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Increased yields of higher hydrocarbons from methane over manganese oxide—silica are obtained
upon the addition of alkali metals and alkaline earths to the catalyst. Running redox cycles of
alternating methane and air, a 15% manganese-5% sodium pyrophosphate—silica catalyst repeat-
edly gives a 17% vyield of ethane, ethylene, and higher hydrocarbons (77% selectivity and 22%
conversion) for 2 min at 850°C and 860 GHSV. This represents an improvement of 40 absolute
percent selectivity over the alkali-free catalyst. The improvement arises largely by suppression of
product oxidation. Further evidence is described for a mechanism involving surface-initiated gas

phase methyl radicals. © 1987 Academic Press, Inc.

INTRODUCTION

While progress has been made toward an
efficient one-step process for oxidative con-
version of methane to higher hydrocarbons,
further improvements in catalyst perfor-
mance are needed before commercial prac-
tice can be seriously considered. As the
most unreactive hydrocarbon, methane de-
mands novel treatment. The concept of a
cyclic redox process has been described
previously (/—4). Briefly, methane is oxi-
dized to ethane and water by a metal oxide
and the ethane reacts pyrolytically to ethyl-
ene and higher hydrocarbons in the first
half of the cycle, then the metal oxide, so
reduced, is reoxidized by air in the second
half of the cycle. This fixed-bed cyclic pro-
cess is similar to the Houdry process for
dehydrogenation. Alternatively, the pro-
cess may be carried out with a circulating,
and continuously regenerated, moving or
fluid bed (5). Work in other laboratories (6—
8) has shown progress with a continuous,
methane-air cofeed. Unlike the catalysts
reported in the preceding paper (3), the im-

' To whom correspondence and reprint requests
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proved catalysts reported here give product
yields from continuous methane—air co-
feed, competitive with those from cyclic re-
dox operation (9). The cofeed results will
be covered in a subsequent publication.
Manganese oxide on silica emerged as
the best among the materials examined in
the preceding paper (3) in terms of stability
and productivity. By adding alkali metals or
alkaline earths to that reagent, it has now
been found that selectivity to carbon oxides
can be reduced in favor of hydrocarbon
products. In the case of sodium, carbon ox-
ide selectivities are reduced by a factor of
about 3 at the same methane conversion.

EXPERIMENTAL

Supported catalysts were prepared by in-
cipient wetness impregnation of supports
with aqueous solutions of manganese(Il)
acetate, alkali metal and alkaline earth ace-
tates and nitrates, sodium pyrophosphate,
and lanthanum nitrate.

Supports used were Houdry HSC 534 sil-
ica (250 m%/g surface area), Norton SA 5551
a-alumina (0.4 m%g), United Catalysts
T1746 y-alumina (300 m?/g), and a 50/50 sil-
ica—alumina prepared by coprecipitation
(110 m%g).
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Precipitated catalysts containing 1% or
less sodium were prepared by base copre-
cipitation of a methanolic solution of tet-
raethoxysilane and manganese and sodium
acetates. Precipitated catalysts containing
higher levels of sodium were prepared by
rapid mixing of and precipitation from solu-
tions of manganese acetate and sodium sili-
cate, followed by water washing to reach
the desired level of sodium. All catalysts
were calcined in air at 850°C except where
noted.

Quartz tube reactors were used and prod-
uct analysis was primarily by gas chromo-
tography, as described previously (3). In-
stantaneous results were obtained with
syringe sampling, and cumulative results
were obtained with gas bags. For the lead
mirror experiments, the mirrors were de-
posited on inside walls of quartz tubes by
pyrolyzing tetrabutyl lead vapor carried in
a nitrogen stream.

