JOURNAL OF CATALYSIS 125, 54-66 (1990)

The Oxidative Coupling of Methane on Mn/SiO, and the Effect
of Solid- and Gas-Phase Doping
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The presence of a small quantity of tetrachloromethane in the reactant stream promotes the
oxidative coupling of methane over silica-supported alkali-added manganese oxide catalysts. The
choice of the alkali metal and of the anion employed to introduce the alkali metal to the catalyst
was found to affect considerably the extent of TCM promotion. Mn/SiO, catalyst heavily doped
with Na or K behaves as a promising catalyst for the coupling reaction in the presence of TCM,
producing 20-22% yield of C, hydrocarbons with a selectivity of 75-80%. The formation of an
active chlorine species on the surface of the solid is suggested to alter its catalytic properties, which
generates a new route, in addition to that occurring in the absence of chlorine species, for the

coupling of methane. © 1990 Academic Press, Inc.

INTRODUCTION

The search for suitable catalysts in the
oxidative coupling of methane has included
a wide variety of catalysts (/, 2). A number
of oxides of metals such as those of Mn, Sn,
Pb, Bi, Be, Mg, Ca, Sr, and Ba (3-13) have
been tested. The addition of alkali com-
pounds, usually in relatively small amounts,
has frequently been shown to produce ad-
vantageous effects (5, 10-12). In particular,
manganese oxide has been examined for
methane conversion by a number of work-
ers. The consequences of the addition of
alkali metals to these catalysts (10, 11) have
been studied and the importance of homoge-
neous reactions has been assessed by com-
parison of the results obtained in the ab-
sence of a catalyst and with LiCl/MnQ, (14,
15).

The effect of the introduction of gas-phase
additives in methane conversion processes
has been studied in this laboratory (16-22).
The addition of small quantities, usually less
than 0.5 mol%, of tetrachloromethane to the
feed stream in the conversion of methane on
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heteropoly oxometalates produces substan-
tial changes in conversions and selectivities.
On 12-molybdophosphoric acid (16, 17, 19),
an increased yield of formaldehyde was ob-
served while with 12-tungstophosphoric
acid (16, 18, 19), methyl chloride with selec-
tivity up to 80% was produced with little or
no change in the yield of formaldehyde.

Subsequently these studies have been ex-
tended to oxides with which substantial
changes in both the conversions and selec-
tivities to C, hydrocarbons have been ob-
served (20-22). Preliminary work demon-
strated that, at 775°C, the introduction of
approximately 1 Torr of CCl, to the feed
stream of methane and oxygen (63 and 60
Torr, respectively) enhanced the yield of C,
hydrocarbons by a factor of approximately
5 with a silica-supported manganese oxide
catalyst.

The present study is concerned with the
examination of the effect of the introduction
of tetrachloromethane into the methane
conversion feed stream passing over a man-
ganese oxide/SiO, catalyst doped with an
alkali metal. A number of variables are con-
sidered including the nature of the alkali
metal, the preparative anion, relative
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amounts of CH, and O,, the residence time,
and the onstream time.

EXPERIMENTAL

The supported catalysts were prepared by
coimpregnating the silica (Grace-Davison,
grade 407, 8-20 mesh, surface area of ~740
m? g) with a solution containing appropriate
amounts of manganese nitrate and an alkali
metal salt at 80-90°C with stirring. The sam-
ples were further dried in air at 110°C for 3
h and then calcined in air at 775°C for 4 h.
The loading of the catalysts is expressed as
weight percent metal against 100 wt% silica.

The catalytic experiments were con-
ducted in a fixed-bed, flow-type reaction
system under atmospheric pressure. The re-
actor was a quartz tube (9 mm i.d. x 35
mm) which was sealed on two ends with 4-
mm-i.d. quartz tubing (the total length of the
reactor was ~200 mm). The catalyst was
placed in the 9-mm-i.d. portion of the reac-
tor the length of which was just sufficient
to accommodate the catalyst particles. In
some experiments, when smaller amounts
of catalyst were employed, 7- or 4-mm-i.d.
tubes were used to pack the catalyst. The
catalyst bed was held in place with two
quartz wool plugs. The reactor was designed
to keep the free volume at a minimum in the
hottest zone of the reactor so as to minimize
purely homogeneous conversion of meth-
ane. The carbon tetrachloride additive was
introduced into the main flow of reactants
(CH,, O, and diluent He) by bubbling a sep-
arate flow of helium through the liquid. The
vapor pressure of TCM was controlled by
adjusting the temperature of the saturator
and the flow of helium. In all experiments
the catalyst, after being heated to 775°C un-
der a flow of helium, was pretreated with a
flow of oxygen (25 ml/min) for 1 h. Then the
reactor was purged with helium. In general
at this point a feed mixture consisting of
CH,, O,, and He (no CCl,) was introduced
to the reactor. Preliminary experiments in-
dicated that in the absence of TCM the deac-
tivation of the catalyst with time on stream
was negligible at least for the first few hours.

