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Nitrous oxide is an effective oxidant for the conversion of CH, to C,H, and C.H, over a Li"/
MgO catalyst. although the rate of oxygen incorporation into the lattice and the regeneration of
the active centers is much slower with N,O than with O,. Thus, except at very low CH, partial
pressures. the rate-limiting step is oxygen incorporation, rather than the activation of CH, at the
surface. Carbon dioxide is a poison for the production of CH;- radicals and for the conversion of
CH;. By extrapolation of the rate data. the rate of CH, reaction over the unpoisoned catalyst was
determined. and the rate was shown to be first order with respect to N.O. A kinetic model. based
on competitive surface reactions. in addition to gas-phase reactions, adequately accounts for the
conversion as a function of reagent concentrations and temperature. as well as the selectivity for
ethane and ethylene. At comparable levels of conversion O, is a less selective oxidant than N,O,
not because of more gas-phase oxidation. but because of surface reactions involving reactive
oxvgen species. The presence of CH, significantly inhibits the decomposition of N,O over the
catalyst. It is suggested that CHy and N>O are activated by a common intermediate (e.g.. O, ions)

and that CH, reacts more rapidly with this species.

INTRODUCTION

In most studies on the oxidative coupling
of CH, to C,H, and C,H, (C, compounds),
molecular oxygen has been used as the oxi-
dant. Because the coupling reaction is a
complex network of heterogeneous and ho-
mogeneous reactions, it is instructive to em-
ploy other oxidants, such as nitrous oxide.
Otsuka and Nakajima (/) previously ob-
tained kinetic data for the oxidative coupling
reaction over Sm-05, using N,O as the oxi-
dant. They observed that at a relatively low
temperature for the oxidative coupling reac-
tion (550°C) N,O resulted in the formation of
C,H,, with high selectivity, while complete
oxidation occurred with O, as the oxidant.
Moreover, N,O decomposition was be-
lieved to be the rate-limiting step in the cata-
lytic cycle. Hutchings et al. (2, 3) have also
compared N,O and O, as oxidants. They
found that over a Li*/MgO catalyst the con-
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version of CH, was an order of magnitude
greater with O, than with N,O when the
oxidants were compared at the same pres-
sure, but when the conditions were adjusted
such that the conversions were the same,
the C, selectivities were greater with N,O
(85% C, selectivity with N,O and 50% C,
selectivity with O,). Additional results ob-
tained with N,O as an oxidant have been
reviewed by Hutchings and Scurrell (4).
The origin of CO, during the oxidative
coupling of CH, is still a matter of conjec-
ture; however, it is clear that certain im-
portant gas phase reactions occur with O,,
but not with N,O. For example, the reaction

CH, + 0,—CH,0 + OH-  (I)

supplies hydroxyl radicals which are known
to be chain carriers in the combustion of
hydrocarbons. By contrast, the analogous
reaction with N,O,

CH; + N,O—>CH,0- + N,, ()

does not form OH- radicals. But our previ-
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ous attempts to model the heterogeneous-
homogeneous coupling reaction over Li*/
MgO with O, as the oxidant suggested that
gas phase reactions do not account for more
than 10% of the CO, at short residence
times, at 700°C, and with low partial pres-
sures of reagents (5). If this is indeed the
case, then one must look for other explana-
tions for the differences in selectivities. Mo-
lecular oxygen may form a different type of
active site on the surface that is responsible
for the complete oxidation of the hydrocar-
bons in the system. Such a site might be
05 ions, which are known to be formed at
low temperatures by the reaction (6)

O, + 0,— O;,. (3)

Here, the subscript “‘s” refers to a surface
species. In stoichiometric reactions ozonide
ions were found to be much less selective
than O~ ions in the dehydrogenation of al-
kanes over MgO (7).

As an oxidant for a kinetic study N,O has
a distinct advantage over O, with respect to
the range of CH,/O, ratios that can be
explored. At CH,/O, ratios < I, complete
combustion begins to dominate, whereas,
with N,O as the oxidant large C, selectivities
are observable under differential condi-
tions, even at CH,/N,O ratios of 0.1. As a
consequence the entire range of rate-lim-
iting steps may be examined, from oxygen
incorporation in the catalyst at one extreme
to C-H bond breaking at the other extreme.
Since nonselective secondary reactions in-
volving the oxidant are less likely to occur,
it also is possible to study the rate of methyl
radical formation over a much broader range
of oxidant partial pressures with N,O than
with O,. This investigation was carried out
in an effort to explore further the mechanism
of the oxidative coupling reaction over Li*/
MgO catalysts. It was of particular interest
to determine the origin of the apparent acti-
vation energies that are obtained under truly
rate-limiting conditions.

