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The interaction of methane with alkali/alkaline-earth oxide catalysts (NaOH-CaO, 
NaOH-BaO-CaO) was investigated at 350,500 and 750°C using X-ray photoelectron spectroscopy. 
Methane interacted with surface carbonate at temperatures of 500 and 750°C while no reaction was 
observed at 350°C. Intermediate states registered on the surface consisted of methoxy species 
and carbonyl groups. Mechanistic aspects of the high-temperature oxidative methane conversion 
reaction tentatively derived from these results are discussed. © 1991 Academic Press, Inc. 

INTRODUCTION 

It is generally assumed that the mecha- 
nism of the oxidative coupling reaction of 
methane consists of several steps occuring 
in parallel and in series (1-4) comprising the 
following reactions: 

(a) formation of methyl species on the 
catalytic surface, 

(b) gas-phase and/or surface recombina- 
tion of methyl radicals to form ethane, 

(c) oxidative and/or thermal dehydroge- 
nation of ethane to ethylene, and 

(d) nonselective oxidation of radicals and 
various C2 species to CO and CO2. 

Catalytic oxidative methane coupling to eth- 
ane and ethylene has been extensively stud- 
ied using alkali/alkaline-earth compounds 
as catalysts (4-12). There is, however, 
rather little information on the elementary 
reaction steps to COx for this type of cata- 
lyst. For Sm203, La~O 3, or Li-MgO cata- 
lysts (13) it has been suggested that CO 2 is 
formed from C z hydrocarbons on the same 
active sites as those where the methyl radi- 
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cals leading to C2 formation are produced. 
Iwamatsu and Aika (12) derived from kinetic 
studies that both C z hydrocarbons and CO x 
originate on NaNO3-CaO and LiNO3-CaO 
catalysts from the same intermediate; i.e., 
the methyl species oxidized by active sur- 
face oxygen is transformed to a methyl-per- 
oxy radical. An advanced understanding of 
these nonselective oxidation processes 
would certainly assist in the design of more 
selective catalysts. In the present contribu- 
tion the interaction of methane with surfaces 
of alkali/alkaline-earth oxide catalysts was 
studied. Sodium hydroxide-calcium oxide 
and sodium hydroxide-barium-calcium ox- 
ide catalysts were exposed to methane at 
temperatures ranging from 350 ° to 750°C and 
the surface composition of the unexposed 
catalysts and those exposed to methane was 
studied using X-ray photoelectron spectros- 
copy with special attention to carbon-con- 
taining species on the surface and to the 
changes in sodium, barium, and calcium cat- 
ion content upon methane exposure. 

EXPERIMENTAL 

Catalysts 

In order to elucidate the change in catalyst 
surface composition and the formation and/ 
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or change of carbon-containing species 
upon exposure to methane, sodium and cal- 
cium or sodium, barium, and calcium con- 
taining catalysts were studied. The catalysts 
were prepared by the incipient wetness 
method in the following way: 

NaOH-CaO: Ca(OH)2 was impregnated 
with an aqueous solution containing 2 tool% 
NaOH; then the solid material was dried at 
120°C and subsequently calcined in nitrogen 
at 750°C (catalyst C-l). 

NaOH-BaO-CaO: Ca(OH)z was impreg- 
nated with an aqueous solution containing 1 
mol% of NaOH; this precursor was subse- 
quently dried at 120°C before an additional 
impregnation was carried out using an aque- 
ous solution of 10 mol% of Ba(CH3COO) 2. 
After further drying at 120°C the catalyst 
precursor was calcined in synthetic air at 
600°C (catalyst C-2). 

Experimental Procedures 

Both types of catalyst were calcined in a 
quartz reactor from which they were quickly 
moved to the preparation chamber of the 
XPS spectrometer (Leybold AG LH-10). 
The experimental procedure consisted in all 
cases of the following stages: 

(a) unless stated otherwise, pretreatment 
in vacuum at the desired temperature for 
l hr, followed by cooling, taking the XPS 
spectrum, and repeated heating according 
to the temperature program specified below; 

(b) addition of methane at 1 bar and room 
temperature followed by raising the temper- 
ature to the desired value and further expo- 
sure to methane for the specified period; 

(c) removal of methane at the reaction 
temperature (unless stated otherwise); 

(d) taking the XPS spectrum; 
(e) in specified cases, repeating b-d at the 

same or changed temperatures as described 
below. 

