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The conversion of methane to C, hydrocarbons by oxidative coupling was studied using a series 
of potassium-doped bulk and supported antimony oxide catalysts over the temperature range 
700-800°C. A combination of both pulse and flow reaction techniques was used in the study. The 
use of a tapered reactor design significantly reduced any gas-phase contribution to the reaction. 
o-SbrOl was identified as the only antimony oxide phase which gave high Cr selectivity under the 
reaction conditions studied. It was found that addition of potassium to supported antimony oxide 
resulted in a slight increase in the C2 yield and Cz selectivity. Kinetic studies were used to elucidate 
the reaction mechanism. o 1988 Academic PESS, IOC 

INTRODUCTION 

The surface catalyzed reaction of meth- 
ane, leading to the formation of higher ho- 
mologs, has not proven successful mainly 
because the direct coupling of methane is a 
thermodynamically prohibited process at 
temperatures and pressures of interest. If 
an oxidizing agent is present, however, ei- 
ther partial oxidation to methanol or oxida- 
tive coupling can take place. Recent work 
in a number of laboratories (Z-9) has shown 
the feasibility of converting methane to 
higher homologs by reacting it with a metal 
oxide, thereby coupling the methane 
through the abstraction of lattice oxygen 
and the formation of water, i.e., 

xCH4 + (x - 1)MO + 
C,H2x+2 + (x - 1)HzO + (x - 1)M. 

In addition to the oxidatively coupled prod- 
ucts, such as ethane and ethylene, the oxi- 
dation of methane can result in total oxida- 
tion, leading to CO2 and H20. 

Early work by Union Carbide (1) focused 
on screening different metal oxides for the 
oxidative coupling of methane. Oxides of 
most of the low melting metals of IIIA, 
IVA, and VA were shown to exhibit both 
high activity and high selectivity for the 
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coupling reaction. Other catalysts have 
been studied by different workers. For ex- 
ample, Sm203 has been reported to give C2 
selectivities as high as 93% (IO), and PbO/ 
MgO catalyst has been reported to give a C2 
selectivity of 87% (II). Sb204 was chosen in 
the present work as it lies in the low melting 
region of the periodic table and has been 
reported to give high C2 selectivity (1). Ad- 
ditionally, SbZ04 is a well-known allylic ox- 
idation catalyst and has been reported to be 
a good coupling agent in propylene oxida- 
tion (12). This paper reports a study of the 
oxidation of methane, using potassium- 
modified antimony oxide catalysts, in an at- 
tempt to understand the reaction pathways 
leading to both the partial and the complete 
oxidation of methane. 

EXPERIMENTAL 

Catalyst Preparation 

A series of potassium-doped antimony 
oxides was prepared by dissolving the 
acetate salts of potassium and antimony in 
a common solution and gently boiling it 
down, with constant stirring, to a paste. 
This was followed by drying at 120°C and 
calcining, first at 500°C for 15 h and then at 
800°C for 4 h. Catalysts were prepared con- 
taining 0, 2.5, 5, 33, 50, and 66 at.% of po- 
tassium. Attempts to prepare catalysts con- 
taining approximately between 10 and 25 
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at.% K were unsuccessful since such com- 
positions apparently fall within a “eutectic 
region” and would readily melt when sub- 
jected to the prescribed calcination treat- 
ment. 

In addition to the bulk catalysts, Sb204 
and 5% K-Sb204 supported on silica (Cab- 
0-Sil M5) were prepared using standard 
precipitation techniques. Sbz03 was dis- 
solved in concentrated hydrochloric acid 
and the solution added to the proper 
amount of support to give 17.3 wt% Sb 
loading. NH40H was used to precipitate 
Sb203 onto the support. The mixture was 
then stirred for 1 h at 70°C filtered, and 
washed to remove Cl- ions. In the case of 
potassium-doped antimony oxide, potas- 
sium carbonate was added to the Sb203/ 
SiOz suspension. The suspension was 
heated until a thick paste remained, dried, 
and subjected to the described calcination 
treatment. 

The BET surface area of the catalyst was 
determined by NZ physisorption at - 196°C 
using a Micromeritics 2600 system. X-ray 
diffraction (XRD) measurements were per- 
formed using a General Electric diffrac- 
tometer with CuKa radiation. Differential 
thermal analysis (DTA) curves to 1300°C 
were obtained using a Perkin-Elmer 1700 
DTA at SUmin heating rate in flowing air. 