RESULTS

After extensive screening of metal oxide
catalysts (3), manganese oxide was chosen
for further development because of its reac-
tivity and lack of volatility at operating con-
ditions. In that work, better selectivity to
higher (C,;) hydrocarbons was observed
with silica as the support than with alu-
mina. One reason for this may be the higher
acidity of alumina which promotes destruc-
tive interaction of olefins with the catalyst
surface. This hypothesis led to the screen-
ing of alkali metals and alkaline earths as
additives to the 10% manganese—silica sys-
tem. Results are listed in Table 1 for Li, Na,
K, Rb, Cs, Mg, Ca, and Ba, all at the same
molar concentration as 1.7% sodium. The
table also includes three other sodium lev-
els, and two levels of lanthanum corre-
sponding to the same molar concentration
and the same concentration of cationic
charge as 1.7% sodium. The highest C,.
yield was obtained with 1.7% sodium as
promoter. In some cases, results changed
markedly between the first two runs, but
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TABLE 1
Addition of Third Components to 10% Manganese
on Silica
Wt% Surface % Conversion® % Selectivity®
area®
(m?/g)
0.05 Nac 98 7 57
0.22 Na 61 8 53
1.7 Na 0.6 13 86
4.2 Na 0.4 4 92
0.5 Li 8 7 76
29K 50 7 72
6.3 Rb 56 10 71
9.7 Cs 71 8 69
1.8Mg 68 6 72
3.0Ca 56 4 70
10.0 Ba 47 12 62
34La 60 9 63
10.3 La 38 9 41

a After 10-20 methane runs
b The fifth 2-min methane run at 800°C, 860 GHSV.
¢ Contained in blank silica as received.

by the fifth run, performance was stable
enough to draw meaningful conclusions.

It was found that inclusion of phosphorus
as sodium pyrosphosphate (5%) led to
greater stability than catalysts prepared
from sodium acetate at the same sodium
level (1.7%). Table 2 provides evidence that
the effect of phosphorus may be related to
enhanced retention of surface area. A se-
ries of catalysts was then prepared with
15% manganese and a range of sodium
pyrosphosphate loadings. Their perfor-
mance is plotted in Fig. 1 as a function of
sodium content. The leftmost point in the
figure and the first entry in Table 1 repre-
sent manganese—silica catalysts with no
added sodium, but 0.05% sodium contained
in the silica as received. As sodium content
increases, first activity increases, then se-
lectivity. Above about 0.5% sodium, activ-
ity slowly falls while selectivity slowly
rises. The conversion—selectivity relation-
ship changes little above 0.5% sodium and
is plotted in Fig. 2 for the 1.7% sodium cat-
alyst which was studied extensively. Com-
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TABLE 2

Effects of Phosphorus on 10% Manganese, 1.7% Sodium on Silica

Run 1¢ Run 25¢
% Conversion % Selectivity Surface % Conversion % Selectivity  Surface
area area
Loading on SiO, (m¥g) (m%/g)
10% Mn, 1.7% Na 15 82 1.0 6 91 0.6
10% Mn, 1.7% Na 18 80 2.2 12 38 1.0

(as 5% Na,P,07)

« Two minutes, 800°C, 860 GHSV.

parison with the unpromoted catalyst
shows a marked difference in performance.
Detailed selectivities are listed in Table 3
for runs on three representative catalysts.
While selectivity to C; and higher hydrocar-
bons never exceeded that to C,’s, the ratio
of Cs, to C,’s did increase upon the addi-
tion of sodium. Most of the C;’s was pro-
pylene, C4’s butadiene, and Cs’s linear and
branched dienes.
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FiG. 1. Cumulative results of 2-min runs at 850°C
and 860 CH, GHSV over 15% Mn/SiO; as a function of
Na loading (applied as Na,P,0).

Cumulative results listed in Tables 1-5,
derived from gas bag collection of entire
methane cycles, represent time-average
conversion and conversion-weighted selec-
tivity. The instantaneous time dependence
of a typical run with the 15% manganese,
5% sodium pyrophosphate on silica catalyst
is plotted in Fig. 3. Instantaneous results
for six different catalysts are plotted in Fig.
4. Catalysts which are selective throughout
a run, at high initial conversion as well as
later low conversion, produce better cumu-
lative results. Notice that the better cata-
lysts, e.g., the upper three in Fig. 4, display
a more gradual falloff of conversion with
time. The catalyst labeled Mn,SiO, is a co-
precipitate described below.
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TABLE 3
Typical Product Selectivities?