Therefore when TCM was absent the reac-
tion was allowed to proceed for ~% h prior
to the analysis of reaction products, after
which time TCM was included in the feed
flow and the effluent was sampled periodi-
cally and analyzed. In the presence of TCM,
with a number of the catalysts, the conver-
sion and selectivities remained virtually
constant with time on stream, while with
others significant changes in these quantities
were noted with time on stream. The results
presented in this paper, unless otherwise
stated, represent data collected at ~3 h of
time on stream, which in most cases corre-
spond to near steady-state values. Those
catalysts which display significant changes
in activity and selectivity with time on
stream are subsequently specified in the
text. The temperature referred to here was
measured by placing a thermocouple in con-
tact with the outside wall of the reactor im-
mediately adjacent to the catalyst bed. The
contact time of the feed on the catalyst bed
was changed by varying the weight of the
catalyst while holding the gas flow rate
fixed.

The composition of the effluent gases was
analyzed with an on-line HP 5890 gas chro-
matograph equipped with a thermal conduc-
tivity detector and attached to a HP 3392
integrator. The columns used for separation
were Porapak T(18 ft. X %in.), programmed
30-140°C, and Molecular Sieve 5SA (I m X
tin., 30°C) which were connected in series
through a VALCO switching valve. O,,
CH,, and CO eluted rapidly from the Pora-
pak T column and were separated on the
Molecular Sieve column. Following elution
of these gases, the Molecular Sieve column
was isolated by switching the valve position
while CO,, CH,, C,, and C, hydrocarbons,
CH,Cl, and H,O were eluted from the Pora-
pak T column.

The conversion and selectivities were cal-
culated on the basis of the amount of reac-
tion products formed as determined by the
GC analysis. The amounts of methane and
oxygen in the feed were determined from
GC analysis in which the reactor was by-
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passed. The conversion of methane (*CH,)
and selectivity to a product i (§;) are defined
as follows:
100 x X moles of a product i
X no. of carbon atoms
in the product i

X =
CH, moles of CH, present in the feed
moles of a product i
X no. of carbon atoms
S, = 100 in the product i

X -
2 moles of a product i
X no. of carbon atoms
in the product i

The yield to a product is defined as conver-
sion times selectivity.

Blank experiments conducted with CH,
absent from the feed (O, + He + CCl,) indi-
cated that CCl, undergoes oxidation produc-
ing CO and CO,. However, the quantities
of CO and CO, were negligibly small com-
pared to those produced when CH, was
present in the feed. Nevertheless, the data
reported were corrected by running dupli-
cate experiments with CH, absent under
otherwise identical sets of process vari-
ables. The predominant chlorine-containing
product Cl,.

RESULTS

Figure 1 shows the catalytic performance
of Mn/SiO, catalysts with various alkali
metals added in both the presence and the
absence of TCM in the feed stream. Also
included in the figures are the results ob-
tained with undoped Mn/SiO, for purposes
of comparison. Evidently over undoped
Mn/SiO, the presence of TCM in the feed
has a relatively small effect on the conver-
sion and the total selectivity to C, hydrocar-
bons. The doped catalysts included in this
figure were prepared from manganese ni-
trate and the respective alkali acetate. The
quantities of salts used in the preparation
were adjusted to give alkali metal/manga-
nese ratios of 0.237 (atom/atom). It is evi-
dent from the figure that, on introduction of
TCM to the feed, the conversion of CH, was
markedly enhanced with the Li-, Na-, and
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Fi1G. 1. The effect of cation of the dopant in alkali-
doped manganese oxide (silica-supported) catalysts on
oxidative coupling of methane. A and P represent TCM
absent and present, respectively. Mn loading is 5.0 wt%
and alkali loading is as indicated, which corresponds
to alkali/Mn = 0.237 on an atomic basis. Alkali acetate
was used to introduce alkali cation. The notation Mn
Ref. represents Mn/SiO, with no addition of alkali.
W=15g F=30mlmin!, T = 775°C, CH, = 215
Torr, O, = 28 Torr, TCM = 0.35 Torr (when present).
(a) &, CH, conversion; N, C; yield. (b) 4, C,H,; &,
C,H,; O, C,H,; + C;.

K-added Mn/SiO, catalysts to the extent
that the oxygen conversion approached
completion, while with the Rb- and Cs-
added catalysts the effect was not as pro-
nounced. In the absence of TCM, upon in-
corporation of alkali metal on the catalyst,
the conversion declined gradually in the or-
der Mn = Li-Mn > Na-Mn > K-Mn >
Rb-Mn > Cs—Mn. In the presence of TCM,
the conversion decreased in the order
Li-Mn = Na-Mn ~ K-Mn > Mn = Rb-Mn
> Cs—Mn (note the limited supply of oxygen
with the first three catalysts). The selectivity
to C; hydrocarbons, in the absence of
TCM, was highest with Na-Mn/SiO, cata-
lysts (~70%), while with other alkali-added
Mn/SiO, catalysts, the selectivity ranged
from 35-50%. Upon introduction of TCM,
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the selectivity to C; hydrocarbons in-
creased to 65% for the Li-added catalyst and
to 80% for other alkali-metal-added cata-
lysts. In the presence of TCM in the feed,
the yield of C; hydrocarbons increased
from 2 to 9% with Li-Mn/SiO,, from 2 to
13% on Na~-Mn/Si0,, and from 1 to 11% on
K-Mn/SiO, while the corresponding in-
creases in the selectivity were from 35 to
65%, from 70 to 80%, and from 50 to 80%
on these catalysts, respectively. The pres-
ence of TCM also increases the proportion
of C,H, in the C, fraction of the products. It
should be mentioned that in the absence of
TCM the conversion and C;i selectivity
changed very little with time on steam, while
in the presence of TCM the conversion de-
creased significantly and the selectivity to
C,H, and to CO, considerably decreased
and increased, respectively, with time on
stream, particularly with Mn/SiO, catalysts
where Li, Na, and K had been incorporated.

