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A new catalyst based on the K/Ca/Ni oxide system has been
developed for the oxidative coupling of methane at <700°C. It is
capable of up to 70% selectivity to C,, hydrocarbons at complete
0, conversion (CH,/0, ratio = 2.5) if 35% water is present in the
feed. Unlike previous materials of this type, the present catalyst
is stable at the conditions of its maximum yield to C,, products
and is not poisoned by CO,. On the contrary, it appears as if CO,
promotes formation of a selective hydroxycarbonate phase which

develops under reaction conditions. © 1994 Academic Press, Inc.

INTRODUCTION

The oxidative coupling of methane (OCM) has been
intensively studied for the past 10 years. Numerous cata-
lysts have been tested and developed for this reaction,
including alkali/alkaline earth oxide mixtures, rare earth
oxides, and mixtures of alkaline earth oxides with post-
transition metal oxides. Most of these require a reaction
temperature well above 700°C in order to produce C,,
hydrocarbons at high selectivity (1, 2). However, doping
alkali/alkaline earth oxide mixtures with certain transition
or post-transition metals can reduce the temperatures of
usage significantly, although selectivity may be sacrificed
(3). In these catalysts the metal is apparently present as
interstital cations rather than as part of a well-character-
ized metal oxide phase. This can be inferred from XRD
studies and also from the comparatively poor catalytic
properties of well-characterized alkali transition-metal
oxides (4-6).

Water is necessary in the OCM feed mixture as more
metal is added to an alkali/alkaline earth oxide mixture.
As a minimum, the water is necessary to prevent rapid
coking as in the case of methane steam reforming cata-
lysts, where water/carbon ratios of 0.3-0.4 are absolutely
necessary, and higher ratios are in fact used (7). Further-
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more, water either in the feed (8, 9) or preadsorbed on
the catalyst (10) promotes ethane formation. For example,
Heinemann and co-workers (8, 9) tested a Ca;NiK, , oxide
catalyst for OCM at temperatures below 600°C with 65
mol% water in the feed, and obtained >90% selectivities
to C,, hydrocarbons at low space velocities (methane
WHSV ~0.016) and short times on stream. However,
further work revealed that these high selectivities were
relatively short-lived for this material and catalysts of
similar composition (11). We made similar observations
while testing a variety of K/Ca/Ni (Ca/Ni = 0.8-11) ox-
ides at WHSV ~0.4 and water contents from 0-65 mol%
(10, 12). Using a combination of kinetics, XRD, TGA,
DSC, and Raman spectroscopy experiments, we found
that these materials were multiphasic. One phase was a
K/Ca oxide of high initial coupling activity, but it under-
went rapid deactivation concurrent with its conversion to
amixed carbonate. At least one of the other phases, which
contained Ni in valences of + 2 and higher, also exhibited
some coupling activity. We found maximum steady-state
C, . hydrocarbon selectivities in the range 30-40%, the
values increasing with an increase in the partial pressure
of water and decreasing with an increase in the C,/O,
ratio. However, we found an opposite trend in selectivity
as a function of C,/0, ratio for undoped K/Ca oxides (10),
as did Heinemann and co-workers (11) for their materials
at short times on stream. This supports our hypothesis
that the very active and selective phase at short times on
stream is an undoped K/Ca oxide.

Based on these results, we further suggested that the
selective phase at long times on stream was a hydrous
K/Ca/Ni oxide with some Ni in valence higher than +2,
while NiO was a nonselective phase. Potassium ions pro-
mote the formation of higher valent Ni, especially in hy-
drous oxides (13-15). One reason for the higher steady-
state selectivities observed in our work was probably the
higher K/Ni ratios in some of our catalysts (e.g.,
K/Ni = 0.6), in contrast to the materials of Heinemann
and co-workers (typically K/Ni = 0.1). If a K/Ca/Ni
oxide of high K/Ni could be prepared containing no sepa-
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rate NiO phase, it is conceivable that this K/Ca/Ni cata-
lyst should be highly selective in the presence of water,
even at long times on stream. Here we show that it is
possible to prepare such a catalyst; its performance is
highly sensitive to composition, as determined by micro-
reactor experiments using a number of similar catalysts
where Ba was substituted for Ca or Co for Ni.

