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Catalytic properties of various MgO catalysts for 
oxidative coupling of methane 
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A series of MgO catalysts for the oxidative coupling of methane prepared by different meth- 
ods have been investigated. Specific surface area, XRD and XPS measurement results reveal 
that at lower temperatures catalysts with larger specific surface area, larger lattice distortion, 
smaller crystal dimension, and higher amount of unsaturated coordinated surface oxygen give 
higher catalytic activity. However, if we compare the catalytic properties of the samples 
in terms of unit surface area, the dependence of catalytic properties of the samples will be 
different. 
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1. I n t r o d u c t i o n  

In recent years considerable effort has been devoted to the oxidative coupling 
of  methane  due to the significance of  theory and utilization. It is well known that  
Li-doped metal  oxides possess higher selectivity and higher yield of  C2 hydrocar-  
bons. However,  it is difficult to solve the problem of  deactivation for Li-containing 
oxide catalysts. As a result much  attention has been paid to the alkaline earth and 
rare-ear th  oxides. MgO is considered as a better catalyst in our studies because of  
its relatively high activity and stability, especially at lower temperatures and higher 
GVHS. We examined various sorts of  magnesia and found that  their catalytic prop- 
erties are quite different due to the difference of  preparat ion methods.  In this paper 
structural  factors in the bulk of  the catalysts have been investigated. Further-  
more,  their structural factors are correlated with their catalytic activity for the 
reaction. 
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2. Experimental  

2.1. CATALYST PREPARATION 

Sample A: Pure MgO produced by Merck. 
Sample B: Prepared by decomposing MgCO3 at 1173 K for 8 h. 
Sample C: Prepared by decomposing Mg(NO3)2.6H20 at 1173 K for 8 h. 
Sample D: Obtained from magnesium ribbon. Magnesium strip was pretreated 

in dilute hydrochloric acid so as to get black oxide film on the surface prior to burn- 
ing in pure 02 and collecting the formed white powder. 

Sample E: Prepared by Mg(OH)2. 0.2 tool Mg(NO3).6H20 was dissolved in 
boiled deionized water nearly to saturation. Excessive ammonium hydroxide was 
added under intensive stirring at 343 K. The resulting slurry was washed and filtered 
several times followed by drying at 383 K for 8 h and calcining at 1173 K for 8 h. 

Sample F: Prepared by Mgz(OH)2CO3.0.2 tool Mg(NO3)-6H20 was dissolved 
in 100 ml water (solution A) and 0.4 tool ammonium hydrocarbonate in 500 ml 
water (solution B). Solution B was added to A under magnetic stirring. A white 
granular precipitate gradually formed. The obtained precipitate then was heated 
and stirred for 30 rain, washed and filtered several times. Subsequently the catalyst 
was dried at 383 K for 8 h and calcined at 1173 Kfor  8 h. 

2.2. CATALYST CHARACTERIZATION 

(a) The catalytic reaction was carried out in a quartz fixed bed reactor (9 mm 
i.d.). The ratio of reactant gases is CH4 : 02 : N2 = 20 : 10 : 50 ml/min. All the cat- 
alysts were pelletized and sieved to 20-60 mesh. 0.2 g catalyst was embedded for 
each run. In most cases the reaction temperature was set at 723-1073 K, the compo- 
sition of the effluent gases was analyzed by means of a 2305 gas chromatograph 
manufactured in China by Beijing Analytical Instruments Factory, equipped with 
a flame ionization detector and a Porapak Q column. 

(b) X-ray diffraction measurements were performed on a Shimadzu-3DX-X 
ray diffractometer with Cu K~ radiation and Ni filter. Lattice parameter and parti- 
cle size of the samples were determined at a low scanning speed 1/4 ~ Single 
crystal CaF2 was used as standard reference and KC1 was used as internal standard 
for lattice parameter measurements. 