Figure 2 illustrates the effect of the dopant
anion of the sodium-doped Mn/SiO, cata-
lysts on the initial conversion and selectiv-
ity. In the absence of TCM, with NaCl as the
precursor in the preparation of the Na—Mn/
Si0, catalyst, the conversion was much
higher than with NaNO, or NaCH,COO.
The yield of C; hydrocarbons was also con-
siderably higher with NaCl-doped catalyst
but the C; selectivity was somewhat lower.
In the presence of TCM in the feed stream,
on the other hand, the initial conversion,
total C; selectivity, and yield were compa-
rable with the three catalysts. However,
with time on stream, conversion, and C;,
selectivity decreased and the change in the
latter was considerably more pronounced
with the NaCl-doped catalyst than with Na
NO;- and NaCH;COO-doped catalysts. Ev-
idently, with all three catalysts, the yield
of C; hydrocarbons increased considerably
upon introduction of TCM into the feed, and
the effect, on the relative scale, was more
pronounced with the nitrate or acetate salt
of sodium as the dopant in the preparation
of the catalyst. In the remainder of this study
the nitrate or acetate of the alkali cation has

2*
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FiG. 2. The effect of anion of the dopant in sodium-
doped manganese oxide (silica-supported) catalysts on
conversion and selectivity. A and P indicate TCM ab-
sent and present, respectively. Catalyst composition:
Mn = 5.0 wt%, Na = 0.50 wt%. W = 1.5g, F = 30
ml/min, T = 775°C, CH, = 215 Torr, O, = 28 Torr,
TCM = 1.2 Torr. (A) N, CH, conversion; §, C; yield.
(B) @, C,H,; &, C,Hg; O, C,H, + C;.

been used in the preparation of the catalyst
to illustrate the effect of gaseous TCM on
the conversions.

Figure 3 shows the conversion of methane
and the product selectivity as a function of
Na content of mixed Na-Mn/SiO, catalysts.
In the absence of TCM, with the addition of
Na the conversion first drops slightly and
then increases gradually and finally levels
off to a constant value. In the presence of
TCM in the feed, with the addition of Na,
the conversion increases rapidly and then
levels off to a constant value (oxygen con-
version approaches completion). Evidently,
with the Na-Mn/SiO, system the conver-
sion achieved is considerably higher in the
presence of TCM than in its absence. The
selectivity to C;} hydrocarbons which, in
both the presence and the absence of TCM,
increases with increasing Na content of the
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F1G. 3. The effect of TCM as a function of Na content
in Na—Mn/SiO, catalysts on conversion, yield, and se-
lectivity. Mn loading = 5.0 wt%. NaNOQO,; was used to
introduce sodium cation. W = 1.5 g, F = 30 ml/min,
T = 775°C, CH, = 215 Torr, O, = 28 Torr, TCM =
0.35 Torr. Open symbols, TCM absent; solid symbols,
TCM present. (A) O®, CH, conversion; AA, Cf yield.
(B) AA, C,H,; Ol C,H,; O®, C; total.

catalyst up to about 0.5 wt%, is about
10-15% higher in the presence of TCM.
With increasing Na content of the catalyst,
in the absence of TCM, the selectivity to
C,H, increased to a broad maximum and
then slowly decreased while the selectivity
to C,H, slowly increased. In the presence of
TCM, the selectivity to both C,Hg and C,H,
remained virtually constant after initial in-
creases. Evidently, in the absence of TCM,
the selectivity to C,Hy was considerably
higher than that to C,H,, while in the pres-
ence of TCM, the selectivity to C,H, was
markedly higher than that to C,Hg. In the
absence of TCM the conversion and selec-
tivities to different products changed only
to a very small extent with time on stream.
In the presence of TCM, on the other hand,
with catalyst containing less than 2 wt% Na,
the conversion of CH, and selectivity to
C,H, decreased significantly with time on
stream and the selectivity to CO and to C,Hg

remaining more or less constant and that to
CO, increased, while with catalysts contain-
ing more than 2 wt% Na, conversion and
selectivities to different products remained
relatively unchanged with time on stream.