Four types of experiments (no. 1 to 4), 
each starting with a new calcined sample, 
were carried out: 

Experiment no. 1: Catalyst C-1 was inves- 

tigated. The temperature program applied 
in the pretreatment procedure consisted of 
heating at 640, 670, 700, 730, and 760°C. 
Exposure to methane followed at 750°C for 
l0 rain. 

Experiment no. 2: Catalyst C-1 was inves- 
tigated without vacuum pretreatment. The 
catalyst was exposed to methane at 750°C 
for 10 rain. 

Experiment no. 3: Catalyst C-1 was inves- 
tigated according to the procedure de- 
scribed in b-e without vacuum pretreat- 
ment. The temperatures and periods of 
exposure to methane were 350°C for 10 min, 
350°C for an additional 30 min, 500°C for 
10 rain. The experiment was completed by 
heating the sample in vacuum at 500°C for 
30 rain and taking the XPS spectrum. 

Experiment no. 4: Catalyst C-2 was inves- 
tigated according to the procedure b-e,  
without vacuum pretreatment. The catalyst 
was exposed to methane at 750°C for 10 rain 
and then additionally twice for 30 rain, i.e., 
10,40, or 70 rain. After each exposure to 
methane, methane was removed with simul- 
taneous cooling of the sample. 

EVALUATION OF XPS SPECTRA 

For evaluating the XPS spectra Na Is, Ba 
3d5/2 , Ca 2p, O ls, and C Is peaks were used 
to calculate the surface composition of the 
elements using Wagner's sensitivity factors 
(14). Sodium, barium, and oxygen (O ls, 
oxide) peaks were calibrated for charge shift 
using the Ca 2/93/2 peak while the peaks for 
carbon and oxygen (O Is, OH/CO~-), and 
for reasons of better identification in some 
instances also the sodium peak, were cali- 
brated to the C ls (adventitious carbon) 
peak at 284.7 eV in the case of methane 
treated samples. Calibration for charge shift 
for the calcined sample was done using the 
Ca 2/)3/2 peak. Only for methane-treated 
samples was differential charging observed, 
which suggests that the heterogeneity of the 
catalyst increases. It is assumed that heter- 
ogenous "patches" of differently charged 
sodium compounds and/or carbon species 
are formed on the surface of the catalyst. 
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Sodium, which is strongly enriched on the 
surface (see below), may partly belong to 
this form, which is different from that of the 
bulk of the catalyst. When calibrated against 
C ls the position of the Na Is peak is 1071.5 
eV, which corresponds to Na2CO 3. There- 
fore, it may be assumed that the observed 
peak is a superposition of the peaks of so- 
dium species (NaOH, Na2CO3) belonging to 
two differently charged forms. 

R E S U L T S  A N D  D I S C U S S I O N  

The interaction of NaOH-CaO or 
NaOH-BaO-CaO catalysts with methane 
influences the chemical state and composi- 
tion of the components on the catalyst sur- 
face, depending on the temperatures of 
methane exposure and its subsequent re- 
moval. The chemical state and composition 
of metal cations, oxygen, and carbon on the 
surface are discussed in the following para- 
graphs. Special attention is paid to the reac- 
tion of carbon-containing species on the sur- 
face during the reaction with methane. 

(1) Chemical State of Components on 
the Surface 

Binding energies of sodium, barium, cal- 
cium, oxygen, and carbon for C-2 catalyst 

calcined at 600°C and then heated in meth- 
ane at 750°C are given in Table 1 from which 
the following can be derived. 

