.2.2 Manganese oxide-doped MgO and 
Li2CO3/MgO systems. The presence of Mn 
oxide on Li2CO3/MgO has a detrimental ef- 
fect on the Li2CO 3 layer formation of the 
catalyst samples after the precalcination as 
indicated by comparison of the micrographs 
Figs. l a - lb  with Fig. 3a at the same magni- 
fication and transition metal loading. On the 
0.3 mol% catalyst-LiMn2, some extended 
surface layer was present (Fig. 3a) but on 
samples with higher Mn loadings no such 
extended structure was observed (Fig. 3b). 
At the higher Mn oxide loadings the particle 
size increases significantly relative to the 
parent MgO due to the fusing of particles 
(Fig. 3b). The presence of manganese oxide 
does not appear to stabilise the extended 
carbonate layer that normally coats the 
Li2CO3/MgO catalyst sample after 10 h pre- 

calcination at 900°C. The electron micro- 
probe analyses (Table 7) show that there is 
surface enrichment in the Li and Mn species 
for the calcined samples relative to the MgO 
phase, but the Li enrichment is not as great 
as when the sample was doped with a com- 
parable amount of ZnO. 

The XRD patterns for Mn oxide-doped 
MgO and Li2CO3/MgO catalysts have been 
determined. The patterns for Mnl and Mn2 
show only the presence of crystalline MgO. 
The XRD pattern of the 2 mol% Mn/MgO 
(Mn3) catalyst is consistent with the pres- 
ence of the MnmO4-type phase. The XRD 
patterns of LiMnl and LiMn2 indicate that 
the catalyst consists mainly of MgO and 
Li2CO 3. The XRD pattern for the 2.0 mol% 
Mn on the catalyst LiMn3 is consistent with 
the presence of MgMnO 3, while the peaks 
in the XRD pattern of 8.8 mol% catalyst are 
consistent with the presence of a Li2MnO3 
peak. 

The TPR profiles of the Mn oxide-doped 
MgO and Li2CO3/MgO catalysts are pre- 
sented in Fig. 4. The analyses are under- 
taken to identify the primary initial species 
which are present. The reaction conditions 
for the methane coupling reaction are 
clearly different from those used for the TPR 
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FIG. 2. TPR and decomposition profiles of Zn oxide- 
doped Li2CO3/MgO catalysts. (a) LiZn2; (b) LiZn3; (c) 
LiZn4; (d) used LiZn3. 

sequence. The subsequent reductions iden- 
tified by TPR are unlikely to occur precisely 
as presented here under methane coupling 
conditions especially when there is not com- 
plete consumption of oxygen. However, 
TPR and XRD studies of the used catalysts 
do indicate a reduction in the metal oxide 
species. At a low loading of Mn oxide on 
MgO, the TPR profiles show a broad reduc- 
tion peak between 300 and 600°C. In the 
TPR profiles of the Mn3 catalyst (Fig. 4a) a 
sharp reduction peak between 600 and 700°C 
together with possibly broad reduction 
peaks at lower and higher temperatures 
were observed. 

The TPR patterns of the Mn oxide-doped 
LizCO3/MgO with increasing Mn loadings 
(Fig. 4b, 4c, and 4d) show the presence of 
reduction peaks together with peaks due to 
Li2CO 3 decomposition. The TPR profile of 
the used 2.0 mol% Mn on Li2CO3/MgO and 
2.0 mol% Mn on MgO are given in Figs. 4e 
and 4f respectively. 

For the purposes of discussion the main 

TPR peaks have been labelled I, II, III. The 
other features are due to the Li2CO 3 decom- 
position (see Fig. 2) and are not discussed 
further. The reduction sequence identified 
by comparison with TPR studies of the par- 
ent Mn oxides, thermodynamic considera- 
tions, and the XRD data reported above is 
as follows. 

I 2MnO 2 -4- H 2 ~ M n203  + HzO 
II 3Mn203 + H 2 ~ 2Mn304 + H20 
III Mn304 + H 2 --> 3MnO + H20 

This information provides the basis for the 
interpretation of Fig. 4 recognising that fac- 
tors such as hydrogen pressure, flow rate, 
and heating rate as well as the distortion 
caused by the underlying decomposition of 
the Li2CO 3 phase can affect the position of 
the TPR peaks. 

Figure 4a for the Mn3 sample predomi- 
nantly reflects the reduction ofa Mn203 (II)- 
and/or Mn304 (IlI)-type phase in the tem- 
perature range 515-615°C. The LiMn2 and 
LiMn3 samples with lower loadings of Mn 
have a TPR peak (Fig. 4b, 4c) corresponding 
to the reduction of MnO 2 near 430°C (I). 
The area of the peak reflects the increased 
amount of the Mn oxide on the surface of 
the LiMn3 catalyst (Table 7). The second 
reduction peak near 680°C corresponds to 
stages II and Ii1 of the Mn oxide reduction 
in the presence of the lithium salt, but is also 
influenced by the carbonate decomposition. 
The TPR profile for the LiMn4 sample with 
the highest Mn loading (8.8 mol%) is some- 
what different than the other profiles (Fig. 
4d). The XRD evidence is consistent with a 
Li2MnO3 phase being present; furthermore 
the earlier profiles (Fig. 4b, 4c) show that 
peak I moves towards higher reduction tem- 
peratures with an increase in Mn oxide load- 
ings. Hence, the profile is interpreted as the 
reduction of some free MnO 2 (I) followed by 
the reduction of a Mn oxide species which 
is strongly influenced by the presence of 
lithium. The profile is also altered by the 
decomposition of the lithium carbonate in 
the same temperature range. 