METHODS

A number of ternary and quaternary oxides were pre-
pared and studied, with cations K/Ca/Ni, K/Ca/Co,
K/Ba/Ni, and K/Ca/Ba/Ni. A typical sample is given the
shorthand designation xK/y(Ca or Ba)/z(Ni or Co), where
x, y, and z are the atomic ratios used in the synthesis.
Catalyst preparation involved two steps. In the first step,
the mixed oxides CaO/NiO, CaO/Co0O, and BaOQ/NiO
were prepared by calcining the mixtures Ca(NO,), +
Ni(NO,),, Ca(NO;), + Co(NO;),, and BaO + NiO, re-
spectively, in static air; the calcination temperature was
raised from ambient temperature to 1200°C over a period
of 6 h, and then kept at 1200°C overnight. At this tempera-
ture the solubility of Ni in CaO is roughly 1.8 at% (16).
A ternary Ca/Ba/Ni oxide was also prepared by calcining
the CaOQ/NiO material with BaO, following the same tem-
perature program. In the second step, K,CO; was added
to the calcined binary or ternary oxides by dry mixing
and these samples were calcined in flowing O, (3—-4 cm?®/
min); the temperature was raised from ambient to 700°C
at 5°C/min, and then maintained at 700°C for 18 h.

A Li-based catalyst (0.21Li/Mg/0.01Sn) catalyst was
examined for comparison purposes. This was the same
material as was used in a previous study of this relatively
active and selective OCM catalyst (17).

Kinetics measurements were carried out in a conven-
tional microreactor flow system with on line GC analysis.
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FIG. 1. Behavior of 0.1K/Ca/0.012Ni catalyst after 100 h time on

stream. Feed composition: 36.6% CH,, 14.5% O,, 39.8% H,0, balance
He. Symbols: +, % C,, selectivity; A, % C,, yield; A, ethene/ethane
product ratio.

The reactor was quartz, 12.5 mm i.d. by 100 mm heated
length, with thermocouples in three locations along the
heated length; the temperature measured at the central
thermocouple location, in the middie of the catalyst bed,
is the one reported here. The entry and exit zones con-
sisted of 8 mm quartz tubing held at slightly less than
400°C just above and below the bed and less than 200°C
elsewhere. The C,/0O, ratio was 2.5, the methane WHSV
0.4 h™', and the pressure roughly 1 atm. Water was intro-
duced by a syringe pump through a heated evaporator
packed with glass beads. Except where otherwise noted,
the feed composition consisted of 30 mol% CH,, 12% O,,
16% H,0, with the balance He. Product analysis showed
that the entire system had come to steady state after 3 h
of operation,

TABLE 1

Catalyst Performance at Point of Maximum Yield

Sample Temperature % CH, % C,, Ethene/ethane

composition C) conversion selectivity ratio
0.1K/Ca/0.012Ni 630 37.0 54.2 1.52
0.1K/Ca/0.012Ni* 630 34.7 60.9 1.67
0.1K/Ca/0.012Ni® 630 37.3 55.1 1.60
0.1K/Ca/0.024Ni 650 35.1 53.3 1.50
0.024K/Ca/0.012Ni 630 34.0 55.5 1.49
0.1K/Ca/0.012Co 750 34.1 53.4 1.73
0.1K/Ca/0.012Ba/0.012Ni 710 35.8 54.9 1.66
0.1K/Ba/0.012Ni 780 29.6 34.3 1.25
0.21Li/Mg/0.01Sn 650 21.7 37.0 0.58

¢ After 24 h time on stream.
b 36 h final calcination.



404

70
_ 165 3
& s
...(__,'
©
o J 60 2
= O
> (7]
+ +
N ~
]
3 55 ©
20 . - 4 50
5 15 25 35 45

% Water in Feed

FIG. 2. Effect of varying water content in feed on 0.1K/Ca/0.012Ni
catalyst at 630°C, 100% O, conversion, CH, partial pressure = 0.30
bar, C,/0, feed ratio = 2.5. Symbols same as in Fig. .

Thermogravimetric analysis was performed using a Per-
kin-Elmer TGA 7. A 0.1K/Ca/0.012Ni catalyst was used
in all TGA experiments. ‘‘Fresh’’ catalyst denotes a fully
calcined material not yet used in a reaction experiment.
Experiments were performed by passing mixtures of 95%
air + 5% CO,, water-saturated 95% air + 5% CO,, water-
saturated air, or undiluted air over the samples. In those
cases where a water saturator was used, it was maintained
at ambient temperature so that the water content did not
exceed 3%. The temperature of the TGA furnace was
increased from 30 to 630°C at 200°C/min and then main-
tained at 630°C for 2 h; this was sufficiently long to bring
the samples to constant weight.