(a) Sodium exists on the surface as a mix- 
ture of its oxide, hydroxide, and carbonate 
after calcination. Carbonate formation may 
have been caused by the handling of the 
calcined sample. The position of the Na ls 
peak measured after exposure to methane 
is, for reasons already stated, inconclusive. 

(b) As is to be expected, neither sodium 
nor barium or calcium is reduced during ex- 
posure to methane. 

(c) Oxygen exists as OH- and/or CO~- 
as well as oxide. After the reaction with 
methane the two oxygen peaks show differ- 
ent behavior; oxygen in OH- or CO~ 
groups seems to be shifted in a similar way 
to the carbon peak, which would imply that 
this oxygen peak belongs to the uppermost 
layer together with carbon. 

(d) There are two C 1 s peaks for the cal- 
cined sample; the first is related to adventi- 
tious carbon and the other one to carbonate. 
After the exposure of the solid sample to 
methane an additional C ls peak appears at 
ca 287.6 eV for sample A (10 rain-heated 
catalyst) and 286.6 eV for samples B and C 

T A B L E  1 

Binding Energies  of  Sodium,  Bar ium,  Calcium, Oxygen,  and Carbon for a NaOH(1 mol%)-Ba(CH3COO)z 
(10 mol%)-Ca(OH)2  Cata lys t  ( C -  2) Calcined at 600°C and then Heated  in Methane  at 750°C for Different  

Periods of  Time 

Sample  Na  ls  Ba 3d5/2 Ca 2p3/z 0 ls 0 ls C ls 

I 

OH/CO~-  Adventi t ious - C - O - CO3 2- 
carbon I or 

X C -  / - -  O 

calcined 1072.1 780.6 346.5 529.0 531.5 285.0 - -  289.9 
A a 1072.7 781.1 346.5 529.5 531.2" 284.7* 287.6* 289.7* 
B b 1072.6 781.2 346.5 529.5 531.1" 284.7* 286.4* 289.3* 
C ¢ 1072.8 781.2 346.5 529.7 531.3" 284.7* 286.6* 289.6* 

Note.  All binding energies  were calibrated either to Ca 2p3/2 (346.5 eV) or to C ls  (284.7 eV); the  C l s  calibration 
is indicated by an  aster isk (*). 

a Hea ted  for 10 rain. 
b Hea ted  for 40 min.  
c Hea ted  for 70 min.  
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T A B L E  2 

Content  of Sodium (Na + Ca = 100 at.%) on the Surface of (NaOH(2 mol%)-CaO)  Cata lys t  C-1 

After  Different Pre t reatments  
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Experiment Pretreatment 

Vacuum C H  4 

No. 1 None 640°C 670°C 700°C 730°C 760°C 750°C 
lh lh lh lh lh lh 10 min 

28.1 21.1 19.5 22.3 21.7 22.9 45.4 

No. 2 None CH4 
36.3 750°C 10 min 

46.8 

No. 3 None CH¢ C H  4 CH 4 vacuum 
32.1 350°C 10 min 350°C 40 min 500°C 10 min 500°C 30 min 

22.4 24.0 30.2 31.1 

(40 and 70 min-heated catalysts). The 287.6 
eV peak may be ascribed to aldehydes or 
ketones since the binding energy is charac- 
teristic for the ~C = O group (•4); the 286.6 
eV peak is, however, due to - O -  

I 
groups (i.e., alcohol, ester, ether, peroxide) 
(15). The binding energies of sodium, cal- 
cium, and oxygen for the C-1 catalyst show 
the same pattern for both the C-1 and C-2 
catalysts. There is, however, only one C ls 
peak in all cases at ca 289.5 eV correspond- 
ing to CO32- groups. It may therefore be 
assumed that during the reaction of carbon- 
ate with methane, lower-oxidation-state 
products are formed as unstable interme- 
diates. 