10% 10% Mn, 15% Mn,
Mn/SiO;  1.7% Na/SiO; 5% NagP,07/Si0,

Temperature (°C) 800 800 850

% CH4 conversion 7 9 2

% Selectivity to
CoHy 31 47 47
C>Hg 20 30 14
Ci? 3 7 6
ce 1 4 4
Csb 0.1 0.7 1
Benzene 0.4 0.9 4
Toluene 0.1 0.2 0.4
Cco 13 5 11
CO, 30 5 11
Coke 1 0.5 1

2 Two-minute methane runs, 860 GHSV.
b Primarily olefinic.

Aluminas and a silica—alumina were sub-
stituted for silica as support. While addition
of sodium improved the results for both sil-
ica and alumina, silica ultimately produced
the highest yields of hydrocarbons (Table
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FiG. 3. Instantaneous results at 850°C and 860 CH,
GHSYV over 15% Mn, 5% Na,P,0,/Si0,.

4). Since it was observed that the more
selective silica catalysts, i.e., those with
added sodium, have surface areas less than
2 m%g, experiments were done to test the
possibility that low surface area is the nec-
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F1G. 4. Instantaneous results at 800°C and 860 CH, GHSV.
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TABLE 4

Manganese and Sodium on Various Supports

Support  Wit% Mn W1% Na Surface % %
area® Conversion® Selectivity?
(m?g)
Si0; 10 0.05 98 7 57
SiOy® 10 0.05 0.6 11 35
Sioy? 10 0.05 4 3 80
Si0, 10 1.7 0.6 13 86
a-Al03 10 0.06 0.4 13 49
a-AlLOs 10 1.7 0.2 12 74
y-ALO3 10 1.7 49 7 s
y-AlhOs 10 4.2 27 11 6
Si0;-ALO; 10 1.7 1.5 9 25

@ After 10-20 methane runs.

b The fifth 2-min methane run at 800°C, 860 GHSV.

¢ 8i0; first calcined at 1000°C, then loaded with manganese.
d Catalyst caicined at 1000°C after manganese loading.

essary characteristic and not the presence
of sodium, the sole function of which is the
reduction of surface area. Two manganese—
silica catalysts without added sodium were
prepared with low surface area by calcina-
tion at 1000°C, one before manganese load-
ing and the other after. The inferior results
in Table 4 for these catalysts show that low
surface area is not a sufficient condition for
high selectivity. Sodium must play an addi-
tional role.

The dramatic effect of sodium on manga-
nese oxide is demonstrated in Table 5. Bulk
manganese oxide (0.5 m?%g) was carried
though a series of runs (Fig. 2) and found to
be almost completely nonselective. Sodium
permanganate was then similarly run and
found to obey a conversion-selectivity re-
lationship close to that of the better so-
dium-manganese—silica catalysts. After
use, this material was found to contain g-
NaMnQ, and 8-Nag;MnO, by X-ray dif-
fraction. Manganese oxide was then loaded
with sodium at sodium : manganese ratios
between zero and one. In this series, selec-
tivity increased monotonically at compara-
ble conversions as the ratio increased.

Sodium manganese oxides were not ob-
served in XRD patterns of sodium-manga-
nese—silica catalysts; however, the latter
catalysts did display strong XRD patterns
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for Mn;SiO,, (braunite) and quartz when
oxidized and a strong quartz and weak Mn
SiO; pattern when reduced. In an attempt
to identify the active, selective species, co-
precipitates of manganese: silica ratios of
7:1, 2:1, and 1:1 were prepared, corre-
sponding to known mineral manganese sili-
cates and species observed by XRD. None
of these combinations was selective until
sodium was added (Table 5).