XRD measurements at ambient conditions were made
on a Scintag PAD-V powder diffractometer using Cu-Ka
radiation. The JCPDS powder diffraction file was used to
identify the crystalline phases present. The surface area
measurements were made with N, using an automated
BET apparatus (Omicron Omnisorb-360). SEM micro-
graphs were taken using an Electroscan Model E-3. Sam-
ples were mounted with epoxy and gold coated.

RESULTS AND DISCUSSION

Figure 1 shows typical results for product distribution,
C,, selectivity, and C,, vield as a function of temperature
for a 0.1K/Ca/0.012Ni catalyst with roughly 40% water
in the feed at a C,/O, ratio of 2.5. In this work, the selectiv-
ity (S,) is defined as

(mol i product) (mol carbon/mol /)

S = (1

> (mols j product) (mol carbon/mol j)
7
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FIG. 3. Behavior of 0.1K/Ca/0.012Ni catalyst with time onstream

at 650°C. Same feed composition and symbols as in Fig. 1.

and the methane conversion (X¢,) was computed as

Xe, =

2 (mol j product) (mol carbon/mol j)
J

(mol C, out) + 2 (mol j product) (mol carbon/ mol j)
;

(2]

The yield is defined as the product of methane conversion
and selectivity. The carbon balances were 100 = 3%. The
products included C,, hydrocarbons, CO, and CO,. The
C,/C, ratio was at least 15, and only traces of C,, hydro-
carbons were observed.

The results in Fig. 1 on C,, selectivity and yield were
obtained after the catalyst had already been onstream for
100 h at 630°C. The results show that a Ni-containing
catalyst can be active for OCM even below 600°C, and that
the coupling activity may be long-lived. The selectivity to
C, . appears to be maximum around 630°C. This last result
is consistent with our previous results on catalysts of
higher Ni-content (10, 12).

The results obtained for the various catalysts when

TABLE 2
Bulk Phases Identified by XRD

Catalyst Major phases Minor phases
0.1K/Ca/0.012Ni, fresh Ca0O None
0.1K/Ca/0.012Ni, used CaCO0,, Ca(OH), CaQ
0.05K/Ca, fresh Ca0, Ca(OH), CaCQ,
0.05K/Ca, used Ca(OH), CaCoO,
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FIG. 4. SEM micrographs ( x20,000) of fresh (a) and used (b, ¢) 0.1K/Ca/0.012Ni.

using the standard feed composition are compared in Ta-
ble 1. The data given were those obtained at the point of
highest yield, which in all cases occurred at a temperature
associated with 100% O, conversion. The catalyst 0.1K/
Ca/0.012Ni was the most active one tested, also giving the
highest C,, yield: 20-21% at 630°C. With a conventional
OCM catalyst, temperatures higher than 700°C are neces-
sary to give such high yields (2).

The first two entries in the table are for the same 0.1K/
Ca/0.012Ni sample; this sample showed only slight
changes in catalytic performance in 24 h time on stream,
and constant yield. The third entry is for a different sample
of the same starting composition, but calcined for 36 h
rather than 18 h. Again, the yield was unchanged, sug-
gesting that the normal calcination procedure was ade-
quate. In the fourth and fifth entries of the table (0.1K/
Ca/0.024Ni and 0.024K/Ca/0.012Ni, respectively), it is
shown that perturbing the potassium or nickel contents
did not affect the behavior of this catalyst. However, note
that the K/Ni ratios were never less than 2/1.

Catalytic behavior was sensitive to the particular transi-
tion metal or alkaline earth used; the replacement of Ni
by Co (sixth entry in the table) or the addition of even
small amounts of Ba (seventh entry) resulted in far less
active, but in other respects similar, catalysts. The com-
plete replacement of Ca by Ba in the 0.1K/Ba/0.012Ni
sample (eighth entry) decreased the selectivity as well
as the conversion, reflecting the influence of gas-phase
combustion reactions at the temperatures required to use
this catalyst. Extensive blank experiments with C,/C,/
0,/H,0 feeds have shown that at <700°C, taking into

account C,, hydrocarbon combustion, the C,, selectivity
could be as high as 80% for the case of no combustion
reactions occurring on the catalyst (10). However, at
>700°C the rates of gas-phase C,, combustion in these
blank experiments increased substantially, and therefore
all data taken above this temperature may have been af-
fected by combustion of the C,, products. These results
on C,, combustion are in rough agreement with previous
work on rare-earth (18) and Li/MgO (19) catalysts.