Reaction Studies 

The reaction was studied using a labora- 
tory scale fixed-bed reactor system which 
could be operated in either a flow or a pulse 
mode. The reactor design is shown in Fig. 
1. It consisted of a 7-mm-i.d. and 19-cm- 
length quartz tube fused onto a 1-mm-i.d. 
thick wall capillary quartz tube of approxi- 
mately the same length and outside diame- 
ter. The “tapered” quartz junction cor- 
responded to the middle of the heated zone 
and contained the catalyst which was held 
in place by a small plug of quartz wool. 
Approximately 15 cm of the 7-mm-i.d. tube 
served as a preheating zone. The reactor 
was heated in a tube furnace to reaction 
temperature and the temperature controlled 

fl / 0.25' o.d. 

- 8 mm o.d. 

FIG. 1. Schematic diagram of tapered quartz reac- 
tor. Overall length is ca. 19 cm. 

to tl.O”C by a temperature controller 
(Omega Model CN-2010). In general, 200- 
1000 mg of catalyst was charged to the reac- 
tor in the form of 16/28 mesh pellets. 

The gases methane (99.97%), oxygen 
(99.6%), and helium (99.995%) were further 
purified by passing through purifiers con- 
taining beds of indicating drierite and mo- 
lecular sieves @A). Flow rates were con- 
trolled by Tylan electronic mass flow con- 
trollers. 

On-line analysis of the effluent gases was 
done using a gas chromatograph mounted 
with a TCD detector. The effluent gases 
were analyzed for methane, oxygen, car- 
bon dioxide, carbon monoxide, ethylene, 
ethane, and water. The columns used were 
Porapak-Q and molecular sieves (5A). The 
calculations were carried out on the basis of 
total carbon atoms in the reactant gases. 
Product selectivity is defined as product 
yield divided by total methane conversion. 

Although temperatures in the range 700 
to 800°C were studied, most measurements 
were collected at 78O”C, under pseudo-dif- 
ferential conditions (conversion less than 
10%). In general, the partial pressures of 
the reactant gases, CHJOJHe, were main- 
tained in the ratio 9/2/7 at a total pressure 
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of approximately 1 atm. During flow ex- 
periments, the gas space velocity was main- 
tained at 10,800 cm3/h/g. For pulse experi- 
ments, a 0.5-ml sample of either meth- 
ane : helium (9 : 7) or methane : oxygen : 
helium (9 : 2 : 7) was pulsed into the catalyst 
bed and directed to the gas chromatograph 
for analysis. A flow rate of 30 ml/min was 
used in the pulse experiments. At least 15 
min elapsed between subsequent pulses. 

RESULTS 

Because of the relatively high tempera- 
ture necessary in affecting the methane 
coupling reaction, the role of gas-phase re- 
action must be understood. The importance 
of gas-phase reaction was tested by per- 
forming a series of blank experiments, i.e., 
in the absence of catalyst, in the flow mode. 
These results are shown in Fig. 2 for two 
types of reactor designs, the tapered reac- 
tor used in these studies, and a straight 7- 
mm-i.d. tube. Total methane conversion, 
using the tapered reactor, was less than 
0.2% at temperatures up to 800°C. In con- 
trast, when the straight tube reactor is 
used, a one order of magnitude increase in 
methane conversion was observed. 

It is likely that the tapered reactor design 
allows for the rapid removal and quenching 
of effluent gases from the catalyst bed. 
This, in turn, reduces significantly any gas- 
phase contribution to the reaction. As a re- 

1.6 

FIG. 2. Effect of reactor shape on reaction in the 
absence of catalyst. Tapered reactor gives 100% Cz se- 
lectivity. 

TABLE 1 

Characteristics of Antimony Catalysts 

Catalyst BET surface area Predominant phases 
Ws) (by XW 

SbOd 4.1 n-Sb204 
2.5% K-Sb 1.2 a-Sb?Oa 
5% K-Sb 3.6 Amorphous 
33% K-Sb 0.9 SW13 
50% K-Sb 1.2 KSbOj, KzO 
66% K-Sb 1.0 KSbOj, K20 
Sb/SiOz 129.0 a-SbjOa 
5% K-Sb/SiOz 116.0 c&b*04 

suit, the tapered reactor design was used in 
all subsequent experiments. 

