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The catalytic oxidative coupling of methane to C,, C; and C, paraffins and olefins has
been accomplished with close to 100% selectivity at methane conversions of about 10% per
pass. Essentially no carbon oxides are formed and the mechanism appears to be a surface
catalyzed reaction. Temperatures of <600°C are used and the presence of steam is
important. The catalyst comprises a ternary mixture of calcium, nickel and potassium oxides.
Method of preparation and composition of the catalyst are critical for its performance.
Presence of a carbidic carbon on the catalyst surface may be important.

1. Introduction

This letter reports the catalytic oxidative coupling of methane to C, hydro-
carbons and to small amounts of C; hydrocarbons at close to 100% selectivity at
about 10% CH, conversion/pass. At this high selectivity oxygen consumption is
minimized as is the need for purification of recycle methane. Even though the
yield of C, and C,; hydrocarbons/pass is relatively low, these factors offer
advantages over higher yields at relatively high conversions to carbon oxides.

It appears that the reaction path is catalytic and that there is no evidence for
homogeneous gas phase oxidative reaction, in contrast to most of the methane
conversion studies reported in the literature [1] that are usually performed at high
temperatures (700 °C) and high space velocities.

The reaction of methane with small amounts of oxygen is carried out in the
presence of steam typically at ratios of methane:oxygen:water=3:1:6.5 at
relatively low temperatures < 600°C and at atmospheric pressure. The role of
water is under study and it is shown to be essential. In the absence of water much
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lower selectivities are obtained and substitution of inert gases: e.g. helium, for
water to achieve the same partial pressure of the reactants and products results in
lower yields of hydrocarbons.

The catalyst used is a calcium-nickel-potassium oxide and care should be taken
for catalyst formulation. Slight variations in catalyst preparation have led to
materials exhibiting different activities and selectivities.

2. Experimental

The equipment used has been described before [2]. Methane and oxygen were
obtained from Mathesson with a purity of better than 99.99%. Steam was
produced from distilled water pumped into the reactor by a Harvard syringe
pump; the lines from the exit of the syringe up to the inlet of the reactor were
heated at 140° C.

After the catalyst has been loaded into the reactor, it is oxidized with O, at
680° C. The flow rate is approximately 2 cc of oxygen per minute. The length of
time of oxidation is important as shown in the Results section. The reaction
temperature is then raised to the desired value and steam and methane mixed
with oxygen are introduced. The range of reaction temperatures explored was
580-750° C. The methane space velocity was 4.0 mmol/g cat./hr. There is an
induction period as shown in table 1 (which presents a carbon material balance)
during which carbon is deposited on the catalyst. (The deposited carbon may play
a significant role as an elementary reaction step or for modifying the catalyst.)
After this induction period, a 100% + 2% carbon material balance is obtained for
extended periods of time (days).

Products of the reaction are analyzed by gas chromatography using FID, TCD
and mass spectrometer detectors.

Blank runs were performed over inert ceramic granules and in the absence of
catalyst and indicated that in the temperature range of 560-600°C, approxi-
mately 2-4% conversion of methane to CO, was obtained. Since less carbon
oxides are obtained during the runs over the catalyst, it is apparent that in the

Table 1
Material balance as a function of operating time
Time Carbon balance
(min) (%)
25 70
50 95
100 98
200 100

400 100
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presence of the catalyst, the gas phase reaction leading to CO, formation is
minimized.

XPS analyses of the catalyst were performed in a PE 5000 ESCA unit. The
samples consisted of powdered catalysts compressed between a gold mesh and a
gold foil. Charging effects were thus minimized and were corrected for the spectra
shown in this work. The standard conditions for the analysis were: angle 45°;
acquisition time 5 min; pass energy 35.7 eV; anode: Mg 400 W.

The preparation of the catalyst is of great importance and is very sensitive to
the procedure employed. Most catalysts of high activity were prepared from
solutions of calcium and nickel nitrates which were dried and decomposed in air
at 700° C to the corresponding oxides, then, small amounts of potassium nitrate
were added and decomposed in oxygen and further oxidized at 700° C as well.
Catalysts of similar performances were obtained by starting with the correspond-
ing hydroxides. The ratio of the components is important and the best catalyst
thus far prepared consists of an atomic ratio of calcium to nickel to potassium of
2:1:0.1. As previously mentioned, oxidation of the finished catalyst is also very
important. Studies to elucidate the reasons for this and to find catalyst modifica-
tions giving higher yields are underway.