The amount of sodium on the surface 
strongly increases on heating in methane for 
both experiments carried out at 500 and 
750°C but it slightly decreases for the cata- 
lyst heated in vacuum at 350°C in methane 
or at 640-760°C in vacuum. Since sodium 
was also found on the sample holder it is 
implied that the sodium compound melted 
and spread over the system. It does not ap- 
pear justified to assume that sodium com- 
pounds evaporated from the samples and 
solidified afterwards on the holder because 
the sample holder was heated to the same 
temperature as the sample. As the melting 
points of NaOH and Na2CO 3 are 318.4 and 
85 I°C, respectively, it may be assumed that 

(2) Changes in the Surface Composition 
of the Catalyst upon Heating 
in Methane 

The surface-cation content of samples C- 
1 and C-2 before and after exposure to meth- 
ane is given in Tables 2 and 3 and described 
below. (To illustrate the changes in the con- 
tent of alkaline earth metal cations on the 
surface more clearly, only concentrations of 
the metal cations, i.e., Na and Ca or Na, 
Ba, and Ca, are considered and set equal to 
100%.) 

T A B L E 3  

Surface Composi t ion  of the N a O H - B a O - C a O  
Cata lys t  Calc ined at 600°C and Subsequent ly  Exposed  

to Methane  at  750°C 

Sample Time of Composition (at.%) 
exposure 

(min) Na Ba Ca 

calcined - -  17.2 6.8 76.0 
A 10 33.6 8.7 57.7 
B 40 50.7 9.2 40.1 
C 70 55.5 10.2 34.4 
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sodium carbonate was reduced by methane 
at 500 or 750°C to form sodium hydroxide 
and lower-oxidation-state carbon species, 
as is discussed later. It seems justified to 
exclude evaporation of NaOH, as the boil- 
ing point of this compound is 1390°C and its 
vapor pressure is low (1.3 mbar at 739°C). 
On the other hand, as shown later, there was 
no change in the amount of carbonate and 
therefore no carbonate reduction while 
heating at 350°C in methane or at tempera- 
tures ranging from 640 to 760°C in vacuum. 
Changes in the amount of barium were only 
slight after heating in methane. The calcium 
content decreased with increasing exposure 
time significantly according to the increase 
in sodium. 

(3) Reaction of  Carbon-Containing 
Species on the Surface during Exposure 
to Methane 

In order to elucidate the formation of car- 
bon-containing species on the catalytic sur- 
face upon reaction with methane, the sur- 
face composition for C-1 and C-2 was 
determined. The results for the C- 1 catalyst, 
omitting the oxygen content as being irrele- 
vant for the following discussion, are listed 
in Tables 4a-4c and explained below. 

The amount of surface carbonate does not 
change within experimental accuracy upon 

T A B L E  4b 

Surface Composi t ion  of Cata lys t  C-1 (NaOH 

(2 mol%)-CaO)  Calcined and Exposed  to Methane 

(Na + Ca + C = 100 at%; C as CO~-) 

Treatment Composition (at.%) 

Na Ca C as CO~-) 

calcined outside XPS 23.5 41.3 35.2 
equipment at 750°C in N 2 

heated in C H  4 , 750°C ,  10 min 40.5 46.1 13.4 

heating in vacuum at temperature between 
640 and 760°C or in methane at 350°C even 
for prolonged times of 10 to 40 min. This 
would suggest that there is neither carbon- 
ate decomposition on heating (640 to 760°C) 
in vacuum nor any reaction of methane with 
the surface carbonate at 350°C. To support 
this view, it should be mentioned that a simi- 
lar tendency was observed for TiO2: ad- 
sorbed surface formate desorbed readily 
from this solid sample for T < 400°C, but 
once carbonate was formed it could only be 
removed by heating in oxygen (16). How- 
ever, heating in methane at 500 or 750°C 
(experiments 1, 2, and 4) results in a drastic 
decrease in the amount of carbonate on the 
surface, which means that methane reacts 
with surface carbonate. Heating the reacted 

T A B L E  4a 

Surface Composi t ion  of Cata lys t  C-I (NaOH 
(2 mol%)/CaO) Calcined,  Hea ted  at Different 

Tempera tures  in Vacuum,  and Exposed  to Methane 

(Na + Ca + C = 100 at%; C as CO~-) 

