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Sodium-promoted calcium oxides are active and selective catalysts for the partial oxidation of
methane to ethane and ethylene using molecular oxygen as an oxidant. In a conventional fixed-bed
flow reactor, operating at atmospheric pressure, a 45% C, (sum of ethane and ethylene) selectivity
was achieved at a 33% methane conversion over 2.0 g of 15 wt% Na/CaO catalyst at 725°C with 2
gas mixture of CH,/O, = 2. The other products were CO, CO,, and H,. EPR results indicated that
[Na+0O~] centers in Na/CaQ are responsible for the catalytic production of CHj;+ from methane via
hydrogen atom abstraction. These CH; radicals dimerize, primarily in the gas phase, to form C,Hs,
which further oxidizes to C,H,. Increasing temperatures reverse the gas-phase equilibrium CH;- +
0, & CH,0, to produce more CHy and increase the C, selectivity. The CH;0, eventually is
converted to carbon oxides under the reaction conditions employed; therefore, increasing O,
pressures decrease the C, selectivity. There is evidence that CH;0,- in the presence of C,Hg
initiates a chain reaction that enhances the methane conversion. The addition of Na* to CaO also
reduces the surface area of the catalysts, thus minimizing a nonselective oxidation pathway via

surface methoxide intermediates.

INTRODUCTION

Methane, or natural gas, is present in
vast, proven reserves worldwide; however,
most of the production is flared, with less
than half being used either as a source of
energy or as chemicals. As a result of high
molecular stability, it is very difficult to ac-
tivate the carbon-hydrogen bonds in meth-
ane in a selective manner. Nevertheless,
considerable progress has been made in the
development of catalysts for the oxidative
dimerization of methane. The more promis-
ing catalysts include certain members of the
lanthanide oxide series (/, 2), as well as a
number of metal oxides promoted with
Group 1A ions (3-9).

Recently, we reported that lithium-pro-
moted magnesium oxide is an effective cat-
alyst for the conversion of methane into
ethane and ethylene using oxygen as the
oxidant (10). In this promoted oxide,
[LitO~] centers were found, and these are
believed to be the active sites for the reac-
tion. Other combinations of Group 1A/
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Group IIA oxides were then screened for
activity, and it was found that sodium-pro-
moted calcium oxide (Na/CaQ) was as ac-
tive and selective as Li/MgO. EPR results
indicated that Na/CaO contains the analo-
gous type of O~ center, i.e., [NatO~1{i1).
In this paper the catalytic properties of the
Na/CaO system are described in more de-
tail, and by comparing these results with
those of Li/MgO, we hope to provide a
more comprehensive picture of the active
site and the mechanism for the oxidative
dimerization of methane.

EXPERIMENTAL
Catalyst Preparation and Reagents

The same slurry method used for prepar-
ing the Li/MgO (10) was employed for all of
the Na/CaO catalysts. That is, CaO was
added to a solution containing the appropri-
ate sodium salt and the resulting slurry was
boiled several hours, which converted the
calcium oxide to the hydroxide. The mate-
rial in the form of a thick paste was dried
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overnight in air at 120°C. The materials
were the following: Aldrich CaO {Gold La-
bel, >99.999%), Malinckrodt Na,CO; and
Na,C,04 (Primary Standard, >99.5%}),
Fisher NaNO; (Certified ACS, >99.0%).
The weight percentage of promoter is de-
fined as the ratio of Na to the sum of Na
plus CaO. A low-surface-area CaO was pre-
pared by calcining the Ca(OH), at 900°C for
24 h. Catalysts of 20—40 mesh with an ap-
parent density of 0.8 g liter~? were used
in all runs. Methane (>99.97%), oxygen
(>99.6%), and ethane (>99.0%) were ob-
tained from Matheson Gas and helium
(>99.995%) was from Airco. No further pu-
rification was attempted.

Catalyst Pretreatment and Product
Distribution

A fixed-bed fused-quartz reactor, de-
scribed previously (10), was operated at at-
mospheric pressure. The hydroxides were
treated in the reactor at 550°C for 1 h under
an oxygen flow of 0.83 ml s='. A reacting
gas mixture (methane and oxygen) was then
introduced, and the temperature of the sys-
tem was increased to the desired level. A
period of 10 h was required for the catalyst
to reach steady state, and normally the ac-
tivity was determined after this period. The
total flow rate of the reactant gas mixture
was 0.92 ml s™! except when measuring the
effect of contact time. In most experiments
helium was used as a diluent to achieve at-
mospheric pressure; when the production
of H, was examined, argon was the diluent.

The GC method used to analyze the
products has been described previously
(12). In addition to major products (C,H,,
C,Hg, CO, and CO; and H,), a small amount
(<1%) of C3H6, C3Hg, CH;OH, and HCHO
was also detected, but these components
were neglected in the calculations. No at-
tempt was made to analyze CH;0,H and
H,O. Typically, a 97% carbon mass balance
was achieved. The surface areas of the used
catalysts were measured by the BET
method using krypton as the adsorbate at
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—-196°C. The estimated error is *0.5 m?
g

Catalyst Characterization

The XPS spectra of the used catalysts
were obtained with a Kratos XSAM-800
spectrometer with Mg Ka X rays (1100 eV).
The concentration in atom percent was cal-
culated from the relationship (A./S5)/(ZA/
S;) X 100, where A; and S; are the peak area
and the atomic sensitivity factor, respec-
tively, of species i. A physical mixture of a
sodium salt and CaO was also tested for
comparison purpose. The results reported
here have +20% uncertainty. In these ex-
periments, only the elements oxygen, so-
dium, calcium, carbon, and nitrogen, were
scanned.