BET surface area measurements, XRD, 
and DTA of the catalysts were routinely 
performed. BET surface area and XRD re- 
sults for the different catalysts are shown in 
Table 1. X-ray diffraction analysis revealed 
all the materials but one to be highly crys- 
talline, consisting of mixed phases, such as 
Sb204, K20, and KSbOj. Only the 5% 
K-Sb was found to be almost entirely 
amorphous to XRD. Additionally, its com- 
position falls just outside the observed 
eutectic region. One can speculate that at 
this composition the metal oxides are in the 
state of a solid solution, resulting in a high 
degree of mixing of the two components. 
The presence of c&b204 phase in the cata- 
lysts was further confirmed by performing 
DTA of the catalyst in air medium which 
showed an endothermic peak at 1150°C cor- 
responding to the conversion of (Y- to 
/3-Sb204. It should be noted that the pres- 
ence of potassium, unlike Moo3 (13), did 
not affect the (Y --, /? transition in Sb204. 

Table 2 summarizes the catalytic behav- 
ior of both the bulk and the supported mate- 
rials. In agreement with previous published 
results, bulk antimony oxide was found to 
exhibit good selectivity for the oxidative 
coupling products (I). However, as shown 
in Fig. 3A, rapid deactivation of the cata- 
lyst took place, with methane conversion 
dropping to less than one-half of its initial 
value in 3 h. The addition of potassium in- 
duced changes in the reaction, resulting in 
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TABLE 

Catalytic Properties of Antimony-Based Materials 
for the Oxidative Coupling of Methane at 780°C 

Sb?Od 3.1 
2.5% K-Sb 3.5 
5% K-Sb 4.9 
33% K-Sb 8.X 
50% K-Sb 8.3 
66% K-Sb 7.5 
SbiSlOz 3.x 
5% K-SblS102 4.3 

2.0 55 24 ?I 
1.4 40 21 39 
2.5 52 I6 32 
1.4 I6 2 82 
0.6 7 6 87 
2.3 30 0 70 
1.8 48 23 27 
2,s 57 23 20 

an increase in catalyst stability which ap- 
pears to be related to the amount of potas- 
sium present. Figure 3B shows the change 
in product yield as a function of time for the 
bulk Sb204 catalyst. It should be noted that 
most of the observed deactivation in the 
overall conversion can be attributed to a 
decrease in CO,V yield. The total amount of 
C2 products was observed to decrease only 
slightly with reaction time. 

An increase in the amount of potassium 
to beyond the eutectic region resulted in an 
abrupt change in catalytic behavior. Thus 
33% K-Sb showed high catalyst stability 
but poor CZ selectivity. Addition of 50% K 
to Sb results in the formation of potassium 
antimonate phases giving very low C2 selec- 
tivity. The slight increase in Cz selectivity 
beyond 50% K-Sb may be attributed to the 

K20 phase. Although it is difficult to com- 
pare yields because of the variation in sur- 
face areas among the catalysts, it is inter- 
esting to note that in spite of the large 
changes in activity and selectivity observed 
upon addition of potassium, the total C2 
yield (conversion times selectivity) re- 
mained approximately constant in all cata- 
lysts. 

Figure 4 shows the effect of temperature 
on the methane conversion and the selec- 
tivities of the various products of interest 
for the 5% K-Sb catalyst. In the range of 
temperatures studied, a close correlation 
was found between the selectivity for 
coupled products and the overall methane 
conversion, whereas the reverse trend was 
observed for CO2 selectivity. Similar re- 
sults were observed for other K-Sb compo- 
sitions. 

Power rate laws of the form 

d(product)ldt = k(CHJYOJm 

were determined for the formation of the 
two principal products, ethane and C02, as 
models for partial vs total oxidation. These 
power rate law parameters for the different 
catalysts are shown in Table 3. 

The effect of feed oxygen was investi- 
gated by performing the reaction in a pulse 
mode and using both methane-oxygen mix- 
tures and pure methane reactants. Figure 5 
shows the typical product distribution ob- 
tained in the pulse mode over Sb/SiOz cata- 
lyst. In the absence of molecular oxygen, 
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FIG. 3. Time dependence on methane coupling reaction at 780°C. (A) Total methane conversion; (B) 
product selectivity using a-SbzOa (bulk) catalyst. 
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FIG. 4. Effect of temperature on reaction selectivity. 
Catalyst represented is bulk 5% K-Sb. 

consecutive methane pulses caused an im- 
mediate decrease in both the ethane and the 
CO2 yields, with the latter decreasing to al- 
most zero after only three pulses. The eth- 
ane yield was observed to decrease rapidly 
after the first pulse and to reach steady 
state after five pulses. It should be noted 
that at this point, and in the absence of 02, 
the selectivity to C2 products approached 
100%. 