For the 0.3 tool% Mn catalyst the reduc- 
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FIG. 3. SEM micrographs of the Li2CO3/MgO doped with different loadings of Mn oxide after pre- 
calcination at 900°C for 10 h. (a) LiMn2 (x  5000); (b) LiMn4 (z  5000). 
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Fl6.4. TPR and decomposition profiles of Mn oxide- 
doped MgO and Li2CO3/MgO catalysts. (a) Mn3; (b) 
LiMn2; (c) LiMn3; (d) LiMn4; (e) used LiMn3; (f) used 
Mn3. 

tion peak (Fig. 4b) at 430°C corresponds to 
phase I while that at 690°C corresponds to 
phases II and III. The intensity of these 
peaks increased at higher Mn loadings (Fig. 
4c). At a loading of 8.8 mol% (Fig. 4d), the 
peak near 700°C becomes more dominant 
while the peak at lower temperatures de- 
creases in intensity. It was also observed 
that the lower temperature reduction peak 
moves towards higher temperature with an 
increase in manganese oxide loadings. The 
reduction peaks are assigned as outlined 
above for the Mn oxide/MgO system. The 
exhaustive oxidation behaviour for the 
LiMn4 and Mn4 catalysts is consistent with 
this interpretation. The peak at around 
420°C in Figs. 4b and 4c may be due to the 
presence of a Li2MnO 3 phase. 

The position and area of peak I on the 
used catalyst (Fig. 4e) is altered compared 
with the fresh material. This observation is 

consistent with a decrease in the reducible 
manganese oxide species on the surface 
after 2 h of use under the reaction condi- 
tions. The shift in peak position to higher 
temperature is consistent with the Mn spe- 
cies interacting more strongly with the un- 
derlying Li-Mg matrix. 

3.3 Relationship between Physico- 
chemical Properties with Catalytic 
Activity 

The physical and chemical characteristics 
of the Li2COJMgO catalysts were influ- 
enced by the presence of the transition metal 
oxides. The SEM micrographs of the cata- 
lytic sample indicate that the oxide doping 
influenced the formation of a surface layer 
on the calcined samples. In the Mn oxide 
case doping also disrupts the interaction be- 
tween Li2CO3 and MgO making the resulting 
material easier to grind. Particles of the 
ground Mn oxide-doped Li2CO3/MgO cata- 
lyst were smaller and more spherical in 
shape compared to ground particles of the 
undoped Li2CO3/MgO catalysts. For the Zn 
oxide-doped Li2CO3/MgO catalysts the in- 
teraction between MgO and Li2CO 3 was not 
significantly disrupted. As a result, when 
ground, the particles of this catalyst are of 
a size similar to that of the undoped oxide, 
i.e., in the range 0.1 to 1.0/~m. 

It was observed from TPR experiments 
that the Mn oxide phases on doped Li2CO3/ 
MgO are available for reduction and hence 
the redox Mn sites can influence the surface 
oxidation of methane. The presence of re- 
dox sites facilitates the oxygen transfer re- 
sulting in higher exhaustive oxidative reac- 
tion activity on the Mn oxide-doped Li2CO3/ 
MgO catalyst. This is especially evident at 
high Mn loadings (Table 5). The decrease of 
selectivity to C2 hydrocarbons can be linked 
to the presence of these sites. Surface area 
changes were considered too small to play 
a significant role in the variation observed. 

The catalytic activity of MgO has been 
observed to be significantly influenced by 
the preparative method, by dopants, and by 
the pretreatment procedure. This parent 
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material and the ZnO/MgO systems (Table 
3) also promote exhaustive oxidation possi- 
bly via surface defects. For the ZnO-doped 
Li2CO3/MgO systems the total conversion 
and high selectivity to C2 hydrocarbons was 
retained but not significantly enhanced with 
increasing Zn loading. At best, an interac- 
tion between ZnO and Li20 or Li2CO3 may 
stabilise the catalyst against lithium loss at 
reaction temperature. Other researchers 
(12, 13, 15) have found Li2CO3/ZnO systems 
to have good methane oxidative coupling 
activity. 

4. CONCLUSION 

The catalytic selectivity of Mn oxide- 
doped LizCO3/MgO catalysts for the oxida- 
tive coupling of methane to C2 products was 
significantly affected by metal loading, 
while a lesser effect was observed for ZnO- 
doped systems. Disruption to the carbonate 
surface layer and the existence of a TPR 
reducible phase was observed on the Mn 
oxide system. These factors influence C2 se- 
lectivity by promoting exhaustive oxida- 
tion. Of the two classes of catalysts investi- 
gated the Zn-doped systems are to be 
preferred because at 805°C they consistently 
yield a methane conversion of >25% and a 
selectivity of C2 hydrocarbons of near 60%. 
However, they are not superior to the un- 
doped Li2CO3/MgO system. The Mn-doped 
catalysts have a higher activity at 805°C, but 
a lower C2 selectivity. 
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