The EPR spectra of {[Na*O~] centers in
the catalysts were measured at —196°C us-
ing a Varian E-65 EPR spectrometer. The
same reactor and experimental method
were used as described previously for Li/
MgO (10). The g values are reported rela-
tive to a phosphorus-doped silicon standard
with g = 1.9987.

The inductively coupled plasma (ICP)
method was used to analyze the sodium
content of the fresh and used catalysts. The
catalysts were digested in a 3 N HCl solu-
tion, and the analysis was performed on the
resulting solution. The X-ray powder dif-
fraction pattern of a used Na/CaO catalyst
was also obtained to determine whether
there was any Na,CO; phase present.

RESULTS

Variation in Activity and Selectivity with
Time

The change in catalytic activity during
the reaction at 725°C was examined using
1.0 g of 15% Na,C0./CaO, and the results
are shown in Fig. 1. In this experiment, the
catalyst was treated as described in the pre-
vious section, except that once the tem-
perature reached 725°C, the analysis was
started immediately. Carbon balance calcu-
lations (110% and 105% for the first two
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Fi1G. 1. Effect of time on stream on the amount of
methane converted and products formed over 1.0 g of
15% Na/Ca(Q at 725°C: B, total; O, to C,Hy; A, to
C;Hy; @, to CO,; O, to CO, 76 Torr of CH, and 38 Torr
of O, were used at a flow rate of 0.92 ml s~!.

data points, and 99% for the rest) suggest
that during the early part of the experiment
some of the CO, may have resuited from
decomposition of the Na,CO; phase or car-
bonate species formed below 725°C.

The total amount of CH, converted de-
creased from 28.6 to 20.7 Torr, with no ap-
parent decrease in C, production for the
first 10 h; thereafter, constant activity was
observed. The decrease in CO, formation
resulted in an increase in C, selectivity
from 37 to 53%. This, in turn, increased the
C, yield from 12.4 to 14.2%. ICP analysis
showed that there was no significant loss in
Na™ content of the used catalyst. The re-
markable stability of this catalyst is attrib-
uted to the fact that the temperature was
never greater than 725°C.

Effect of the Sodium Concentration

To investigate the effects of Na* concen-
tration on catalytic activity and selectivity,
reactions were carried out at 675°C with
1.0-g samples of catalysts of different Na*
content. Low-surface-area CaO and pure
Na,CO; were also examined. Because of its
low surface area, 2.0 g of Na,CO; was used.
The variations of activity and selectivity as
a function of Na* content are shown in Fig.
2, together with the change in concentra-
tion of [Na*O~] and surface area. Without
the catalyst there was no reaction below
725°C.
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As clearly shown in Fig. 2, pure CaO and
0.49% Na/Ca0Q produced mainly C, com-
pounds (CO + CO,), while C; compounds
(C,H¢ + C,H,) were the major products af-
ter a larger amount of Na* (>3 wt%) had
been added. Among the catalysts studied,
15% Na/CaO was the most active, but the
catalyst containing 32% Na* was the most
selective in the formation of C, compounds
(ca. 80%). Pure Na,CO,, which is repre-
sented in Fig. 2 as 43% Na content, was not
very active and produced mostly C; com-
pounds.

In Na/CaO, an EPR signal with g; =
2.123 has been assigned to the [Na*tO7]
center (see below), and its intensity indeed
increased with Na content. The g value is
essentially the same as that observed previ-
ously in a sodium-promoted CaQ single
crystal (13). The absolute spin concentra-
tion of [Na*tO~]in a 15% Na/Ca0Q was ca.
1.5 x 10' centers per gram.

The surface areas of the used catalysts
decreased with increasing Na content. For
example, the surface area of CaQ was 3.3
m?/g, but that of 15% Na/CaO was about
0.9 m?/g. As the surface area decreased, the
pressure of C; compounds in the product

S
o

N§ i
E2r e 059
o
o z
(2]
o
TI5¢
£
3
$i0
§ ¥
©
]
Est 3
g {
4
10 200 . 30 43
Na Content (%)

FiG. 2. Effect of Na* concentration on [Na*tO~]
concentration ((J), surface area (O), amount of CH,
converted (M, total; @, C;; ¥, C)) over Na/CaO: 1.0 g
of catalyst, 300 Torr of CHy, 20 Torr of O,, flow rate =
0.92ml s, T = 675°C.
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TABLE 1

Counterion Effect on Catalytic Activity and Selectivity®

Promoter Surface area Conversion (%) Selectivity (%) [Na+tO-)*
(m?/g)
CH, 0, CO CO, C,H, C,H;
Na,CO; 1.0 28 63 2.9 48 24 26 1
Na,C,0, 3.5 23 52 4 44 24 27 —
NaNO; 2.6 17 31 5 36 28 31 1.3

< 1.0 g of catalyst, 15 wt% in Na*, promoter decomposed at 725°C; 76 Torr of CH, and 38 Torr of O, reaction

run at 725°C, total flow rate of 0.92 ml s~'.
 Relative intensity.

stream also decreased significantly, from
8.94 to 2.08 Torr.

Over Na/CaO it appears that the pres-
ence of [Na*O~] centers is necessary for
this promoted oxide to be an active and se-
lective catalyst. This can be deduced from
the data in Fig. 2. As the surface area of the
catalysts was reduced (with respect to
Ca0) by addition of Na*, the amount of
CH, converted per unit surface area actu-
ally increased from 3.5 to 20.5 Torr/m?. Ap-
parently, some new active site, presumably
[NatO~], was being formed on the catalyst
surface. The only exception was the sample
that contained 0.4% Na. In this case some
[Na*O~] was detected, although the spe-
cific activity and C, selectivity were similar
to those of pure CaO.