When the reactant mixture was switched 
to methane : oxygen (9: 2), the CO2 yield 
immediately increased to almost twice its 
initial value. The C2 yield also increased, 
but to less than its initial value. No changes 
in conversion or selectivity were observed 
with subsequent pulses. Changing the reac- 
tant feed back to pure methane returned the 
yields to their previous steady-state values. 

DISCUSSION 

Predominantly three different antimony 
phases, a-Sb*OA, Sb60i3, and KSb03, were 
identified in the different catalysts studied. 
Of these, only a-Sb204 was found to give 
high C2 selectivity. As seen from Table 1, 
the presence of Sb60r3 or KSb03 decreased 
the CZ selectivity significantly. 

Although the 5% K-Sb catalyst was 
shown amorphous by XRD, when calcined 
at 945”C, it showed the presence of a-SbzOd 
phase. In addition, the DTA pattern 
showed an exotherm at the characteristic 
(Y * P-Sb204 transition temperature, indi- 
cating the presence of the a-form. It is be- 

TABLE 3 

Kinetic Parameters for Methane Oxidation 

Catalyst Rcz = k[oJmICHal RCO~ = k’[Ozlm[CH~ln 

& m n Es m n 
(kcalimol) (kcal/mol) 

SW4 56.0 0.5 0.9 22.8 0.8 0.4 
5% K-Sb 62.0 0.2 0.6 23.0 0.8 0.1 
33% K-Sb 62.0 1.0 I.1 30.8 1.0 0.2 
Sb-SiOl 56.1 0.7 0.8 40.2 0.7 0 
5% K-SbiSiOz 70.0 0.4 I.0 38.5 0.5 0.5 
K-Bis03/A1203’6’ - I 2 - I 0.3 
Na-PbO/Al20$” - I.1 0.8 - I.5 0.4 

lieved that the amorphous nature of the cat- 
alyst calcined at 800°C may be simply due 
to a poorly developed crystal structure. 

The addition of small amounts of potas- 
sium (6%) appeared to have little effect in 
the steady-state catalytic behavior of either 
the bulk or the supported materials. At high 
levels of potassium (>33%), significant 
changes in the activities and selectivities 
were observed. It should be noted, though, 
that any decrease in C2 selectivity observed 
upon addition of potassium was typically 
accompanied by an increase in the overall 
activity. Thus, the addition of potassium 
only affected the relative product selectiv- 
ities and made little difference in the ob- 
served Cz yields. Similarly, the observed 
changes in overall activity with time were 
primarily due to changes in the CO, yield. 
This behavior was observed in all the cata- 

PULSE NUMBER. 

FIG. 5. Product distribution in pulsed conversion of 
methane over Sb/SiO*. Amount injected in each pulse 
is 0.5 ml. 
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lysts studied and appeared to be indepen- 
dent of catalyst composition and initial ac- 
tivity . 

This type of behavior suggests that ex- 
cess amounts of potassium can result in the 
formation of certain antimonate com- 
pounds which lead predominately to the to- 
tal oxidation products, and that two parallel 
routes may occur on some of these cata- 
lysts, one route leading to Cl products and 
the other leading to CO,. It is, of course, 
dangerous to make highly quantitative com- 
parisons across the catalysts since there are 
many variances, such as surface area and 
preparation which can not be fully taken 
into account. 

The carbon dioxide produced during the 
oxidative coupling of methane may be 
formed directly from methane, from meth- 
ane-like intermediates, or from product hy- 
drocarbons. Both the power rate law and 
the activation energies for the formation of 
ethane and CO2 were quite different for the 
catalysts studied, suggesting different reac- 
tion paths, or at least different rate-deter- 
mining steps. The difference in the mea- 
sured activation energies, the linearity of 
the Arrhenius plot within the temperature 
range studied, and the temperature depen- 
dence of the ethane and CO2 selectivities 
suggest that the CO2 is not a secondary 
product from Cz, but it is formed directly 
from methane. It should be noted that this 
lack of secondary oxidation reactions is a 
function of methane conversion and at 
higher temperatures, significant production 
of CO1 from ethane can be expected. 