Table 1illustrates the effect of the concen-
tration of TCM in the feed. Evidently, the
presence of small quantities of TCM in the
feed dramatically increased conversion of
methane and yield of C; hydrocarbons. The
presence of TCM did not however substan-
tially influence total C; selectivity, but did
considerably affect the proportion of C,H,
in the C,-fraction of the products. Table 1
also illustrates that the presence of TCM in
the feed in amounts exceeding 0.35 Torr had
somewhat deleterious effects on C; selec-
tivity and yield. It is evident that the qualita-
tive nature of the results is independent of
the anion of the sodium salts used in the
preparation of the catalyst. In the remainder
of this report TCM used in the feed was 0.35
Torr.

The effects of partial pressures of react-
ants on conversion and selectivities with
Na-Mn/SiO, and K-Mn/SiO, catalysts are
shown in Figs. 4 and 5, respectively. Over
both catalysts, increasing pressure of oxy-
gen under a definite pressure of methane,
increases the conversion of methane consid-

TABLE 1

Effect of Concentration of TCM in the Feed on
Conversion and Selectivity on Na-Mn/SiO,

TCM CH, Selectivity (%) Ci yield
concen-  conver- (% CH,)
tration sion +

(Torn) y CHe GH, Cf total

02 4.4 51.7 20.8 72.5 3.2
0.35¢ 17.1 19.5 54.9 78.9 13.5
0.60° 15.5 15.3 56.9 76.7 11.9
1.24 15. 9.8 57.9 71.5 10.7
0 3.7 51.7 16.7 68.4 2.5
0.35% 16.3 20.3 55.6 80.8 13.2
1.2 14.1 11.3 59.3 74.6 10.5

Note. W= 15g, F=30ml min~!, T = 775°C, CH, = 215
Torr, O, = 28 Torr.

@ Catalyst prepared from Mn-nitrate and Na-nitrate (Mn =
5.0 wt%, Na = 0.5 wt%).

& Catalyst prepared from Mn—nitrate and Na—acetate (Mn =
5.0 wt%, Na = 0.5 wt%).
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F1G. 4. Conversion and selectivities as a function of
partial pressures of reactants on Na-Mn/SiO, (Na =
3.5 wt%, Mn = 5.0 wt%). NaNO; was used to introduce
sodium. A and P indicate TCM absent and present,
respectively. W = 1.5 g, F = 30 ml/min, T = 775°C,
TCM = 0.35 Torr (when present). (A) &, CH, con-
version; N, C, + yield. (B) @, C,H,; B, C,Hg; O,

erably in both the presence and the absence
of TCM. The yield of C; hydrocarbons also
increased with increasing oxygen pressure
but the effect is much less marked compared
to that of conversion. Increasing the pres-
sure of methane at a definite pressure of
oxygen decreases the conversion in both the
presence and the absence of TCM. The yield
of C5 hydrocarbons also decreases with in-
creasing methane pressure, but again the
effect is less marked than that with conver-
sion, Evidently, conversion of methane and,
more importantly, C5 yield are consider-
ably higher in the presence of TCM in the
feed and, with Na—Mn/SiO, catalyst, the
oxygen conversion reached nearly 100% un-
der all sets of feed compositions employed.
Figures 4b and 5b illustrate that in spite of
a considerably higher yield of C; hydrocar-
bons obtained in the presence of TCM, the
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F16. 5. Conversion and selectivities as a function of
partial pressures of reactants on K-Mn/SiO, (K = 5.95
wt%, Mn = 5.0 wt%). KNO, was used to introduce
potassium. A and P indicate TCM absent and present,
respectively. W = 1.5 g, F = 30 ml/min, T = 775°C,
TCM = 0.35 Torr (when present). (A) ™, CH, con-
version; N, Cf yield. (B) &, C,H,; &, CH,; O,
CH, + C;.

C} selectivities achieved are comparable
and, in fact, somewhat higher with TCM
present. However, the proportions of C,H,
and C,H, in the C,-fraction of the products
are markedly different in the absence and
in the presence of TCM. In the absence of
TCM, selectivities to C,H, and C,H, are
similar, while in the presence of TCM, the
selectivity to C,H, is much higher than that
to C,Hg. Furthermore, the ratio C,H,/C,H,
in the products increases with increasing
partial pressure of oxygen and decreases
with increasing partial pressure of methane
in the feed stream. In general, both with and
without the presence of TCM, increases in
the pressure of O, reduce selectivity to C;
products, while the selectivity increases
with the pressure of CH,.

The effect of contact time shown in Fig.
6 illustrates that, in the absence of TCM, the
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F1G. 6. The effect of contact time on conversion and
selectivity in the absence and presence of TCM on
Na-Mn/SiO, catalyst (Na = 3.0 wt%, Mn = 5.0 wt%).
NaNO, was used to introduce sodium. F = 30 ml/min,
T = 775°C, CH, = 215 Torr, O, = 52 Torr, TCM = 0.35
Torr. &, CH, conversion; A, CO; O, CO,; O, CHg;
@, C,H,; ¢, C, + total.