To test independently the effect of sur-
face area on C, selectivity, two CaO sam-
ples of different surface areas were pre-
pared (6 and 3 m?/g). At a comparable
conversion (24%), the lower-surface-area
Ca0O gave 16% C, selectivity compared
with 8% for the higher-area catalyst. Thus,
in part, the improved C, selectivity upon
addition of Na is related to the decrease in
CaO surface area.

Effect of Counterion

Catalysts promoted with different Na
salts were prepared to test the counterion
effect, and the results are given in Table 1.
There was a significant variation in cata-
lytic activity and selectivity with different

counterions. When NaNO; was used to in-
troduce the promoter, the catalyst was only
60% as active as its Na,CO; counterpart,
although it is the most selective one (59%
C, selectivity) among the catalysts studied.
The C,H;-to-C,;Hg ratio of all three catalysts
was 0.9.

It is interesting to note that the least
active NaNQO;/CaO contained 30% more
[NatO~] sites than the more active Na,
CO;/Ca0. XPS results on NaNQOs;/CaO
(Table 2) indicate that by comparison with a
physical mixture there was a significant
change in the surface composition in the
used catalyst. After use, the surface Na*
concentration increased from 1.9 to 3.3%,
and the Ca?* concentration decreased from
15.7 to 10.6%. Furthermore, there was no
observable nitrogen peak in the XPS spec-
tra, and, instead, the surface was replen-
ished with carbonaceous and carbonate
species (the concentration increased by
7.95 and 4.82%, respectively).

Effect of Methane-to-Oxygen Ratio on
Maximum C, Yields

To obtain the optimum condition for
maximum C, yield for Na/CaO, experi-
ments using 2.0 g of 6 and 15% Na/CaO
were carried out with different reactant gas
compositions. Table 3 summarizes results
at 725°C. A C, yield as high as 15% (runs 1
and 5) was obtained over these catalysts.

With a CH4-to-O;, ratio of 2 the CH, con-
version and C, selectivity (runs 1 and 5)
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TABLE 2

Surface Atomic Concentration for Na/CaQ Catalysts

Catalyst Concentration (%)
(0] Na Ca C N
Carbon CO%

6% Na,CO,/Ca0

Mixture® 387 06 174 31.5 11.7 —

Used 406 1.0 188 28.6 10.5 —
15% Na,CO,/Ca0

Used 40.0 33 16.6 24.2 159 —
15% NaNQO,/CaO

Mixture 41.8 1.9 157 289 99 1.7

Used 346 33 106 36.8 148 0

@ Physical mixture of the two components.

were generally good. The CH, conversion
was about 34% with a C, selectivity of 44%,
and approximately 85% of the O, was con-
sumed. Similar results were obtained when
the absolute pressures of CH; and O, were
increased, provided their ratios were kept
at approximately 2 (runs 4 and 8). A higher
CH,-t0-O; ratio led to better C, selectivity
but lower CH, conversion (runs 2 and 6),

while a lower CH;-t0-O5 ratio led to higher
CH, conversion but poorer C, selectivity
(runs 3 and 7). A much higher C; selectivity
of 80% was obtained when the same reac-
tant gases used to obtain the data in Fig. 2
were fed over 1.0 g of 15% Na/CaO at
675°C, although the conversion decreased
to 8.2%.

The effect of varying the CH;-to-O, ratio

TABLE 3

Effect of CH,/O, Ratio on Catalytic Activity and Selectivity®

6% Na/CaO 15% Na/CaO
Run No.: 1 2 3 4 5 6 7 8

Reactant/diluent (Torr)

He 642 607 534 442 644 609 534 427

CH, 76.8 114 112 203 78.2 113 114 216

0, 40.7 39.3 114 115 37.7 38.3 112 117
Product (Torr)

CcoO, 16.1 13.4 38.7 39.5 14.0 14 26.3 37.4

CcO 0.62 1.14 2.87 4.89 0.72 0.9 2.4 4.1

CH, 3.60 4.27 4.48 8.95 3.12 3.93 5.30 8.10

C,H¢ 2.53 3.73 3.55 6.25 2.97 4.02 3.51 7.10
Conversion (%) 35.9 25.5 45.5 32.1 32.7 26.1 38.7 28.9
C, Selectivity (%) 42.3 52.4 27.9 40.6 45.4 51.5 383 42.2
C, Yield (%)* 15.2 13.3 12.7 13.0 14.8 13.4 14.8 12.2

« 2.0 g of catalyst; reaction run at 725°C; total flow rate of 0.92 ml s™'.
5 Yield is defined as conversion multiplied by selectivity.
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F1G. 3. Effect of contact time on the amount of CH,
converted over 2.0 g of 15% Na/CaO at 625°C: H,
total; @, to C,H,; O, to C,Hg; ©, to C,. 300 Torr of
CH, and 20 Torr of O, were used.

over Na/CaO was similar to that reported
for Li/MgO, and the amount of C; pro-
duced over both catalysts was also compa-
rable. The Na/CaO catalysts, likewise, are
among the most active and selective sys-
tems reported in the recent literature for
partial oxidation of methane.

In several catalytic experiments the
product stream was analyzed for H,, and it
was found, for example, that under the con-
ditions of run 5 the partial pressure of H,
was 2.5 Torr. As the reaction temperature
was decreased the partial pressure of H,
increased somewhat, and at 675°C under
the same flow conditions the H, partial
pressure was 2.8 Torr. Several reactions
could account for the formation of H,; how-
ever, it is significant to note that at the
higher temperatures the partial pressures of
H,, H,0, CO, and CO; approach those ex-
pected from the water-gas shift reaction at
equilibrium.

