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Methane conversion to ethane in the presence of iron- and
manganese-promoted sulfated zirconia
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Sulfated zirconia promoted with 1.0 wt% Fe and 0.5 wt% Mn converts methane into ethane with traces of ethylene and acetylene. The
initial reaction rate at 723 K and a methane partial pressure of 20 kPa was found to be about 10~ mol(CH,) (gs)—1, and deactivation
was rapid, with the reaction rate declining to half the maximum rate within an hour.
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1. Introduction

Sulfated zirconia and promoted sulfated zirconia are
acidic and highly active catalysts for light akane isomer-
ization, potentially being of technological value for low-
temperature isomerization of C4;—Cg akanes [1-3]. The
available data are largely explained in the context of acid—
base catalysis, but it is not resolved whether the catalysts
incorporate some extremely strong acidic groups, that pos-
sibly initiate reactions by protonation of akanes to form
carbonium-ion-like transition states [4-6], or whether the
catalysts incorporate only moderately strong acidic groups,
catalyzing alkane conversions by protonation of akenes
formed by catalytic [7-9] or stoichiometric [10] dehy-
drogenation of the alkane. The catalysts are also active
for conversion of propane and ethane, with the activity
declining roughly an order of magnitude per carbon atom
from butane to propane to ethane [3,5,11]. Our goal
was to extend the investigation of these catalysts to con-
version of the alkane expected to be the least reactive,
methane.

2. Experimental

Sulfated zirconia (SZ) was prepared by drying sulfated
zirconium hydroxide at 393 K for 24 h followed by impreg-
nation with water by the incipient wetness method, drying
at 393 K for 24 h, and calcination in stetic air at 923 K.
Iron- and manganese-promoted sulfated zirconia (FMSZ)
containing 1.0 wt% Fe, 0.5 wt% Mn, and 1.8 wt% S was
prepared by drying sulfated zirconium hydroxide at 393 K
for 24 h followed by impregnation with an agueous solu-
tion of iron and manganese nitrates by the incipient wetness
method, drying at 393 K for 24 h, and calcination in static
air at 923 K.

Each catalyst was investigated for methane conversion
in a once-through stainless-steel flow reactor. Gas-phase
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products were analyzed with an on-line gas chromatograph.
Particles of SZ or FMSZ were placed in the flow reactor and
treated in N flowing at 0.5 mI(NTP)s~* at 723K for 1.5 h,
and then flow of methane (containing <5 ppm ethane as the
only impurity) was begun. Methane was converted under
the following conditions: temperature 673-723 K, pressure
100 kPa, methane partial pressure 50-10 kPa, mass of SZ
or FMSZ 1.0-2.0 g, total feed (CH4 + N>) flow rate 0.17—
0.21 mI(NTP)s™1.

3. Resaults

No methane conversion was observed in the presence of
SZ, but with FMSZ in the reactor, methane was converted
into ethane and traces of ethylene and acetylene. In the
temperature range 623-723 K, conversions <0.15% were
measured. The data obtained at 623 K (figure 1) indicate
an increasing conversion followed by a decreasing conver-
sion, consistent with the pattern observed with other light
alkanes [4-6,11].

At 723 K and a space velocity of 9.3 x 10" mol(CH,)
(991, the number of CH,; molecules converted per sul-
fate group was about 0.8, when the experiment was stopped
with reaction still occurring after 10 h of continuous opera
tion in the flow reactor. If the number of sulfate groups
may be taken as a rough upper-bound estimate of the
number of catalytic sites in the promoted sulfated zirco-
nia [5], the results suggest that the reaction at 773 was
catalytic.

The rate of methane conversion at 723 K and 20 kPa
CH, partial pressureis estimated to be 1.4 x 10~° mol (CH,)
(g(catalyst) s)~* from the initial conversion determined by
extrapolation from figure 1, assuming that the conversion
was differential. This rate is more than an order of mag-
nitude less than that of ethane conversion under similar
conditions with the same catalyst [5,6].
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Figure 1. Conversion of methane to ethane catdyzed by iron- and

manganese-promoted sulfated zirconia. Feed methane partial pressure

20 kPa, total feed flow rate 0.21 mI(NTP)s~ 1. (e) 773 K, (O) 673 K,
(A) 623 K.

H, was not demonstrated to be a product, and it is con-
sidered likely that hydrogen was incorporated in carbona-
ceous deposits on the surface [12,13].

4. Discussion

The data are not sufficient to determine the nature of the
surface reaction. One possibility, suggested by the results
characterizing the reactions of the higher-molecular-weight
alkanes, is that the methane conversion was catalyzed by
acidic groups in the catalyst. An essential question is then
how the reaction is initiated [14]; one plausible suggestion
is that, consistent with Olah superacid solution chemistry
[15-17], methane is protonated by a minority of extremely
strongly acidic sites on the catalyst and undergoes oligocon-
densation reactions to give the observed products. Simple

dehydrogenation to give an alkene is not an appropriate
suggestion, in contrast to the situation for the higher aka-
nes. It is also possible that redox chemistry occurs to initi-
ate carbocation reactions [18]. Alternatively, the reactions
might somehow be analogous to the methane coupling that
is known to take place in the presence of metal oxides at
much higher temperatures, this possibility would suggest
the involvement of the iron oxide species identified on the
surface of the catalyst [19].
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