Treatment Composition (at.%) 

Na Ca C(CO~ ) 

calcined in external equipment 21.4 54.8 23.8 
at 750°C in N, 

heating in vacuum, for 1 h 
640°C 16.2 60.6 23.2 
670°C 15.1 62.4 22.6 
700°C 17.4 60.6 22.0 
730°C 17.2 62.0 20.8 
760°C 18.3 61.6 20.1 

heating in 1 bar of C H  4 at 750°C 42.3 50.8 6.9 
for 10 rain 

T A B L E  4c 

Surface Composi t ion  of Cata lys t  C-1 (NaOH 
(2 mol%)-CaO)  Calc ined and Exposed  to Methane  at 

350 or 500°C or Heated  in Vacuum (Na + Ca + C = 

100 at%; C as COl-) 

Treatment Composition (at.%) 

Na Ca C(CO~-) 

Calcined outside XPS 23.0 48.6 28.4 
equipment in N 2 at 750°C 

Heated in CH 4 at 350°C for l0 17.5 60.5 22.0 
min 

Heated in CH 4 at 350°C for 40 18.2 57.7 24.2 
min 

Heated in CH4 at 500°C for 10 27.7 64.0 8.3 
rain 

Heated in vacuum at 500°C for 28.1 62.2 9.7 
30 min 
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T A B L E 5  

Surface Composition of Catalyst C-2 
(NaOH-BaO-CaO)  Calcined and Subsequently 
Heated in Methane at 750°C 

Sample Time of Composition (at %) 

exposure 

(rain) O Na  Ba Ca C(CO 2 - c( 2c = o 
I or 
c - o - )  
I 

calcined - -  73.7 3.2 1.3 14.4 7.4 0 

A 10 59.0 9.7 2.5 16.6 8.9 3.3 

B 40 59.5 15.l 2.7 11.9 6.3 4.4 

C 70 61.2 15.0 2.8 9.3 4.5 7.2 

Note. Na + Ba + Ca + O + C = 1 0 0 % ; C a s C O 3 2  , ~ C = O ,  or 

C - O  . 

sample in vacuum at 500°C does not lead to 
any further change in the XPS spectrum, 
suggesting that no carbonate decomposition 
occurs in the absence of methane• As men- 
tioned before, intermediate products in the 
reaction of carbonate with methane were 
observed for catalyst C-2. Table 5, which 
gives the total composition as Na + Ba + 
Ca +~O + C = 100% (C: CO32- or / C = O  
or - C - O - ), illustrates the process of for- • J 
matlon of the suggested intermediates• The 
total amount of carbon grew in experiment 
no. 4 for A (10 rain of exposure) and re- 
mained afterwards stable for B and C (40 
and 70 min of exposure to methane, respec- 
tively)• The proportion of carbonate grew 
slightly for A; for prolonged exposure time 
the amount of carbonate decreased while 

I 

the contribution of the ~C = O or - C - O - 

groups increased; the higher the exposure 
time, the lower the proportion of carbonate 
in the total surface carbon• The total amount 
of carbon asCO32 , ~ C = O ,  or - C - O -  
groups remained stable, however• The oxy- 
gen content decreased after 10 min of expo- 
sure to methane and remained fairly stable 
after extended periods of exposure times• 

From the above results the following may 
be derived: 

(a) There is a reaction of methane with 
surface carbonate species in the high-tem- 
perature region (500°C, 750°C) but no reac- 
tion in the low-temperature region (350°C). 