Kinetic Measurements

To obtain Kkinetic parameters for Na/CaO
under differential conditions, all runs were
carried out at 625°C, except when the tem-
perature effect was measured. The conver-
sions of methane were always kept below
5%, but the oxygen consumption, in a few
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cases, was as high as 30% since only 20
Torr of O, was used to achieve good C,
selectivity.

The contact time profile is depicted in
Fig. 3, in which the contact time is defined
as the weight of catalyst divided by the total
flow rate of reactant gases. Although the
sum of all the product pressures and the
partial pressures of C, compounds in-
creased with contact time, the amount of C,
compounds formed became nearly constant
at contact times above 1.6 g s ml~!. Con-
trary to the results with Li/MgO (9), at
longer contact times (above 1.6 g s ml™"),
Na/CaO produced more C, compounds
than carbon oxides, but this phenomenon
disappeared at higher temperatures.

Furthermore, if one were to extrapolate
the linear region of the curve of CH4 con-
verted to zero contact time, the intercept
would not be zero. The same observation
was made with 4.0 g of catalyst. The C,H,
production, however, decreased and ap-
proached zero as the contact time de-
creased, indicating that ethylene is a prod-
uct of a secondary reaction from ethane.

The reasons for the unusual activity at
short contact times and the higher C, selec-
tivity at longer contact times over Na/CaO
are not clear at the present. At low flow
rates a model of a laminar layer of gas
“film”’ enriched with CHj3- radicals (thus,
higher coupling rate) best accounts for the
formation of higher concentrations of C, at
alonger contact time. Higher flow rates and
temperatures result in turbulent flow and
more rapid diffusion, respectively, which
allows the mixing of two adjacent layers of
fluids. A lower O, concentration in the film
may be another reason for the formation of
more C,, although the overall reaction is
not controlled by the O, diffusion process
since the total amount of CH, converted
changed linearly over a wide range of con-
tact times. It is our belief that in addition to
the CHs- radicals produced at the catalyst
surface, a small but significant amount of
CH;- radicals are generated through gas-
phase chain reactions (see below). This het-
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F1G. 4. Effect of temperature on the amount of CH,
converted over 1.0 g of 15% Na/CaO: @, to C,H,; <,
C,H¢ formed; O, to CO,; A, to CO. 300 Torr of CH,
and 20 Torr of O, were used at a flow rate of 0.92 ml
sl

erogeneous—homogeneous nature of the
catalytic reaction may explain the abnormal
behavior at near-zero contact times, as
noted in Fig. 3.

The variation of product pressure with
temperature is shown in Fig. 4. Except for
CO, which ceased to increase above 640°C,
the pressures of the other products in-
creased exponentially with temperature.
The apparent activation energy for the
overall conversion of CH; was 49.9 + 2.5
kcal mol~! over the temperature range 548
to 640°C. This value is close to the value of
55 kcal mol~! observed for Li/MgO under
similar conditions (10). However, it is con-
siderably greater than the activation energy
for the partial oxidation of CH, over pre-
cious metals or simple and complex metal
oxides, which generally have values be-
tween 20 and 30 kcal mol~! (14).

If the activation energies are determined
separately for the formation of C, and C,
compounds, the values are 68.8 and 34.5
kcal mol~!, respectively. The large differ-
ence between the two values reflects the
higher C, selectivity at the elevated temper-
ature. The C; selectivity increased from 0%
at 548°C to 62% at 638°C. Likewise, better
C, yields were obtained at higher tempera-
tures since the CH, conversion also in-
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creased with temperature. It should be
noted that the C, selectivity decreased
above 675°C due to further oxidation of
C2H4 and C2H6.

To explore the reaction further, the con-
version of CH, to each product was deter-
mined as a function of the pressure of each
reactant. The effect of varying the CH,
pressure is shown in Fig. 5. The increase in
conversion corresponds to a reaction order
of 0.3 with respect to CHy4. Below 100 Torr
of CH,, the formation of both C, and C,
increased with increasing CH,4 pressure, but
above 100 Torr of CH,4, C, formation did
not increase appreciably. The C,Hg-to-C,H,
and CO,-to-CO ratios were ca. 5/7 and 7/3,
respectively, under these reaction condi-
tions.

Figure 6 depicts the interesting effect of
O, pressure on the reaction. The amount of
CH, converted increased steeply to a maxi-
mum at 60 Torr of O,, then gradually de-
creased and became constant at around 185
Torr of O,. The number of [Na*O~] cen-
ters, as determined by EPR in a separate
experiment, increased linearly with O,
pressure. The formation of C, also in-
creased rapidly with O, pressure up to 20
Torr, but fell off rapidly with further in-
crease in O, pressure. The formation of
C,H, was similar to that of C,Hg with re-
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F1G. 5. Effect of methane pressure on the amount of
CH, converted over 2.0 g of 159 Na/CaO at 625°C: R,
total; @, to C;; A, to C,. 20 Torr of O, was used at a
flow rate of 0.92 ml s~'.
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Fi1G. 6. Effect of oxygen pressure on the amount of
CH, converted and [Na*O-] concentration over 2.0 g
of 15% Na/CaQ at 625°C: @, total; A, to C,; B, to Cy;
O, to C;Hy; ©, [Na*O~]. 300 Torr of CH, was used at a
flow rate of 0.92 ml s~'.

spect to O, pressure, although the maxi-
mum in the C,H4 curve was shifted to
around 50 Torr. The latter observation,
again, indicates that C,H, is a secondary
product from C,Hs. At 625°C and at a con-
version of ca. 2 to 3%, the C,Hs-to-C,Hy
ratio was about 7/10, and that of CO; to CO
was 7/2.