conversion increases linearly with contact
time at lower values of contact time, sug-
gesting that the conversion process is pre-
dominantly catalytic and that diffusional ef-
fects are absent. At the highest value of
contact time employed, deviation from lin-
earity was due to a limited supply of oxygen
in the feed. In the presence of TCM, devia-
tion from linearity due to this limited avail-
ability of oxygen was evident at even shorter
contact time. However, it appears that the
conversion (with TCM) does not exhibit a
linear relationship with contact time even
at very short residence time and this may
suggest that a heterogeneous—homogeneous
mechanism is operating in the presence of
TCM. The total selectivity to C; hydrocar-
bons remained independent of contact time
in the absence of TCM suggesting that sec-
ondary oxidation of product hydrocarbons

is insignificant. However, in the presence of
TCM, C; selectivity declined slightly with
time of contact, suggesting that CO,, apart
from being produced directly from methane,
may have also been generated to some ex-
tent from product hydrocarbons. It should
be recalled, however, that in this set of ex-
periments the contact time of the reactants
and products with the catalyst surface was
varied by changing the mass of the catalyst
while maintaining the gaseous flow fixed. At
the same time, the diameter of the reactor in
that section containing the catalyst particles
was adjusted so that the void space in the
hottest zone of the reactor was reduced to
aminimum. As aresult, as the catalyst mass
used in the experiment was reduced, the
contact time of the species present on the
catalyst decreased accordingly, but the vari-
ation in the residence time of the species
present in the free volume of the reactor is
somewhat uncertain. However, in view of
the aforementioned variation in the reactor
size, the assumption that the latter parame-
ter was unchanged or slightly decreased ap-
pears to be valid. Therefore, while the het-
erogeneous contribution to the secondary
oxidation of C, hydrocarbons appears to be
relatively small with the catalysts of the
present study, the possibility of the occur-
rence of such reactions to a significant ex-
tent in the gas phase cannot be dismissed.
In both the absence and the presence of
TCM, selectivity to C,H¢ and to C,H, de-
creases and increases, respectively, with
time of contact, suggesting that C,H, is at
least partly a secondary product to C,Hg.
The selectivities to CO and CO, show a very
weak dependence on contact time, suggest-
ing that heterogeneous oxidation of CO to
CO, is relatively slow with the catalysts em-
ployed in the present work.

Figure 7 illustrates that with a 3.5 wt%
Na-5 wt% Mn/SiO, catalyst, when TCM
was continuously introduced into the feed,
yields of both C; hydrocarbons and CO,
(hence respective selectivities to total con-
version) remained constant with time on
stream. However, when the catalyst was
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Fi1G. 7. The effect of short pretreatment vs continu-
ous treatment of the catalyst with TCM on the yields
of different products on Na-Mn/Si0O, (Na = 3.5 wt%,
Mn = 5.0 wt%). NaNO, was used to introduce Na. W
= 15g, T = 775°C, F = 30 ml/min, CH, = 215 Torr,
0O; ~ 50 Torr, TCM = 0.35 Torr. Solid symbols: No
pretreatment; feed: CH, + O, + TCM + He. Open
symbols: Pretreated with TCM + O, He (14 h); feed:
CH, + O, + He. Broken lines: No pretreatment; feed:
CH, + O, + He. 0@, C{; AA, CO,.

pretreated with a flow of He + O, + TCM
mixture and then exposed to a flow of CH,
+ O, + He but with TCM absent (after
thoroughly purging the system to eliminate
TCM from the gas phase), initially high
yields of CS hydrocarbons, compared to
that when TCM was continuously fed, were
produced, but the yield gradually dropped
and after a few hours of time on stream
approached that which was obtained when
the catalyst had not been exposed to TCM
(Fig. 7).

In Table 2 results obtained with Li—-Mn/
SiO,-based catalysts are presented. Evi-
dently, with catalysts prepared from lithium
nitrate (or acetate) and manganese nitrate,
the presence of TCM in the feed increased
the selectivity and yield of C; hydrocarbons
although the effect was not as pronounced
as that with Na-Mn/SiO, catalysts. The
presence of TCM also increases the ratio of
C,H,/C,H, in the products. However, when
lithium chloride was used as the impregnat-
ing agent in the preparation of the catalyst,
the presence of TCM only increased the ra-

tio C,H,/C,H, in the products but did not
significantly affect the total selectivity or
yield of C; hydrocarbons. Furthermore,
when lithium nitrate was the impregnating
salt in the preparation of catalysts and reac-
tions were performed in the presence of
TCM, the conversion and selectivities re-
mained unchanged with time on stream,
while when lithium chloride was the impreg-
nating material conversion of methane and
selectivity to C; hydrocarbons (more spe-
cifically, to C,H,) decreased rapidly with
time on stream.

Some experiments were also performed
to test the fate of C,H, when passed through
the reactor with or without the presence of
catalyst, in both the presence and the ab-
sence of TCM (Table 3).

DISCUSSION

This paper demonstrates the beneficial ef-
fect of introducing TCM to the feed in the
oxidative coupling of methane on silica-sup-
ported alkali-added manganese-based cata-
lysts. Evidently, Li-, Na-, and K-doped cat-
alysts, in particular the latter two, showed
maximum response to the presence of TCM
in promoting the coupling process. With
these catalysts the presence of TCM, in ad-
dition to considerably improving the selec-
tivity to C, hydrocarbons, markedly in-
creased the conversion of methane. With
Na-Mn/SiO, and K-Mn/SiO,, yields of
22.5% (selectivity = 78%) and 20% (selec-
tivity = 75%) of C; hydrocarbons, respec-
tively, were obtained (Figs. 4 and 5).