(b) As intermediate species formed from 
carbonate could only be detected if the sam- 
ple was cooled at the same time as methane 
was removed and no intermediate species 
were found when the sample was outgassed 
at the temperature of exposure to methane, 
it may be assumed that intermediate species 
are unstable both at 500 and 750°C. This is 
in agreement with studies for oxides using 
thermal decomposition, isotope tracer, and 
infrared experiments which showed that 
surface methoxy species did not persist 
above 250°C to ca. 500°C (17-20)• The spe- 
cies observed in experiment 4 could not, 
however, be formed at a lower temperature 
because no surface reaction of carbonate 
with methane took place at 350°C (experi- 
ment 3). On the other hand, adsorption of 
total oxidation products from the gas phase 
may be excluded because there is no oxygen 
in the gas phase to form CO and CO 2. Even 
if some very small amounts of carbon oxide 
had formed from methane by some kind of 
oxidizing species desorbed from the surface 
(oxygen or water), CO adsorption on CaO 
at low temperatures was found by IR and 
UV spectroscopies not to lead to ketonic 
structures but metallated formate (21, 22) or 
"carbonite"  ion CO~ (23) species as an 
intermediate. In the presence of oxygen 
these intermediate species form carbonate 
(21-24)• Similarly, reaction of CO with MgO 
or Al~O3 resulted in the development of sur- 
face formates (25) in the temperature range 
from 102 to 297°C. Adsorption of formalde- 
hyde o n  TiO 2 at temperatures lower than 
400°C also gave rise to surface formate, as 
shown by infrared spectroscopy (26). 

Although the investigated reaction of car- 
bonate with methane is a reduction process 
in the absence of oxygen, conclusions con- 
cerning the total oxidation of methane may 
be drawn if this process is considered to be 
the reversible one of the reductive reaction 
of methane with carbonate• It may be postu- 
lated that high-temperature oxidation in- 
cludes a surface reaction of methane with 
oxygen with formation of unstable interme- 
diates containing methoxy species and ke- 
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tonic groups. Similarly, a surface-located 
oxidation accompanying a gas-phase COx 
formation was postulated by Lo et al. (27) 
when using potassium-doped Sb204-SiO2 
catalysts. The surface-assisted CO x forma- 
tion is believed to involve either methyl radi- 
cals or direct interaction of methane with 
surface oxygen species leading to CO 2 prob- 
ably via methyl-peroxide radicals as sug- 
gested by Ito et al. (5). An adsorbed radical 
of this type certainly cannot be excluded as 
an intermediate since one of the unstable 
intermediates observed in this study con- 
tains the - C - O -  group but the experi- 
mental data alre also consistent with the as- 
sumption of the methoxy radical as outlined 
above. 

The above reasoning does not exclude se- 
lective C 2 formation by methane coupling in 
the absence of oxygen, which was observed 
by Schfifer (28) in pulse experiments using 
11% NaOH-on-CaO catalyst. Due to the de- 
sign of the present experiment no C 2 hydro- 
carbons were looked for. Our findings are in 
agreement with work of Mirodatos et al. 
(29), who found that initial contact of meth- 
ane and oxygen resulted in the irreversible 
adsorption of methane and/or reaction prod- 
ucts held on the surface most probably as 
total oxidation products, i.e., carbonates. 

CONCLUSIONS 

In the presence of alkali/alkaline-earth 
oxide catalysts total oxidation of methane 
occurs at least partly as a surface process. 
From the work described in this study, car- 
ried out by exposing the catalysts to meth- 
ane in the absence of oxygen, it may be 
tentatively derived that this surface process 
consists of the following consecutive steps 
when gas-phase oxygen is present: 

(1) surface oxidation of methane or 
i 

methyl radicals to - C -  O - type products; 
• . I I 

(2) surface oxtdatlon of - C - O - to com- 
pounds containing a ~C = O group, possi- 
bly H2CO; 

(3) surface oxidation of H2CO to surface 
carbonate or CO 2 by oxygen adsorbed from 
the gas-phase. 

Assuming that the total oxidation of meth- 
ane is partly a surface process, calcination in 
methane should, at least to a certain extent, 
poison the total oxidation sites on the sur- 
face and therefore partly suppress this non- 
selective oxidation. This reasoning is sup- 
ported by the experiments of Carreiro and 
Baerns (9) and of Mirodatos et al. (29), who 
observed an increase in selectivity for C2+ 
hydrocarbons when the catalysts were cal- 
cined in the presence of methane before the 
coupling reaction was carried out. 
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