The presence of small amounts of higher
hydrocarbons, especially C,Hs, has long
been known to increase the CH;OH yield or
lower the reaction temperature during the
catalytic partial oxidation of CH,4 (15, 16).
To test this effect, 3 Torr of C,H¢ mixed
with 300 Torr of CH, and 185 Torr of O, (a
composition beyond the maximum in CH,
conversion of Fig. 6) were fed over the cat-
alyst. The CH, converted increased to 8.38
Torr, which is greater than the 8.09 Torr
observed at the maximum.

Origin of the Carbon Oxides

To determine whether the CO and CO,
were produced through further oxidation of
C,H¢ and C,H, or through CH4 via another
pathway, the C,H¢ and C,H; were intro-
duced either separately or with CH, over
the catalyst. In the first three runs in Table
4, CHy, C;H¢, and C,H,; were used sepa-
rately as reactants, while CH, and C,Hj
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were used in run 4. The C,Hy and C,H,
pressures chosen for runs 2 and 3 were
based on the pressures of products obtained
in run 1. Runs 2 and 3 show that C, com-
pounds, when reacting alone, produced less
than half the CO and CO, obtained when
CH, was the reactant (1.26 and 0.79 Torr,
respectively, compared with 2.21 Torr from
CH,). The presence of C;Hg did not signifi-
cantly increase the production of carbon
oxides in run 4; i.e., a similar amount of C,
was found in both runs 1 and 4 (2.21 and
2.32 Torr). This suggests that C;Hg, even
when present in appreciable quantities,
cannot compete very effectively with a
large excess of CH, for the same O~ center
to produce C,H, and ultimately CO,. The
results of run 4 further support this concept
in that when both reactants were present,
less C,H, (0.48 Torr) was found than in run
2 (0.61 Torr) in which C;Hg was the only
product. By comparing data in runs 1 and 3,
similar arguments can be used to show that
CO and CO; were not derived from C;H,.
Based on the above consideration we con-
clude that the primary route to produce C,
is not the further oxidation of C,, at least at
temperatures less than 675°C.

TABLE 4

Reactivity of Methane and Ethane over Na/CaQ¢

Run No.
1 2 3 4

Reactant (Torr)

CH, 306.3 —_ — 300.4

C,Hg — 2.82 — 2.76

C,H, — — 1.1 —

0, 21.5 214 208 21.3
Product (Torr)

CO, 1.54 094 0.22 1.62

CO 0.67 032 0.57 0.69

CH, (298.7) — —  (291.6)

C,H, 1.33 (1.74) — (3.53)

C,H, 0.18 0.61 (0.71) 0.48

“ 1.0 g of solid decomposed at 725°C; reaction run at
625°C; total flow rate of 0.92 ml s~'.
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Fi1G. 7. EPR spectra of samples heated at 650°C for 1
h followed by rapid quenching to —196°C: (a) 15% Na/
CaO used catalyst heated in 170 Torr of O,; (b) pure
CaO (a fresh sample) heated in 190 Torr of O,.

Characterization of Catalysts

X-Ray powder diffraction patterns of
15% Na/CaQ catalysts used at 725°C in-
dicated that a considerable amount of
Na,CO; had decomposed, although some
was still present. There was no evidence for
the Na,O phase, but NaOH probably was
present. In addition to CaQ, small amounts
of CaCO; and Ca(OH), were also found in
the used catalysts.

XPS results indicate that the surface
composition of the 6% used Na/CaO cata-
lyst was similar to the composition of the
physical mixture. The Na phase spread out
somewhat on the surface in the used cata-
lysts, as indicated by the increase in the
Na* signal (Table 2). This was especially
true when the more easily melted material,
NaNO; (mp 308°C), was used as the pro-
moter, and it may contribute to the reduc-
tion of the Ca?* signal (and therefore ex-
posed CaO surface). In addition, NaNO;
decomposed and formed a layer of less ac-
tive Na,CO3;/Na,O on the surface during
the reaction, as was evident by the absence
of the nitrogen peak and the increase in car-
bonate signal intensity. This newly formed
Na,CO;/Na,O prevented O~ centers from
being exposed to the reactant gases, and
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resulted in a decrease in the activity of
NaNO;/CaO (Table 1).

Preliminary EPR experiments on the Na/
CaO catalysts were also carried out, and
the spectrum of a 15% used sample is com-
pared with that of pure CaO in Fig. 7. When
the promoted sample was heated at high
temperature in O, and quenched to 77 K, a
signal with g, = 2.123 was observed (spec-
trum a). The g value is in exact agreement
with that of [Na*O~] observed in a single
crystal (13). A more intense signal was ob-
tained by UV irradiation of the catalyst at
77 K. The rather symmetric peak at g =
2.005 may be the spectrum of F-type cen-
ters. There is an unidentified series of peaks
centered at 2.089.

When the sample was cooled slowly from
high temperature, only a trace amount of
[NatO~] was present. As with the [LitO7]
center in the Li/MgO catalyst, the presence
of O, during the thermal treatment of Na/
CaO promoted the formation of {NatO~]
centers, and its signal intensity increased
linearly with O, pressure up to 200 Torr
(Fig. 6).