A Li/Mg/Sn catalyst is the most active Li-based mate-
rial which still exhibits high C,, selectivity (3, 20). The
significantly poorer performance of 0.21Li/Mg/0.01Sn
(last entry in Table 1) under the present conditions con-
firms the specificity of the Ni-containing catlaysts at tem-
peratures <700°C. But it should be noted that at roughly
700°C Li/Sn/MgO is also capable of yields as high as 20%,
without water addition to the feed (20).

The effects of the amount of water in the feed mixture on
catalyst behavior were investigated. These experiments
were performed at constant partial pressures of CH, and
O,; helium was used to keep the total gas flow rate con-
stant. The results shown in Fig. 2 demonstrate an increas-
ing C,, selectivity as the partial pressure of water was
increased, up to about 35% water. These results are in
qualitative agreement with our previous results (10, 12)
for catalysts with much lower Ca/Ni and K/Ni ratios;
however, the 0.1K/Ca/0.012Ni catalyst used here re-
quires far less water to attain maximum selectivity. It was
noted that the present material was stable in the presence
of 16% water, but it was transformed over a period of
about 12 h in the presence of 6.7% water, the lowest feed
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FIG. 4—Continued

content examined. Evidence for the transformation was
extensive carbon deposition as indicated by carbon bal-
ances <90%, a complete loss of C,, selectivity, and dra-
matic increases in the amounts of CO and H, produced.
Such reforming behavior was previously observed under
similar conditions for catalysts of higher Ni-content (12).

The 0.1K/Ca/0.012Ni catalyst was tested for 100 h using
a feed of composition CH,/O,/H,O/He = 36.6%/14.5%/
39.8%/9.1%; the C,/0O, ratio here was also 2.5. The C,,

hydrocarbon selectivity and yield showed no significant
changes over this period (Fig. 3); however, the alkene/
alkane ratio of the products increased somewhat during
the experiment. These data are in marked contrast to
recent results of Heinemann and co-workers (11), who
tested a 0.1K/3Ca/Ni catalyst at 600°C and methane
WHSV = 0.016 h™! and observed steadily decreasing
hydrocarbon selectivities from 90+ % to less than 30%
over a period of 15 h. It is clear that 0.1K/Ca/0.012Ni
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and similar catalysts differ substantially not only from the
materials studied by Heinemann and co-workers but also
from the several low Ca/Ni ratio materials which we have
previously examined (10, 12).

The crystalline phases of the 0.1K/Ca/0.012Ni catalyst
were determined by XRD; the results are listed in Table
2. Upon use, phase transformations from oxides to car-
bonates and hydroxides were observed, and the XRD
signal intensity was greatly reduced; these changes are
typical of K/Ca mixed oxides, as also indicated in Table 2.
No crystalline NiO or higher oxides of Ni were detected.
These phase transformations were accompanied by an
increase in BET surface area of ~7 to ~17 m%/g, a result
typical of hydrous oxide formation. SEM measurements
showed the development of a smoother shape and more
regular habit as shown by the micrographs pictured in
Fig. 4. The predominant particle shapes changed from
rough chunks (a) to smoother-shaped but still irregular
particles (b) and rod-like particles (c). Even the large
particle in (b) contains rod-like matter on its surface. The
differences in the catalytic behavior of the present catalyst
from pure K/Ca oxide can therefore be attributed to a
Ni-containing K/Ca mixed hydrous oxide or hydroxycar-
bonate, at least on the surface.

The surface and bulk chemistry of the 0.1K/Ca/0.012Ni
catalysts were further explored through a series of TGA
experiments at 630°C using carrier gases of differing com-
position. The philosophy behind these was as follows.
Saturating the carrier gas with water should result in insig-
nificant weight loss from a sample at 630°C if the hydrated
form was stable. For a material of high carbonate/oxide
ratio, treatment with a CO,-containing carrier gas should
also result in an insignificant weight loss if the carbonate
was stable at 630°C. However, treatment with air only at
630°C should result in a large weight loss on the basis of
previous work with wet and dry calcite (21-23) and mixed
K/Ca oxides (10). Moreover, the fresh catalyst was oxidic
and so TGA experiments with CO,- and/or H,O-con-
taining carrier gases should provide information on the
development of the working catalyst at short times on
stream.