3. Results and discussion

When the methane-steam-oxygen reaction mixture was passed over the best
performing calcium-nickel-potassium oxide catalyst at 600°C, conversion of
methane was 10% and selectivity to C, hydrocarbons was 97 + %. Fig. 1 shows
the hydrocarbon selectivity over a 6 hour period for the calcium-nickel-potassium
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Fig. 1. Effect of potassium on the selectivity to hydrocarbons. Standard conditions.
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Table 2
Effect of the in-situ activation of the catalyst on its performance; activation was with oxygen prior
to reaction.

Activation % % % % % % % Total
time conver-  hydro- cH, CH, CHy CH; Cf Olef/
(hours) sion carbon selecti-  selecti-  selecti-  selecti- selecti-  Paraf.

(0, 2ml/  of CH, selectivity vity vity vity vity vity
min) _
1 1.8 100 16.0 82.0 0 20 0 0.19

18 6.6 10C 323 571 2.7 5.8 21 0.56
40 9.5 100 38.1 48.2 5.3 5.6 2.8 0.81

Selectivity was assumed 100% because CO, production was always below the blank run values and
approximately constant.

oxide catalysts. The 2:1:0.1 ratio of components gave appreciably better selec-
tivity than the same ratio of calcium and nickel in the absence of potassium. The
conversion in both cases was about 10%. The selectivity to C, of 95+ % was
stable over extended periods (8—10 hours). CO, was produced in quantities less
than in the blank runs (> 3-4%), indicating that most of the conversion to
carbon oxides occurred in the preheat zone of the reactor.

The importance of activation of the catalyst in oxygen is indicated in table 2. It
clearly shows that conversion of methane increases with activation time and that
the selectivity to the olefin content of hydrocarbons also increases. Further, it is
interesting to note that with increasing oxidation time, larger amounts of C,
hydrocarbons are formed and that C, hydrocarbons appear.

Fig. 2 shows that variation of the ratio of the components gives catalysts
showing greatly different yields of hydrocarbons (product of selectivity and
conversion) as well as of stability.

An investigation of the effects of temperature on the yield and selectivity are
shown in fig. 3. While methane conversion increased over a 150°C range
(600-750 ° C), hydrocarbon selectivity declined dramatically with increasing tem-
perature and CO, formation increased correspondingly. When the temperature
was lowered back to 600°C from 750° C, the earlier results exhibiting near 100%
selectivity for hydrocarbons were reproduced. Thus the catalyst is stable in spite
of temperature excursions in the 150 °C range.

The effect of steam is shown in table 3. When steam was replaced with helium
(same partial pressure of methane and oxygen) the selectivity to hydrocarbons at
600° C dropped from 100% to 75% and rapidly declined further to 15%. When
steam was substituted for helium, selectivity and conversion recovered to near the
original values. Thus the catalyst is stable in the presence and absence of steam.

XPS analysis was used to compare the surface of an active and a less active
form of the catalyst. The active sample (A) was analyzed after reaction during 10
hours. The less active sample (B) was analyzed both before and after reaction and



P. Pereira et al. / Conversion of methane to ethylene and ethane 259

12
o
G
s 10 3} 5
- o
o ‘ ©
2 4] © CaNiK=2/1/0.1
c ] ® CaNVK=1/1/0.1
5 : D CaNvK=2/1/0.0
£ 6+ B Ca/NVK=1/1/0.0
O \\D\
5. 4+ \a\ﬁ\s\e\ﬁ
x —_— [
] ™ M
2 T L ] I 4 id
0 100 200 300 400

Time on Stream, min
Fig. 2. Effect of catalyst composition on the yield of hydrocarbons at standard conditions.