The atomic ratio of available, or active,
oxygen to manganese was calculated from
product yields of extended methane runs in
which the sodium~manganese-silica cata-
lyst was completely reduced. The ratio was
also determined gravimetrically by cyclic
hydrogen reduction and air oxidation of the
catalysts at 800°C in a Cahn microbalance.
Both methods produced a ratio of 0.4, the
same value as previously determined for
manganese—silica without added sodium
(3). This is consistent with the value (0.43)
for reduction of Mn;SiO;, to MnSiO;, the
species observed by XRD.

Mn7SiO|2 + 68102 2 7MnSlO3 + 30

Scanning electron microscopy revealed a
clear difference in surface morphology be-
tween the manganese—silica systems with
and without added sodium. The latter ap-
peared very rough with sharp angles and
discontinuities at particle boundaries, while

TABLE 5

Effect of Sodium and Silicon on Manganese Oxide

Wit% Na % CH, % C,. selectivity?
conversion®
MnO, 0 42 1
NaMnO, 21 12 85
Mn;SiO, 0 35 10
Mn,SiO, 0 25 12
Mn,SiO, 2 15 82
MnSiO, 0 31 10
MnSiO, 1 14 49
MnSiO, 2 7 94
MnSiO, 9 2 93

a Fifth 2-min methane run at 800°C, 860 GHSV.
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Fi1G. 5. One-minute cumulative data for CH, feed
over 15% Mn, 5% Na,P,0,/Si0, at 825°C.

the former appeared very smooth, as if par-
ticles had melted together into a continuous
network.

A series of 1-minute methane runs was
carried out over 15% manganese, 5% so-
dium pyrophosphate on silica to determine
the effect of residence time on selectivity.
The same series was repeated with a feed of
10 vol.% ethylene in methane. The results
are plotted in Figs. 5 and 6, respectively.
Extrapolation to zero residence time of se-
lectivity trends in the methane runs identi-
fies ethane as the major product (95%) with
a small selectivity to carbon oxides (5%). A
similar extrapolation of the methane—ethyl-
ene runs again includes ethane (30%) and
carbon oxides (10%) as products, but in this
case, butene (20%) persists and propylene
(40%) appears to be the major product. Se-
lectivities to Cs’s, benzene, and toluene,
not plotted for simplicity, fall to zero at
short residence times. The majority of car-
bon oxides formed at longer residence
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times arises from secondary reactions.
Coke selectivities, plotted with carbon ox-
ides for simplicity, are consistently 10 or
more times smaller than those of carbon ox-
ides. The trends are similar to those ob-
served previously (3) in the absence of
added sodium. One difference is the consid-
erably higher selectivity to carbon oxides
and coke at long residence times without
added sodium.

Paneth lead mirror experiments (/0)
were performed to test the mechanism
put forth previously (3) that gas phase
methyl radicals are the primary species
formed from methane oxidation. Methane
runs were made in the same reactor at
800°C and 1000 GHSV, first with silica as
catalyst and then with 15% manganese, 5%
sodium pyrophosphate on silica. The exit of
the reactor tube, outside of the furnace,
was tapered so that a high product gas ve-
locity, 13 m/sec, was achieved (Fig. 7).
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Fi1G. 6. One-minute cumulative data for a feed of 10
vol.% C,H, in CH, over 15% Mn, 5% Na,P,0,/SiO, at
825°C.
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Fi1G. 7. Quartz reactor tube used for lead mirror ex-
periments, The large diameter and tapered sections
were inside the furnace, the small diameter section
was outside.

First, a lead mirror was deposited in the
exit zone. Then 16 consecutive methane—
nitrogen—air—nitrogen cycles were carried
out over silica. The hottest part of the lead
mirror, 3 mm long, disappeared by lead
sublimation. With this as a baseline, 16 runs
were carried out over the sodium-manga-
nese—silica catalyst with a new lead mirror
in place. This time, 15 mm of the lead mir-
ror disappeared, a distance well into the
cooler length of the tube, below 200°C. The
mechanistic implications are discussed be-
low.