The results of the TGA experiments are summarized
in Table 3. The slight loss of weight for the fresh catalyst
indry air was probably due to loss of residual water picked
up in sample handling. The fresh catalyst lost the same
percentage of weight in both wet and dry air; this indicates
that there was minimal hydroxide formation at 630°C
when CO, was absent. In the presence of CO,, however,
a substantial amount of water was incorporated in the
fresh catalyst, as may be inferred upon comparing the
first two table entries. This inference was confirmed by
injecting gas samples from a subsequent desorption exper-
iment (630°C, with air as carrier gas) into a GC; these
samples contained both H,O and CO,. The water was
desorbed rapidly at 630°C, the CO, slowly. This behavior
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TABLE 3
TGA Experimental Results

0.1K/Ca/0.012Ni

catalysts Carrier gas Weight change
Fresh Air/CO,* +11%
Fresh Air/CO,/H,0% +23%
Fresh Air -2.3%
Fresh Air/H,0b -2.3%
Used Air/CO,* +1.6%
Used Air/CO,/H,0* +1.3%
Used Air -31%
Used Air/H,0b —~29%

“ Gas mixture consisted of 95% air and 5% CO,.
b The water saturator was at ambient temperature.

is characteristic of hydroxycarbonates with molecular wa-
ter inclusion between layers (24). Finally, an adsorption
experiment using fresh catalyst at 630°C was performed
using the microreactor apparatus and an air stream con-
taining 5% CO, and 2% H,0. The results are shown in
Fig. 5, where it is seen that CO, is rapidly adsorbed, after
which H,O adsorption begins. About twice as much total
CO, as H,0 was adsorbed during this experiment. All of
these results are consistent with the XRD results showing
both hydroxide and carbonate formation in used materi-
als, and also suggest hydroxycarbonate formation at the
surface. It can certainly be concluded that at 630°C, a
carbonate-rich oxide is far more reactive toward water.
When either the air/CO, or the air/CO,/H,O mixtures
were passed over the used catalyst, the weight increased
slightly. However, the used catalyst lost roughly 30% of
its weight when contacted with either the air or the air/
H,O mixtures. In other words, in the absence of gaseous
CO, the catalyst could not retain water at 630°C, even in
the presence of a water-saturated carrier gas stream.

100

o 8o L
w
o
& sori -
2 Wl >
P 40 ' -------- / 4\
R g0 /* o,

0 . ) ) " A N L

[o] 20 40 60 80 100 120 140 160 1BO
TIME, min
FIG. 5. Adsorption at 630°C (percentage adsorbed of the entering

composition) onto fresh 0.1K/Ca/0.012Ni from a stream of air containing
5 vol% CO, and 2% H,0. Total flow rate = 50 cm’/min. Symbols: +,
H,0; A, CO,.
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Again, the presence of a hydroxycarbonate phase at the
surface could account for this behavior.

All previous results for these catalysts, and the results
in Fig. 2, suggest that the active phase of these catalysts
must be a Ni-containing hydrated phase. From the TGA
results, we conclude that water does not prevent carbon-
ate formation in these materials, but rather carbonate
formation enhances formation of an active Ni-containing
hydroxycarbonate at the surface. Further work is required
to determine if the hydroxycarbonate is of a layer-type
structure similar to hydrotalcite minerals such as takovite,
NizAl,(OH),,CO; - 4H,0, a steam reforming catalyst pre-
cursor (24, 25). Takovite consists of brucite-type layers
with octahedral sites containing both divalent and triva-
lent cations, separated by disordered interlayers of water
molecules and carbonate anions. A similar material con-
taining Ca?*, Ni2*, and Ni** could be envisioned, but the
role of K* would still be unclear. However, our previous
Raman spectroscopy experiments showing the presence
of Ni** only in the more selective K/Ca/Ni oxides lends
plausibility to the speculation.

Finally, these new results help explain our previous
findings (12) that calcination of K/Ca/Ni oxide catalysts
with a mixture of O, and CO, resulted in a superior catalyst
at short times on stream when compared to calcination
with O, alone. They are also consistent with our initial
microreactor experiments with 0.1K/Ca/0.012Ni, where
we observed that the activity for C,, formation developed
more slowly and erratically when KNO, rather than
K,CO,; was used as the potassium source in the prepa-
ration.
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