In the case of the Na-Mn/SiO, catalyst,
which was examined in some detail, the
anion of the salt used to introduce the alkali
metal to the catalyst seems to exert a consid-
erable effect on the conversion and yield of
C, hydrocarbons in both the presence and
the absence of TCM. In the absence of TCM
the yield of C, hydrocarbons was consider-
ably higher when NaCl was used in the prep-
aration of the catalyst compared to that
prepared from NaNO; or NaCH,COO, al-
though the C,-selectivity was somewhat
lower with the former catalyst. In the case
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TABLE 2

Conversion and Selectivity on Li-Mn/SiO, Catalyst

Catalyst Conversion Selectivity
composition (%)
(Wt%) _— co Cco, C,Hg C,H, C{ total
- CH, 1,
Mn Li
5 0.15¢ A 5.5 60 21.9 41.5 27.2 9.4 36.6
P 13.6 95 16.4 18.7 21.8 40.3 64.9
9.0) 95) (13.5) (44.1) (20.6) (21.8) (42.4)
5 0.50 A 8.7 100 22.3 47.3 21.6 8.7 30.13
P 12.7 100 25.2 24.3 15.3 35.2 51
(12.6) (100) (27.0) (22.3) (13.8) (36.9) (50)
5 1.05¢ A 4.9 17.3 4.8 14.8 25.1 39.9
P 12.7 19.3 24.1 21.8 327 (56.5)
(12.8) (24.5) (21.5) (17.7) (34.1) (53.3)
5 0.50¢ A 12.5 100 16.2 21.6 32.0 28.1 60.1
p 12.2 100 19.9 22.9 12.4 41.9 (56)
(8.9) (100) (30) (38.9) (10.1) (22.0)

Note. W = 1.5 g, F = 30 ml/min~!, CH, = 215 Torr, O, = 28 Torr, TCM = 1.2 Torr (when present). Values
in brackets for catalysts 1, 3, and 4 refer to results obtained after S h on stream while for catalyst 2 the values
were obtained after 2.5 h on stream.

¢ Catalyst prepared from Mn—nitrate and Li-acetate.

b Catalyst prepared from Mn—nitrate and Li-nitrate.

¢ Catalyst prepared from Mn-nitrate and LiCl.

TABLE 3

Homogeneous Conversion of Ethane

Feed Catalyst® Temp. Conversion Selectivity C,H, yield
0 (%) (mol%) (%)
C,H, 0, Cct C,H,
C,H, + He None 700 4.1 — 0.8 99.2 4.1
CH, + He + O, None 700 44 65 19.5 78.2 34.4
C,H¢ + He + TCM None 700 10.7 — 3.2 96.8 10.4
C,H, + He + O, + TCM None 700 61 85 26.5 72.8 44.4
C,Hy + He None 775 36 — 2.0 97.5 35.1
C,H¢ + He + O, None 775 75 90 27.2 70.8 53.1
C,Hy, + He + TCM None 775 38.5 — 2.5 97.5 37.5
C,Hy + He + O, + TCM None 775 87.5 ~100 27.3 69.2 60.6
CH, + He + O, NaMn/SiO, 700 38.2 65 19.3 78.6
C,H; + He + O, + TCM NaMn/SiO, 700 59 85 19.8 77.3
CH¢ + He + O, NaMn/SiO, 775 73 ~95 27.1 70.3
C,Hy + He + O, + TCM NaMn/SiO, 775 81 ~96 28.7 69.3

Note. F = 30 mUmin, C,H, = 57 Torr, O, = 27 Torr (when present), TCM = 1.2 Torr.

¢ None represents an empty reactor packed with quartz wool. The loading of Na-Mn/SiO, catalyst was 5.0
wt% Mn and 3.5 wt% Na. The mass of the catalyst used was 0.20 g.
b C, includes CH,, CO, and CO,.
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of Li-Mn/SiO, catalysts (Table 2), both se-
lectivity and yield of C, hydrocarbons were
considerably higher with the LiCl-Mn-
based catalyst than with the LiNO;-Mn-
based catalyst when experiments were con-
ducted in the absence of TCM. On the other
hand, when the experiments were con-
ducted in the presence of TCM, marked en-
hancements in the yields of C, hydrocarbons
were observed with NaNO;- and NaCH,
COO-modified Mn/SiO, catalyst but not
with NaCl-modified Mn/SiO, catalyst. The
presence of TCM did not however signifi-
cantly influence C,-selectivity with these
catalysts, although the ratio C,H,/C,H; in
the products was considerably modified.
With Li-Mn/SiO, catalysts, the presence of
TCM considerably enhanced both yield and
selectivity of C, hydrocarbons when the cat-
alyst was prepared with LiNO; as the addi-
tive, but not when prepared with LiCl as the
additive. Furthermore, with both Li-Mn/
Si0, and Na-Mn/SiO, systems, when the
reactions were conducted with TCM pres-
ent, the samples prepared with LiCl and
NaCl as solid additive rapidly lost their abil-
ity to generate C,-hydrocarbons (both yield
and selectivity declined) with time on
stream, in contrast with the catalyst pre-
pared with LiNO;, NaNO,, or NaCH,;COO
as the additive, where the deactivation was
considerably less significant. These results,
together with those of pretreatment experi-
ments, which indicated incorporation of
chlorine in some form in the catalyst during
exposure to TCM, suggest that, while the
presence of small amounts of chlorine (in a
form unknown at present) on the catalyst
surface (as in the cases of NaNQ,-, NaCH,
COO-, or LiNO;-added Mn/SiO, catalysts
when experiments were performed in the
presence of TCM in the gas phase or as in
the case of NaCl- and LiCl-added Mn/SiO,
when experiments were conducted in the
absence of gas-phase TCM) has advanta-
geous effects in the oxidative coupling of
methane, the presence of excessive quanti-
ties of chlorine on the surface (as in the
case of LiCl- or NaCl-added Mn/SiO, under