EXPERIMENTAL

The Li*/MgO catalyst was prepared by
heating an aqueous slurry of Li,CO; and
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MgO (Aldrich) to 100°C for several hours
and then evaporating the water. The dry
sample was sieved to 20—45 mesh and cal-
cined in air at 750°C for 10 h. The amount
of lithium loaded on the MgO was 4.1 wt%.
After calcination the surface area of the cat-
alyst was 2.7 m*/g. For comparison, a low-
surface-area MgQO catalyst was prepared by
heating the high purity oxide at 930°C for
10 h in a sealed fused-quartz tube. The re-
sulting material had a surface area of 8.5
m*/g. In order to prevent excessive gas pres-
sure, the tube with the catalyst was evacu-
ated at elevated temperatures before
sealing.

The kinetic studies were carried out in a
plug-flow reactor constructed of fused
quartz. The upper section of the reactor,
which contained the catalyst, was 10 mm
i.d., and the lower section was constructed
of I-mm-i.d. capillary tube. The smaller di-
ameter allowed the products to pass rapidly
out of the heated zone. A thermocouple was
located at the level of the catalyst on the
outside of the reactor. In a separate experi-
ment, the temperature inside the catalyst
bed was compared to that measured outside
of the reactor, and it was found that the
temperature difference was only 1°C.

All of the kinetic results were obtained
under nearly differential conditions. The
conversion of the limiting reagent was <
20%. In these studies 0.731 g (0.79 c¢) of
Li*/MgO or 0.269 (0.94 cc) of MgO catalyst
was loaded between 1-mm-thick layers of
quartz wool. Quartz chips were placed
above the catalyst to aid in preheating the
reactant gas and to minimize the free vol-
ume. A blank experiment was carried out
with only quartz chips in the reactor, and it
was found that with 40 kPa CH,, 61 kPa
N,O, a flow rate of 50 ml/min, and at 680°C,
the conversion of CH, and N,O was only
0.1%.

The reactant gases were premixed before
entering the reactor using mass flow control-
lers. The total flow rate was about 50 ml/
min. Helium was used as a diluent to achieve
a total pressure of 101 kPa. The purities of
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the CH, and N,O, both from Matheson,
were 99.97 and 99.0%, respectively. Gas
chromatography was used to analyze the
product stream. Separation of the various
components was achieved using molecular
sieve and Porapak R columns.

The rate of CH, consumption generally
was calculated from summation of the moles
of products, taking into account the stoi-
chiometric factors. At the larger conversion
levels the amount of CH, converted also
was determined by difference. In such cases
the material balance, based on the carbon,
was greater than 95%.

Methyl radical formation was obtained
using the matrix-isolation electron spin res-
onance (MIESR) system that has been de-
scribed previously (8). Briefly, radicals
which exit a thin layer of catalyst enter a
leak into a differentially pumped region. The
radicals are frozen in an argon matrix on a
sapphire rod maintained at 15 K, and, aftera
certain collection period, their ESR spectra
are recorded. The total pressure in the re-
gion of the catalyst was ca. 0.1 kPa.

The kinetic isotope effect (KIE) was ob-
tained from the isotopic distribution of H
and D in the ethane product. The experi-
ment was performed using a known mixture
of CH,/CD,. The sensitivities and fragmen-
tation patterns of pure methanes (CH, and
CD,) and ethane (C,H, and C,D;) were first
obtained using a GC/MS system at typical
experimental conditions, and then the stan-
dard fragmentation pattern of CH;CD; was
calculated. The relative amounts of C,Hg,
CH,CD;, and C,D, were calculated based
on the mass spectra of the product ethane
and the previously determined sensitivities
and fragmentation patterns of these three
materials. The KIE was then calculated
using the relative amount of CH, and CD; in
the ethanes. The error associated with the
KIE obtained in this manner is estimated to
be less than 5%.

RESULTS
Decomposition of N,O

Many metal oxides are known to be effec-
tive catalysts for the decomposition of N,O
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at elevated temperatures (9, /0); therefore,
it was of interest to explore briefly the prop-
erties of Li*/MgO for this reaction. At a
pressure of 40 kPa N,O the conversion of
N,O was studied over the temperature range
from 635 to 680°C. The conversion levels
were found to be 5 and 15% at 635 to 680°C,
respectively. From data obtained over this
temperature range an E, of 192 = 8 kJ/mol
was determined. Surprisingly, the addition
of even 10 kPa CH, had a strong negative
effect on the rate of N,O reaction over the
Li*/MgO catalyst. Based on the amount of
N. that appeared in the gas phase, the N,O
decomposition decreased to 1 and 2.5% at
635 and 680°C, respectively. When the CH,
pressure was increased to 30 kPa, the effect
on the N,O reaction was essentially the
same. As will be subsequently shown, the
amount of O, in the gas phase was very small
when CH, was present. The negative effect
of CH, on the catalytic decomposition of
N,O is an advantage for this study, as the
presence of relatively large amounts of O,
would complicate the interpretation of the
following results.