Since CaO has a melting point of 2580°C
the substitution of Na* ions for Ca?* ions is
probably a kinetically controlled phenome-
non at 725°C. Thus, the concentration of
[Na*tO~] should be related to the total
amount of Na*, and indeed such was the
case as shown in Fig. 2. The equilibrium
amount of Na* that can be introduced into
the CaO crystals is not known; however,
samples containing about 2 x 10 Na*
ions/g CaQ have been prepared by arc
melting CaO with an excess of Na,CO;
(13). This concentration of Na* is about
two orders of magnitude greater than the
maximum concentration of [Na*tO~] cen-
ters observed in this study. There was no
observable [Na*O~] in the unpromoted
CaO, even after heating in O,.

DISCUSSION

Active Site for the Formation of Methyl
Radicals

The data in Fig. 2 imply that a new type
of active site for the selective production of
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C, compounds was generated in CaO upon
addition of a sufficient amount of Na,CO;
to the oxide. Since the surface area of the
promoted CaO was reduced upon introduc-
tion of Na,COj;, one would expect that the
activity of such an oxide would decrease if
no new active site were formed in addition
to the one already present on the pure ox-
ide. In contrast, the activity of the Na/CaO
first increased with Na loading to a maxi-
mum (at 15 wt% of Na) and then decreased
with further addition of Na*. The enhanced
activity cannot be attributed to the added
Na phase, because it was not an active and
selective catalyst for the reaction. There-
fore, it is more reasonable to suggest that a
new active site was created in the Na/CaO
catalysts. Since the addition of Na,CO; will
result in sintering and the carbonate itself is
not active, an excess amount of such mate-
rial would lower the activity of the cata-
lysts.

For the following reasons, we believed
that over the Na/CaO catalysts the selec-
tive catalytic site is directly or indirectly
(see below) related to the presence of
[Na*O~] in a manner analogous to the role
of [Li*O~] in Li/MgO: First, the C, yield
per unit surface area increased in a parallel
manner with the EPR signal intensity of
[Na*O~]. Second, the amount of gas-phase
CHj;- radicals generated over Na/CaO and
detected by matrix-isolation EPR also var-
ied proportionally with [Na*O~] concentra-
tion in the catalyst (17).

Because of the similarities between
[Na*tO~] and [Li*O~] centers, it is reason-
able to assume that the mechanism for the
formation of [NatO~] should be similar to
that of [LiTO~] (10). The process is summa-
rized by

2Na*0? + O + 30, 2 2Na*0~ + 0%
(1)
where [0 denotes an oxygen ion vacancy.
The concentration of [NatO~] depends
mainly on the amount of Na*, the O, partial
pressure, and the temperature. This center,

however, is transient, and rapid quenching
is necessary to observe it.
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Although [M*O~] (M = Group IA ions)
centers can always be found in active C,-
producing Group IA/IIA oxide catalysts
(11), the relationship between the concen-
tration of the centers and activity is not al-
ways straightforward. For example, the
less active NaNO;/CaO contained a higher
concentration of active centers (Table 1),
and pure CaO had as great a C; selectivity
and specific activity as 0.4% Na/CaO (Fig.
2). Oxygen broadening experiments carried
out on Na/CaO revealed that only a small
fraction of the total [NatO~] centers is in
the near-surface region. The remainder are
located either in the CaO crystal or buried
under the nonactive Na,CO;/Na,O phase
(as indicated by XPS results in NaNO;/
CaO) where they are not accessible to the
gaseous molecules during the broadening
experiments and, therefore, catalysis. The
existence of such subsurface [Na*O~] actu-
ally should be expected if the process de-
scribed by Eq. (1) is operating since a new
layer of CaO should be built up on the cata-
lyst surface.

Although alkaline earth oxides are
known to be insulators, after promotion
with lithium ions the electrical conductivity
of MgO was enhanced by a factor of 104
compared with the pure material (18).
Therefore, hole transport is possible and
apparently very extensive in this type of
promoted oxide. A more precise descrip-
tion of the [Na*tO~] in Na/CaO at high tem-
perature should be a dynamic equilibrium in
which hole transport via O?~ ions prevails
between [Na*tO~] and other oxide ions
around this center, including those on sur-
face:

Na*tO~ + 02" 2 Na*0?~ + O0;. (2)

Thus, under reaction conditions a number
of surface O; should be available for react-
ing with CH,, and their concentration
should be proportional to the total concen-
tration of [Na*O~] and the exposed CaO
surface area.

Although there exists a proportionality
between the surface O; concentration and
the total [Na*O~] concentration, the actual
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relationship between the two may depend
upon other factors such as the distribution
of Na* within the crystallite. For example,
a greater concentration of the Na* in the
near-surface region may result in a propor-
tionally greater concentration of O; cen-
ters. Thus, the anomaly observed with
0.4% Na/CaO may result from a more ho-
mogeneous distribution of Na* at this lower
loading, i.e., a smaller concentration of
[Na*O7] in the near-surface region.

The unexpectedly low specific activity of
the sample prepared from the NaNQO; (Ta-
ble 1) may be the result of other factors
such as blocking of the active surface by an
inactive phase. For instance, sodium ni-
trate melts at a much lower temperature
than the sodium carbonate (305°C versus
851°C) and the XPS data in Table 2 confirm
that the concentration of the surface Ca?* is
considerably less on the used catalyst pre-
pared from the NaNQ;. Although the total
surface area of this material is greater, the
active surface area apparently is less.

There is considerable evidence that O~
ions, both on the surface and in the gas
phase, react with alkanes by hydrogen
atom abstraction to produce alkyl radicals
(19-21). Since CHj- radicals were also ob-
served over our catalyst, it is reasonable to
assume that a similar reaction occurs:

CH,; + O & CH3 + OH¢ 3

The surface then dehydroxylates and reacts
with O, to regenerate the active site O; to
complete a catalytic cycle.