The measured values for the activation 
energy for ethane formation agree well with 
published results for other catalyst systems 
(14, 15). Its relatively high value is consis- 
tent with a hydrogen abstraction step being 
rate determining. For the Mg-Li system, 
Lunsford and co-workers (8) have sug- 
gested a mechanism in which the active 
sites on the catalyst surface are [Li’O-] 
centers. Although we have no direct evi- 
dence, it is likely that the coupling mecha- 
nism over antimony oxide is the same as 

that proposed for Li-Mg, Na-Mn, and 
other catalysts (15, 16): mainly, hydrogen 
abstraction from methane, desorption of 
methyl radicals into the gas phase, and gas- 
phase coupling of the methyl radicals to 
form ethane. The complex and varied oxy- 
gen dependence measured for the forma- 
tion of partial oxidation products is typical 
of reactions involving a reduction-oxi- 
dation cycle of the catalyst and agrees well 
with values reported for other catalyst sys- 
tems (17, 18). 

The mechanism leading to the formation 
of the carbon oxides has received relatively 
little attention in the literature. The vast dif- 
ference in activation energies between CO2 
and C2H6 formation would at first suggest 
that methyl radicals are not involved in CO2 
formation, and that total oxidation products 
are formed independently of the methyl 
radicals leading to coupling products. How- 
ever, the formation of an unstable interme- 
diate following the formation of gas-phase 
methyl radicals can also account for such 
results. For example, a methyl radical 
could react with gas-phase oxygen to form 
an unstable methylperoxy radical which 
could decompose to a carbon oxide: 

The same argument can be used with unsta- 
ble intermediate adsorbed species: 

CH3. + O(s) %z CH,O(s) --) CO, 

Such equilibria would shift to the left with 
increasing temperatures, leading to an ap- 
parent activation energy which would be 
smaller than the activation energy for the 
rate-determining step, i.e., hydrogen ab- 
straction. The existence of methylperoxy 
radicals was argued by Lunsford and co- 
workers to account for the observed behav- 
ior of selectivity with temperature (15). It 
should be noted, however, that although 
methyl radicals have been isolated and suc- 
cessfully identified using ESR techniques 
during methane coupling, no similar report 
exist concerning the identification of 
methylperoxy radicals. This may be due, in 



part, to their relative instability making de- 
tection difficult. 

The pulse experiments over Sb/Si02 indi- 
cate that different oxygen species are re- 
sponsible for CO2 and ethane formation. 
The negligible CO2 yield observed after the 
fourth methane pulse suggests that CO2 
may be formed from an oxygen species 
which is rapidly consumed in the first three 
methane pulses. The sharp increase in CO2 
yield which is observed when a combina- 
tion of CH4 and 02 is pulsed can be attrib- 
uted to gas-phase reaction or to weakly 
adsorbed oxygen. Brown and Patterson 
have reported that, for antimony-tin cata- 
lysts, adsorbed oxygen is highly selective 
for total methane oxidation (19). The 
achievement of a steady state C2 yield with 
pure methane feed and the extremely high 
C2 selectivity indicates that lattice oxygen 
is involved primarily in C2 production. 

Based on these results, it can be postu- 
lated that there are multiple pathways in the 
oxidative reaction of methane over anti- 
mony oxide catalysts. These are summa- 
rized in Fig. 6. The oxidative coupling route 
over these catalysts is proposed to proceed, 
as in other catalytic systems, by abstraction 
of hydrogen by lattice oxygen and gas- 
phase coupling of methyl radicals. This 
pathway can be maximized by operating in 
the absence of molecular oxygen. 

The pathways leading to complete oxida- 
tion are more complex. The high CO2 selec- 

..$i-L C~-C*“.w-cox \ 
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tivity observed when the reaction is con- 
ducted in the presence of molecular oxygen 
indicates a significant gas-phase contribu- 
tion to CO, production, perhaps via methyl- 
peroxy radicals, or possibly through ad- 
sorbed molecular oxygen. In addition, 
there is a non-gas-phase route, i.e., surface- 
assisted, evident during the initial phases of 
reaction in the absence of molecular oxy- 
gen, which also contributes to CO, produc- 
tion. This could be caused either by reac- 
tion of methyl radical with surface species 
or by a direct pathway from methane. This 
work cannot differentiate between these 
two possibilities. A noncatalytic route is 
also possible, as was shown in the blank 
experiments, but this can be minimized by 
appropriate experimental design. 

Finally, the role of potassium must be ex- 
amined. It has been proposed that the pres- 
ence of acidic sites on the catalyst surface 
leads to nonselective oxidation (7). It has 
also been claimed that addition of alkali de- 
creases the nonselective oxidation by neu- 
tralizing the acidic sites. However, in the 
present study, it has been found that addi- 
tion of large amounts of potassium to anti- 
mony oxide catalysts reduces that CZ selec- 
tivity. This is probably due to the formation 
of distinct Sb60i3 and KSb03 phases which 
are primarily CO2 producers. 
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