DISCUSSION

The improvement in selectivity upon ad-
dition of sodium to the manganese-silica
system could arise for a number of reasons.
There is evidence for beneficial effects of
surface basicity, a specific sodium-manga-
nese interaction, and reduction of surface
area. These solid phase aspects will be
treated in turn, followed by a discussion of
the gas phase chemistry.

In general, improved performance can be
correlated with catalyst basicity. While so-
dium caused the greatest improvement, all
the alkali metals and alkaline earths in Ta-
ble 1, when added to the manganese-silica
system, improved activity or selectivity, or
both. Except for sodium and lithium, this
improvement came with only a modest de-
crease in surface area, and in no case were
there any species evident from XRD, other
than quartz, cristobalite, Mn;SiOy;, or Mn
SiO;. With no added alkali or alkaline
earth, surface area reduction by high tem-
perature calcination did not improve prod-
uct yields to levels obtained with the base-
promoted catalysts, regardless of surface
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area (Tables 1 and 4). Inferior yields with
alumina and silica—alumina supports also
reflect the need for low acidity. It can
be reasonably argued that acidic surfaces
would tend to interact more than neutral or
basic ones with olefinic and aromatic prod-
ucts. Once activated at these high temper-
atures, such products are prone to coking
or overoxidation by the oxidizing sur-
face.

Bulk manganese oxide, not acidic and of
low surface area (0.5 m%g), proved to be the
most nonselective material examined. With
the addition of sodium, selectivity im-
proved dramatically and sodium manga-
nese oxides appeared in XRD. While these
species did not appear in XRD of the so-
dium-manganese-silica, it may be that, in
this case, amorphous species of this type
were formed, since no crystalline, sodium-
containing species at all were observed. In
addition, Mn3;0, was observed by XRD in
manganese-silica without added sodium,
and it disappeared upon sodium addition.
These differences point toward a sodium-
manganese interaction which affects the
tendency of manganese oxide to overox-
idize reactive hydrocarbons.

In addition to basicity and sodium-man-
ganese interaction, surface area influences
catalyst performance. The lowest surface
area and highest yield in Table 1 results
from sodium promotion. Even within the
aluminas, low surface area «-alumina
works much better than high surface area y-
alumina. The variation in reaction rates in
Fig. 4 is probably a consequence of surface
area. The three catalysts represented in the
bottom half of the figure have much higher
surface areas than the upper three and as
a result, they have higher initial activity.
Having spent more active oxygen in the
early part of the run, the activity of these
catalysts falls off more rapidly. While the
cumulative conversion might be the same
for a 2-minute run on a low surface area and
a high surface area catalyst, the bulk of
conversion in the high surface area case
takes place quicker at higher instantaneous
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conversion and correspondingly lower se-
lectivity. This effect is in addition to the
fact that, even at the same instantaneous
conversion, selectivity is better with so-
dium promotion. The latter effect is, in
part, a result of the fact that higher surface
areas give proportionately higher rates of
product coking and subsequent combus-
tion,