The following equations were employed: 

lattice parameter : 

a = A(h .2 + k .2 + 1'2)1/2(2 sin 0)q;  

particle size : 

D202 = k~(13 - / 3 0 ) -1  (cos 0)-1; 

lattice distortion : 

(fl _ f10)2 = (cos 2 0) = (4/~ 2) ()~/n)  2 + 32(z2)sin220, 
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where @2) represents the mean square lattice distortion of the crystal faced to the 
direction perpendicular to the (h*k*l*) plane. 

(c) The specific surface area of the sample was determined by means of atmos- 
pheric and physical adsorption of air and calculated according to S = AP/ 
m(A + BP), where P is the equilibrium pressure, m the amount of sample, AP the 
pressure difference under equilibrium of the sample before and after adsorption, 
and A and B are apparatus constants. 

(d) Surface composition of samples was measured by using an Escalab MK II 
photoelectron spectrometer equipped with Mg Ka radiation source (12 kV, 
20 mA). The residual pressure was 10 .7 Pa during data collection. Cls (284.6 eV) 
peak was used to calibrate the charge effect. 

3. Results and discussion 

Figs. 1, 2 and 3 show the CH4 conversion, C2 selectivity and C2 yield of MgO cat- 
alysts at 773-1073 K respectively. From these figures it can be seen that there exists 
great disparity in catalytic properties for MgO catalysts prepared by different 
approaches, that only A and B are more selective for C2 hydrocarbon formation at 
823 K and that sample A gives the highest C2 yield. 

3.1. THE EFFECT OF SURFACE AREA ON THE CATALYTIC PROPERTIES 

The dependence of CH4 conversion and C2 yield of the catalysts measured at 
923 K on the surface area are shown in fig. 4. From fig. 4 one can see that CH4 con- 
version and C2 yield are in line with their specific surface areas, i.e., with an 
increase in surface area there is an increase in catalytic properties. 
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Fig. 1. Dependence of CH4 conversion on reaction temperature. 
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Fig. 2. Dependence of C2 selectivity on reaction temperature. 

In order to further understand the dependence of methane conversion and C2 
yield on surface area, we compared them in terms of the unit surface area of the 
samples by using the data given in fig. 4. One can find two points from fig. 5. 
(1) There exists an almost identical relation of change in methane conversion and 
Ca yield per unit area with the specific surface area; (2) the catalysts with equal spe- 
cific surface area exhibit almost equal methane conversion and C2 yield for exam- 
ple, samples B and F (their specific surface areas are all about 25 m 2/g). 

Comparing figs. 4 and 5 one can easily see that the dependences of total methane 
conversion and C2 yield and the corresponding unit ones on specific surface area 
are quite different. Thus, it seems reasonable to consider the active surface of the 
samples. 

Generally speaking, although preparation method and specific surface area 
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Fig. 3. Dependence of C2 yield on reaction temperature. 
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Fig. 4. Dependence of CH4 conversion and C2 yield on specific surface area. 

influence the catalytic properties, the effect of  the former, to some extent, is predo- 
minant. It is to say, if the specific area is almost equal, the catalytic properties are 
also the same in spite of  the difference of preparation approaches. 

As is well known, on the one hand, the larger the surface area, the more the 
active sites for methane coupling; on the other hand, over catalysts with larger sur- 
face area the collision probability of  CH3. radicals with the surface is increased, 
which results in the complete oxidation to COx. The same applies to the tempera- 
ture dependence. Higher temperature will increase the rate of  formation and de- 
sorption of CH3. radicals, which is responsible for the formation of C2 hydro- 
carbons. However, it may also fasten the rate of  deep oxidation. 

In case where the catalyst surface area is smaller and the reaction temperature 
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Fig. 5. Dependence of CH4 2 conversion ( m - )  and C2 yield (m -2) on specific surface area. 
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is lower, the formation rate of CH3. radicals is faster than that of complete oxida- 
tion of methane, so the catalyst with larger surface area has higher methane conver- 
sion. If the catalyst surface area is larger and the temperature is higher, the 
formation rate of CH3- radicals is slower than that of complete oxidation of 
methane, the larger surface area is unfavorable to methane conversion. 