there were neither qualitative nor quantitative changes in the spectra. In fig. 4 the
Ni 2p;,, photoemission signals are shown for both samples. Analysis of the Ni
2p; , signal for the inactive sample shows the presence of a shoulder at 854.5 eV
that has been assigned in the literature to NiO [9]. In both samples A and B the
presence of NiOH at the surface is shown by the peak at 856.4 e€V. This value
corresponds to the binding energy reported by Kim et al. {9). There is a third
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Fig. 3. Effect of temperature cycling on catalyst performance of a .Ca/Ni/K-2:1:0.1 oxide
. catalyst.
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Table 3
The importance of steam in the reaction mixture for methane conversion and hydrocarbon
selectivity

Time on stream Temp. Dilutant Hydrocarbon Methane Hydrocarbon
(min) °O selectivity conversion yield
85 600 steam 100 9.5 9.5
200 600 helium 75 5.0 3.8
300 600 helium 15 21 03
400 600 steam 90 11.0 9.9

(shoulder) peak at higher binding energy (858.01 eV) in the signal for the active
catalyst, which must correspond to a higher oxidation state of Ni. This peak does
not correspond to values reported in the literature for Ni,O;; it could be due
either to the formation of a non-stoichiometric oxide or to a calcium nickelate, a
species which could be involved in the catalysis of the selective reaction. NiO
appears. to be the predominant form on the surface of the inactive catalyst. The
presence of carbonates in both samples was also confirmed by XPS and X-ray

858.0 eV §56.4 eV

854.5eV
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Fig. 4. Ni2p3/2 XPS spectra from an active (A) and a low activity (B) Ca/Ni/K-2:1:0.1 oxide
catalyst.
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diffraction analysis. The formation of calcium carbonate during the reaction
could be related to deactivation of the catalyst [3]. However, the analyzed powder
(A) was still very active when it was again used for conversion of methane.
Potassium seems to be forming an oxidic-hydroxidic mixture in both samples A
and B as deduced by XPS and X-ray diffraction. A subsequent paper will
comment more specifically on the details concerning oxide states and deactiva-
tion of the catalyst.

A surface composition Ca:Ni: K equal to 2:1:0.1 was obtained for the active
catalyst from the ESCA analysis. The use of this formula for the preparation of
the catalyst led to the results already shown in fig. 2.

The Ca-oxide-Ni-oxide-K-oxide catalyst exhibits chemical behavior that is very
different from other catalysts used for methane coupling; it operates at a
significantly lower temperature range and it does not produce carbon oxides, CO
or CO,.

It has been proposed that the mechanism of methane oxidative dimerization in
the presence of alkali-earth alkali oxides at high temperatures involves a catalytic
activation of methane. The active species is a methyl free radical that conse-
quently reacts, mostly in gas phase [4—6]. Because of the lower temperatures and
the fact that the reaction does not occur in the absence of the catalyst, we can
rule out the gas phase free radical reaction path.

The formation of carbon oxides constitutes a thermodynamically driven path-
way that affects the selectivity when long residence times and high temperatures
are used. When methane is activated at high temperatures it is difficult for
oxidative dimerization to occur without producing substantial amounts of carbon
oxides. Our catalysts, however, produces hydrocarbons with near 100% selectivity
and thus CO or CO, formation is inhibited.

If an active adsorbed species from methane were to form on the surface of the
catalyst and lower temperatures were used, a more selective methane coupling
could be achieved. This is what we believe is taking place at the conditions of this
work. Low temperatures were used while the longer than usual contact time is
such that an amorphous carbon deposit could be continuously formed that
apparently plays an important role in the reaction mechanism.

The need for the presence of a partial pressure of water requires further
research to be understood. It could be related to the formation of a stable
concentration of hydroxyl species on the surface instead of the O~ species that
are more likely to produce carbon oxides.

A few results with stable catalysts, high selectivity (95 + %) and using a co-fed
reactor system have been reported for the coupling of methane [7]. The relevance
of the present finding is highlighted by relatively low oxygen consumption, by
low temperature operation with steam and by the ability to recycle methane
without scrubbing out CO, in the case of 100% selectivity to hydrocarbons.

Work is currently in progress to attempt to increase conversion at 100%
selectivity and to change the olefin to paraffin ratio. Studies on the mechanism of
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this reaction which appears different from those proposed in the literature {8] at
different operating conditions are also under way.
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