The gas phase chemistry should be inde-
pendent of catalyst promotion. The im-
provement in selectivity realized by sodium
promotion, an overall increase in hydrocar-
bons at the expense of carbon oxides and
coke, leaves the distribution of hydrocar-
bons qualitatively unchanged from that pro-
duced by the unpromoted catalyst (Table
3). In addition, the results of the variation
of residence time (Fig. 5) lead to the same
general conclusions as reached earlier (3)
for the unpromoted catalyst. As discussed
in that case, the interpretation of short resi-
dence time selectivities as representing the
primary product distribution may be too
simplistic, since heavier products can form
and crack back to light products on the way
to thermodynamic equilibrium, thus mask-
ing the primary distribution. In fact, selec-
tivity to C»~C; products drops from 16 to
1% as residence time drops through the
range shown in Fig. 5. At short residence
times, heavy intermediates thus become
less important and selectivity trends reflect
at least an approach to the primary distribu-
tion. Ethane is apparently the major pri-
mary product. The selectivity to carbon ox-
ides, at short residence times, is three to
four times greater without sodium promo-
tion, implying a greater propensity for de-
struction of methyl radicals. At long resi-
dence times the selectivity to carbon oxides
and coke is still three times greater for the
unpromoted catalyst, implying a greater
propensity for product destruction. The
qualitative trends, however, are the same
for the two catalysts. The gas phase mecha-
nism advanced previously (3) is still satis-
factory: methane is oxidized to methyl radi-
cals, which dimerize in the gas phase to
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ethane, which dehydrogenates to ethylene
which can then add a methyl radical or di-
merize, and so on.

These ideas are supported by results with
10% ethylene-in-methane feed (Fig. 6). For
both catalysts, propylene appears to be the
major primary product, having formed pre-
sumably by addition of methyl radicals to
ethylene. Ethylene conversion rises steeply
with increasing residence time and then lev-
els off as its production rate from methane
and heavier product cracking approaches
its conversion rate.

Methyl radicals have been detected in re-
lated work on methane in the presence of
gas phase oxygen (/7). In the absence of
gas phase oxygen, gas phase methyl radi-
cals would have to have been formed at a
surface before passing into the gas phase.
Surface-generated radicals have been ob-
served from butane over manganese cata-
lysts (12). In addition to the indirect Kinetic
evidence for methyl radicals described
above, more evidence was obtained from
cyclic methane runs, described earlier, in
which the movement of a 15 mm length of a
thin film of lead downstream from the cata-
Iyst was observed. This movement of lead
could have been caused by a variety of radi-
cals, but reasonable alternatives to methyl
radicals, e.g., ethyl or propyl, dissociate to
a hydrogen atom and the appropriate olefin
too rapidly to be of concern (I13). Methyl
radicals would have a lifetime adequate to
cause the observed movement of lead. A
steady-state methyl radical concentration
of 6 X 107'° mole/ml would exist under the
run conditions if produced at the observed
methane conversion rate of 4 X 1075 mole/
ml sec~! and removed with a recombination
rate constant of 1 x 10'* ml/mol sec~! (14).
This concentration, upon leaving the cata-
lyst bed, would have a half-life of 0.2 msec,
a quarter-life of 0.5 msec, and a tenth-life of
1.5 msec, corresponding to distances of 2,
7, and 20 mm travel down the tube. Recall
that the observed lead migration distance
was 15 mm. Although this is a simplistic
analysis, the weight of evidence strongly fa-
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vors a2 mechanism involving surface-initi-
ated gas phase methyl radicals as building

blocks for higher hydrocarbons.

CONCLUSIONS

Mathana convercion
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manganese and silica can be improved by a
combination of increasing surface basicity
and decreasing surface area. In particular,
sodium is well suited for these two require-
menis, as weil as conversion of nonselec-
tive manganese oxide into a more selective
form. The pyrophosphate anion provides
greater stability to the catalyst. A catalyst
of 15% manganese and 5% sodium pyro-
phosphate on silica has been used to obtain
al7% yield (22% conversion, 77% selectiv-

ihy\ af hio hudracarha far 2 at
ny; O1 xusu\d nyarocaroons ior 2 min at

850°C and 860 GHSYV in repetitive cyclic
methane runs alternating with air reoxida-
tion of the catalyst.

The observed kinetics are consistent with
a mechanism invoiving the oxidation of
methane by a surface oxide to methyl radi-
cals and water. Building of higher hydro-
carbons then follows a thermal, gas phase
radical sequence. Nonselective products
are formed primarily by destruction of
methyl radicals at low methane conversion

W
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and destruction of olefinic and aromatic
products at high conversion.
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