20H; — 02" + O + H,0 4
0 + [0 + 10, = 20; 5]

Since Oy can be stabilized on the catalysts,
there is clearly another possible regenera-
tion process:

20H; —» O; + e~ + H,O

e + %02 2 0Oy

6
)

It has been shown that O~ on MgO reacts
with alkanes at a rate governed by the
transport of the hydrocarbon (/9); thus, re-
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action (3) probably proceeds very fast dur-
ing catalysis. Reactions (4) to (7), which in-
volve dehydroxylation of the surface and
dissociation of the O-O bond, require high
temperatures and are believed to be the
rate-controlling steps in our reaction.

The strong influence of O, on the in-
crease in the CH,4 conversion (Fig. 6) sug-
gests that adsorption and dissociation of O,
control the reaction rate at pressures less
than 20 Torr. Above 20 Torr of O,, the
availability of O, no longer controls the
rate, and a zero-order dependence in O; on
rate is expected. The controlling step, pre-
sumably, switches to the dehydroxylation
process. The linear increase in [NatO~]
concentration in a region of O, pressure
where the activity goes through a maximum
and then is constant at first seems inconsis-
tent. It should be pointed out, however,
that the samples used for the EPR experi-
ments were not prepared under catalytic
conditions in that no CH; was present, and
the slow step in the catalytic cycle [reaction
(4) or (6)] was not a factor.

When the same experiments were carried
out at 675°C to effect the more rapid dehy-
droxylation process, the amount of CH, re-
acted indeed increased by a factor of 3.8
(29.2 Torr versus 7.7 Torr of CH4 at 100
Torr of O,). At this higher temperature, no
maximum was observed in the CH, conver-
sion region as the O, was increased.

The occurrence of the maximum in CHy
conversion at 625°C and 60 Torr of O, is
best interpreted by a gas-phase free radical
chain mechanism. In addition to the pri-
mary channel via the catalyst surface, radi-
cal mechanisms involving CH;- and CH;0,-
are well known in the gas-phase oxidation
of hydrocarbons (10, 22-25). One such
mechanism is

CHj: + O, 2 CH;0, ®

CH,0, + CHg— CH;0H + C,H;s- 9

2CH302' - CHzo + CH3OH

+ O, — CO, CO, 10)
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CH;0,H — CH3;0- + OH- (11)
(12)

(13)

CH3O + CH4 - CH3OH + CH3
OH- + CH4—> CH3 + HQO

This mechanism can proceed only when a
sufficient concentration of branching re-
agent, CH;0,H, is present [reaction (11)].
Because of its modest reactivity, CH;0,-
can abstract a hydrogen atom only from
a substrate with moderate C-H bond
strength such as in C;Hg and CH,0. The
C;Hg happens to be a product, and its pres-
ence will autocatalyze the chain reaction.

Since both CH30,- and C,Hg are pro-
duced from the CHj-, there should be an
optimum O, pressure to maximize the
CH;0,H concentration, and thus, a maxi-
mum in the conversion of CHy, is expected.
The maximum activity, however, was not
located at 20 Torr of O,, where the maxi-
mum amount of C,Hs was obtained. The
displacement of the position of the maxi-
mum is probably due to the competition be-
tween the highly exothermic self-decompo-
sition of CH;0,- to C; compounds [reaction
(10)] with hydrogen atom abstraction [reac-
tion (9)]. This shifts the maximum to 50
Torr of O,, where a higher steady-state con-
centration of CH;0,- can be obtained, but
still enough C,Hg is available. In the region
after the maximum, intentional addition of
C,H; did help to recover the lost activity.

The contribution of chain reactions in our
system was not extensive (a maximum of
15% under the conditions of Fig. 6) due to
the competition from the more favorable
disproportionation reaction of CH;0,- (re-
action 10) at the lower temperatures. Fur-
thermore, the presence of C,Hj is essential
for the chain reactions to proceed, and at
200 Torr of O,, where only a small amount
of C,H¢ was found, the chain reactions
were completely terminated as evidenced
by the constant CH, conversion as the O,
pressure was increased.

At higher temperatures, which favor for-
mation of more C,Hg, this chain mechanism
may be operating to a greater extent as indi-
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cated by the significant increase in CHy
conversion and the greater C,Hyto-C,Hg
ratio with increasing O, pressure (Table III;
compare runs 3 and 4, or 6 and 7). How-
ever, in this case at least part of the in-
crease must be attributed to an increase in
the concentration of [Na*O~] centers in the
catalysts.

Another significant effect of the chain
mechanism is the decomposition reaction
of CH30;- to C compounds [reaction (10)]
(26-34). Contrary to tertiary peroxy radi-
cals, primary peroxy radicals can dispro-
portionate to aldehydes and alcohols rather
easily, with the release of a large amount of
energy (30-33). Since it has already been
shown that only a small amount of C, is
oxidized at 625°C, the formation of C; via
CH;0,- seems to be the best alternative in
the lower-temperature range. The CH;0,-
radicals were observed separately using
matrix-isolation EPR (20, 27) and mass
spectroscopies (28), and their concentra-
tions are a strong function of the O, pres-
sure and temperature.