conditions of continuous exposure to TCM)
has detrimental effects. These conclusions
are further supported by the fact that with
Na-Mn/SiO, catalyst made from NaNO; or
NaCH,COO (Table 1), use of higher concen-
trations of TCM in the feed reduced the yield
of CJ hydrocarbons.

It is frequently proposed that the rate-
controlling step in the methane conversion
process is the activation of a methane mole-
cule via abstraction of a hydrogen atom.
In the present study it is noted that NaCl-
modified Mn/SiO, catalyst is considerably
more active in the methane conversion pro-
cess than those modified with NaNO; or
NaCH,;COO when the experiments are con-
ducted in the absence of gas-phase TCM.
However, the latter catalysts become mark-
edly active in the production of C, hydrocar-
bons when small quantities of TCM are pres-
ent in the gas phase. It is therefore tempting
to argue that the chlorine species, whether
it is introduced to the catalyst in advance
during the preparation from solutions (as
was done using NaCl or LiCl) or is generated
in situ during the catalytic reaction by con-
tinuously cofeeding a chlorine-containing
compound into the gaseous feed, facilitates
the methane activation step, thereby pro-
ducing considerable enhancement in the
conversion of methane. It appears that the
addition of TCM produces increases in the
yield of C, hydrocarbons without affecting
the yield of CO, products significantly.
Therefore it is plausible that the presence of
TCM induces an activation process parallel
to that taking place in the absence of TCM
and this new process selectively promotes
the coupling reaction. In this respect the
phenomenon observed here differs from
that reported by Burch et al. (14) involving
unsupported Li- and Na-doped MnO, cata-
lysts and by Fujimoto ef al. (23) involving
supported alkaline earth metal halide cata-
lysts regarding chlorine promotion. Both
studies suggested that the chlorine promo-
tion results primarily from the inhibition of
deep oxidation products. It may be noted
that hydrocarbons have been shown to be
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formed from methane and chlorine through
the production of chlorinated methane
which is subsequently pyrolyzed to yield C;
hydrocarbons (24). Although there is some
similarity of the present process to the latter
process, the fact that the present reaction
temperatures are much lower than those of
the latter process and that the various alkali
metal-incorporated manganese oxide-sup-
ported catalysts responded differently to the
presence of TCM suggests that the present
process cannot be purely homogeneous in
nature. Further evidence for this is provided
by the results of experiments involving pas-
sage of reactant mixtures with TCM present
through an empty reactor (Fig. 1). Clearly,
the magnitude of enhancement in the con-
version process in the absence of a catalyst
is negligible. It may therefore be inferred
that the addition of TCM has caused
changes in the character of the catalyst sur-
face, presumably by forming an active chlo-
rine species.

The effect of contact time on selectivities
shows that in the absence of TCM, C,-hy-
drocarbon selectivity is virtually indepen-
dent of the contact time of the species on
the catalyst, while in the presence of TCM
a slight drop in the C,-selectivity occurs at
longer contact times. Nevertheless, consid-
ering the range of contact times employed
(Fig. 6), it is reasonable to suggest that in
both the presence and the absence of TCM,
the secondary oxidation of C,H, and C,H
into nonselective oxygenated products on
the catalysts employed is relatively insig-
nificant, at least with the low ratio of O,/CH,
ised in the set of experiments described in
Fig. 6. The decrease in C,H selectivity and
the increase in C,H, selectivity with increas-
ing time of contact suggest that C,H, is at
least partly produced from C,H¢. However,
whether the process is heterogeneous or ho-
mogeneous or a combination of these is dif-
ficuit to distinguish from this study. In any
event, under most of the conditions of the
present study C,H, was the major product
in the C, fraction of the products when TCM
was present. Experiments in which ethane