At lower temperatures and in relatively smaller surface area range CH4 conver- 
sion, C2 yield and selectivity are in line with catalyst surface area. The phenom- 
enon that CH4 conversion, C2 yield and selectivity are in line with selectivity 
decrease with the increase of surface area as shown in some references only occurs 
at higher temperatures for the catalysts with very high surface area. For MgO cata- 
lysts, in this paper, the surface areas are not very large, so at lower temperatures 
the larger surface area is beneficial to methane conversion and coupling. The opti- 
mum temperature range for MgO catalysts is 923-973 K. 

3.2. XRD MEASUREMENT 

MgO has face cubic centered structure. There are three characteristic diffrac- 
tion peaks at 35-60 ~ (20). The XRD patterns indicate that diffraction intensity is 
different for the catalysts prepared by different methods. Their lattice parameter, 
crystal dimension, lattice distortion and relative diffraction intensity are presented 
in table 1. It is found that the catalysts with larger diffraction intensity have larger 
crystal dimensions. 

From the surface area formula S = 6/pDhkl it is clear that the catalyst with lar- 
ger crystal dimension provides smaller surface area. This result is consistent with 
that obtained with the air adsorption method. 

The lattice distortion also provides similar information, i.e., the trend of the lat- 
tice distortion is in good agreement with that of CH4 conversion. The catalysts 
with larger lattice distortion have higher CH4 conversion and vice versa. The lattice 
distortion is related to the amounts of lattice defect in the bulk of catalysts. It may 
not only cause the change of surface area but also the lattice distortion influencing 
the catalytic properties. 

Comparatively, the effect of lattice parameter on the catalytic activity is not 
apparent. The lattice parameter influences the bulk structure and then the catalytic 
properties indirectly, i.e., through the lattice dimension and lattice distortion. 

Table 1 
Structure parameters of different MgO oxides for samples A-F 

A B C D E F 

a(/~) 4.2155 4.3151 4.2147 4.2137 4.2165 4.2198 
DE00 (/~k) 422 750 1126 1502 676 376 
(e2)  1/2 • 10 4 6.0 3.0 1.0 0.8 1.7 3.2 
IX/IA a 1.0 2.4 3.1 3.1 2.7 2.1 

IA: intensity of (200) of sample A; Ix: intensity of (200) of samples A-F. 
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Table 2 
XPS data of MgO before reaction 

Sample Cls O ls Mg2p 

(eV) (%) 1 (eu (%) u (eV) (%) total (%) (eV) (%) 

A 289.9 1.5 529.4 1.5 531.2 53.0 54.5 49.3 44.0 
B 289.7 2.4 529.5 16.1 531.5 31.4 47.5 49.1 50.1 
C 289.4 1.9 529.7 28.8 531.7 18.6 47.4 49.1 50.7 
D 289.7 2.3 529.5 23.0 531.7 24.1 47.1 49.1 50.6 
E 289.4 0.9 529.4 20.6 531.4 25.5 46.1 49.2 53.0 
F 289.4 2.3 529.4 13.1 531.4 31.3 44.4 49.2 53.2 

" 1: lattice oxygen; u: unsaturated coordinated oxygen. 

3.3. XPS MEASUREMENTS 

The binding energy of  Ols  , Cls  Mg2p and their atomic percentage on the surface 
of the samples are listed in table 2. Two kinds of oxygen species with different Eb 
are assigned to lattice oxygen (at low energy) and unsaturated coordinated oxygen 
(at relatively high energy), respectively. The relative ratio of these two surface oxy- 
gens is given as well. Fig. 6 shows the relation between the atomic percentage of  
both oxygen surface species and the methane conversion of samples. It seems very 
clear that the lattice oxygen and the unsaturated coordinated surface oxygen have 
opposite effect on the methane conversion. Based on the above discussion one can 
conclude that the unsaturated surface oxygen is beneficial to methane activation. 
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Fig. 6. Dependence of CH4 conversion (923 K) on Ols, 1 (%) and Ols, u (%) for different MgO. 
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