Stable Product Formation

One of the most remarkable and signifi-
cant observations in our study was the in-
crease of C, selectivity with temperature up
to 675°C. Such an increase is unusual in an
oxidation process. A primary reason for the
change in product distribution is the revers-
ibility of reaction (8), which is caused by
the weak CH;~O, bond. The equilibrium in
the gas phase between CHj;- and CH;0,-
has been measured by Khachatryan et al.
(27) and by Slagle and Gutman (28). The
data from the former study were extrapo-
lated to high temperatures, and the results
are depicted in Fig. 8. Higher temperatures
clearly favor the dissociation of CH;0,-
radicals, and eliminate the production of C,
through reaction (10). When the CH, con-
version was limited by the availability of
O;,, it was demonstrated over La,0; (which
produced more CHj- radicals than Li/MgO
at 600°C) that a decrease in C; selectivity
was accompanied by an equal increase



314

& 8 &

CH,/(CH + CHy0,)x100

»n
O

J

400 500 600 700
Temperature (°C)

F1G. 8. Gas-phase equilibrium distribution of methyl
radicals at various temperatures and oxygen pres-
sures: (a) 20 Torr, (b) 40 Torr, (c) 60 Torr, (d) 200 Torr.

in C; selectivity as the temperature was in-
creased.

The effects of temperature and CH4/O,
ratio on C, selectivity, the evidence for
chain reactions, and the observation of gas-
phase CHj;- radicals by EPR all suggest that
the primary product, C;Hg, was produced
through coupling of two gas-phase CHs:
radicals:

2CH3 & C2H6. (14)

Equation (14) implies that kinetic control
of C, production is important in determin-
ing the C, selectivity. Since the rate of for-
mation of C, is proportional to the square of
CH;- concentration, C, selectivity is fa-
vored, up to a point, by more active cata-
lysts and higher temperatures, both of
which result in greater CH; radical concen-
trations. The effect of a better catalyst is
reflected in the data of Fig. 2, and the effect
of temperature in Fig. 4. This kinetic effect
also applies to the results in Fig. 5, where at
a sufficiently high CH, conversion (higher
CH;- concentration) the formation of C; in-
stead of C; becomes more favorable.

C, selectivity also may be influenced by
the competitive reaction of CHj- radicals
with the surface, which results in methoxy
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ions, CH3;0~ [reaction (15)] (10, 12, 19,
20, 35, 36). These intermediates can either
thermally decompose to CH,O (35, 36) or
react with H,O to produce CH;0H [reac-
tion (16)] (12, 37, 38). Under the reaction
conditions employed here these oxygenates
were further oxidized to CO and CO,.

CH; + O~ > CH;0™ + e~ (15)

CH;0~ — CH;0H, CH,0 — CO, CO,
(16)

The decrease in CO, production with
time on stream (Fig. 1) supports the above
hypothesis. It is known that prolonged ther-
mal treatment (39-41) and the presence of
alkali metal ions result in the sintering of
alkaline earth metal oxides (/0). Therefore,
C; selectivity is obtained only with low-sur-
face-area catalysts. Recently, Aika and co-
workers (6) studied promoter effects over
MgO and likewise concluded that higher
C, selectivity is favored by lower surface
areas.

With an excess amount of CH,, both
C,H¢ and C,H; produced very small
amounts of C, compounds over Na/CaO at
625°C (Table 4). However, further oxida-
tion of C, is extensive above 675°C (10). We
believe that the further oxidation proceeds
in a consecutive manner,

2CH;- — C;H¢ — C;H, — CO, CO, (17)

and there is no evidence to support direct
conversion of C,Hg into carbon oxides.

At high temperatures and moderate O,
pressures (e.g., 40 Torr), a considerable
amount of C;H, was produced through fur-
ther oxidation of C,H¢. We previously pro-
posed that C;Hg¢ lost its hydrogen to
fM*0O~] to produce C,H;- radicals (10, 19),
which could react with O~ to give C,Hs;

C,Hg + [M*O71 — C,Hs- + [MTOH ]

(18)
CHs + 02~ — CHsO™ + e~ ()]
CH;0O-—> CH; + OH~. (20)
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F1G. 9. Reaction scheme summarizing the formation
of various products during the oxidative dimerization
of methane over Group [A/Group IIA metal oxides.

However, over three totally different cata-
lyst surfaces (Table 1) C,H, to C,H, ratios
were all equal to 0.9. This suggests that
C,H, formation may also proceed in the gas
phase via reactions (9) and (21) to (23). In
the presence of O,, reaction (23) is ex-
pected to dominate over reaction (22) in the
production of C,H, (42-46),

CH;- + GHg — CH, + GHs: (2D
C,Hs- — C,Hy + H- 22)
C2H5' + 02 — C2H4 + H02 (23)

CONCLUSIONS

The various aspects of the mechanism
proposed in the discussion section are sum-
marized in a scheme depicted in Fig. 9. Ob-
viously the system is complicated because
of surface and gas-phase reactions which
are coupled by the surface generation of
radical intermediates. Nevertheless, the C,
yields obtained are some of the best which
have been reported and the complexity of
the system leaves ample opportunity for
further optimization.

The study provides further support for
the important role of [M *O~] centers in the
oxidative dimerization of CH, over Group
IA/HA oxide catalysts. There is consider-
able evidence that the reaction is heteroge-
neous-homogeneous in nature. Methyl rad-
icals are produced by the reaction of CH,
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with surface O, ions, and these radicals
then desorb into the gas phase, where they
either couple to produce C,Hg or react with
0O, to produce oxygenates. The latter is fur-
ther oxidized to undesirable carbon oxides.
The reversible reaction between CH;- and
0O, influences the catalytic activity and C,
selectivity. A chain mechanism involving
CH;0;H as the chain branching reagent is
believed to be operating to some degree.
Surface reactions between CHj;- and lattice
0%~ also produce oxygenates as primary
products, but again, under the reaction con-
ditions, they are oxidized further. For bet-
ter C, selectivity, a catalyst having low sur-
face area is preferred.
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