was passed through an empty reactor
packed with quartz wool showed that ethane
undergoes substantial homogeneous dehy-
drogenation producing ethylene at 775°C.
The addition of oxygen to the feed stream
further enhanced this dehydrogenation pro-
cess. At 700°C in the presence of oxygen in
the feed substantial dehydrogenation occurs
as well, while in its absence conversion of
C,Hg was quite small. Evidently, at 700°C
the dehydrogenation process becomes even
more pronounced when TCM is introduced
into the reactant stream, when O, was both
absent from and present in the feed, while
the effect was of lesser significance at 775°C.
These results are summarized in Table 3.
The table also illustrates that the introduc-
tion of the Na—Mn/SiO, catalyst did not sub-
stantially influence this dehydrogenation
process regardless of the presence of TCM
in the gas phase. These results suggest that
under the conditions employed in this work
rapid homogeneous dehydrogenation of the
product C,Hg, both thermal and oxidative,
is quite possible and a high ratio of C,H,/
C,Hg in the product stream is therefore not
surprising. Recently Burch et al. (14) also
reported similar results for C,H, dehydroge-
nation and arrived at similar conclusions. It
may be noted however that in the present
study the presence of TCM in the feed
stream further enhanced the ratio C,H,/
C,H; in the products. Therefore under ac-
tual catalytic conditions the role of active
chlorine species generated from TCM in af-
fecting the ratio C,H,/C,H, cannot be dis-
missed. Further support for this is provided
from the observation that, in the absence of
any catalyst, the ratio C,H,/C,H; in the C»-
fraction is also much higher when the con-
version of CH, took place in the presence
of TCM (Fig. 1). Weissman and Benson (25)
have shown that at high temperatures chlo-
rine radicals catalyze the formation of C,H,
from CH, in the gas phase. The participation
of chlorine was also suggested by Otsuka
and co-workers (26) and by Anshits et al.
(27) to account for the high ratios of C,H,/
C,H, observed in the oxidative dimerization
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of methane on LiCl-added NiO and MnO,
catalysts and on CaCl,-modified CaQ cata-
lysts, respectively. Thus it is possible that,
under the conditions of the present study,
C,H; is the primary product of the coupling
of methyl radicals, as has been concluded
from other studies, but undergoes rapid
thermal and oxidative dehydrogenation to
C,H,, a process which is evidently further
enhanced by the presence of TCM in the
feed.

Many authors (2) have suggested that the
oxidative coupling of methane proceeds
with the abstraction of a hydrogen atom
from a methane molecule, resulting in the
formation of an OH species and a methyl
radical on the solid surface. Methyl radicals
then emanate into the gas phase and either
undergo coupling reactions forming ethane
or react with molecular oxygen, which re-
sults in the formation of carbon oxides. Eth-
ylene is formed from the oxidative dehydro-
genation of ethane.

(0)

CH,—2> CH, + OH(s) (1)
—H.
2CH,- —> C,H,—> C,H, @)

(&}

CH3' + 02 2 CH302’ e CO, COz- (3)

The decline in C, selectivity with increasing
partial pressure of oxygen or with increasing
0,/CH, ratio in the feed, as observed in both
the presence and the absence of TCM in
this study, can be interpreted as due to the
displacement of the equilibrium (3) to in-
crease the concentration of methylperoxy
radicals, a precursor to carbon oxides. Al-
though some support for the hypothesis that
the above reactions involving radicals occur
in the gas phase is provided by the observa-
tion of gaseous methyl radicals in the down-
stream from the reactor (2), the possible oc-
currence of these reactions, at least in part,
on the catalyst surface cannot be entirely
dismissed. Furthermore, reaction (3) may
not be the major path for the production of
nonselective oxygenated products. Methyl

radicals may also react with mono-oxygen
species such as O~ and O?~ (lattice oxygen).

It appears from the present study that
TCM, by forming an active chlorine species,
alters the catalyst characteristics in a man-
ner which promotes the yield and selectivity
to C,-hydrocarbons, in particular selectivity
to ethylene on alkali-doped manganese cata-
lysts supported on silica, but the nature of
this active chlorine species is not yet under-
stood. Furthermore, it appears that the
presence of an alkali metal in the Mn/SiO,
catalyst, but not again any alkali metal, is
essential to observe the promoting effects.
Itis also not clear whether the promotionis a
totally heterogeneous or a surface-mediated
homogeneous phenomenon. Further studies
are desirable to understand the fundamental
aspects of chlorine promotion in the oxida-
tive coupling process.

CONCLUSIONS

The following conclusions can be drawn
from this study of the oxidation of methane
on manganese-based catalysts: (1) Li-, Na-,
and K-doped Mn/SiO, catalysts show con-
siderable activity and selectivity in the cou-
pling process. (2) This activity and selectiv-
ity, in particular the former, is markedly
enhanced by cofeeding a small quantity of
TCM in the feed stream. (3) The presence
of TCM also facilitated the dehydrogenation
of product ethane, thereby notably improv-
ing the selectivity to ethylene. (4) TCM es-
tablishes an additional route for the coupling
reaction, presumably by creating new active
sites or by modifying existing sites on the
catalyst surface. (5) The secondary oxida-
tion of C,-hydrocarbons to complete oxida-
tion products is of relatively minor impor-
tance with the catalysts and reaction
conditions of this study.
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