Kinetic Data for Oxidative Coupling

Conversion and selectivity data were ob-
tained for the reaction of CH, with N,O over
the temperature range from 635 to 680°C.
Selected data, obtained by varying the par-
tial pressure of CH, from 5 kPa to 40 kPa,
while keeping the partial pressure of N,O
constant at about 60 kPa, are shown in
Table 1 and Fig. 1. As noted in Table I, the
C,, selectivity was quite large (70 to 91%)
even though the methane-to-oxidant ratio
was considerably less than unity. With O, as
the oxidant, evenataCH,/O,ratio of 5.4 (see
below), the C,, selectivity was only 62% for
10.79% CH, conversion at 680°C. Because of
the larger selectivity obtained with N,O the
absolute amount of CO, produced was small
and the poisoning effect of CO, was less
severe. The amount of O, that appeared as
a product was negligible, therefore its role
in the oxidation process (both heteroge-
neously and homogeneously) can be largely
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TABLE 1

Effect of CH, Partial Pressure on the Catalytic Reaction over Li"/MgO

CH,/N,0" CH, Selectivity (%) co, (oX
(kPa) Conv. (%) (kPa) (kPa)
C==C c-C c, CO,
4.3/59.4 21.2{21.3)¢ 40(15) 22(52) 7(0.6) 30(24) 0.28 0.01
8.9/60.1 14.2(14.9) 39(14) 29(60) 9(0.6) 22(19) 0.27 0.01
19.1/60.4 8.6(8.3) 3D 38(66) 11(0.5) 13(15) 0.22 0.00
38.1/59.6 4.7(4.3) 3209) 49(69) 10(0.3) 9(14) 0.16 0.00

¢ Pressure of reactants, 7 = 680°C.

® The CO, in the system was derived from the reaction.
“The O, in the system was derived from the reaction.

4 The numbers in parentheses were determined from the model (see text).

discounted. Similarly, the amount of CO
formed was below the detection limits.
The rate of CH, conversion, as shown
in Fig. 1, increased with increasing partial
pressure of CH, up to about 10 kPa, but at
higher partial pressures the reaction became
almost zero order with respect to CH, pres-
sure. The effect of CO, produced during the
reaction will be subsequently discussed;
however, at this point it is sufficient to note
from the data of Table 1 that at 680°C the
amount of CO, decreased from 0.28 to 0.16
kPa as the CH, partial pressure was in-
creased from 4.3 to 38.1 kPa. At a constant
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FiG. 1. Dependence of CH; consumption over Li*/
MgO on CH, pressure, while keeping the N,O pressure
constant at ca. 60 kPa: (#)635°C, (A) 650°C, () 665°C,
and (@) 680°C. The solid lines were calculated using
the model.

level of CO, poisoning the conversion, for
example at 4.3 kPa in Fig. 1, would be in-
creased about 30%. The net result is that
after factoring out the effect of varying CO,
partial pressures the reaction would become
zero order withrespect to CH, at even lower
partial pressures than indicated in Fig. 1.
The results obtained while keeping the
partial pressure of CH, constant at ca. 9.5
kPa and varying the pressure of N,O are
summarized in Table 2 and Fig. 2. Again,
the selectivity for C,. products was large
(= 80%), and almost no O, was formed.
From Fig. 2 it appears that the orders with
respect to CH, and N,O are similar; how-
ever, the consequences of CO, poisoning
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FiG. 2. Dependence of CH, consumption over Li~/
MgO on N,O pressure, while keeping the CH, pressure
constantat ca. |0 kPa: (€)635°C,(4A)650°C, () 665°C,
and (@) 680°C.
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TABLE 2

Effect of N,O Partial Pressure on the Catalytic Reaction over Li*/MgQ

CH,/N,O! CH;, Selectivity (%) CO, 0O,

(kPa) Conv. (%) (kPa) (kPa)
=C Cc-C C, CO, CO

9.6/16/4 4.9 32 52 6 9 0 0.04 0.01

9.8/16.5 5.4 32 51 8 9 0 0.05

9.2/32.1 7.5 36 44 9 12 0 0.08 0.01

8.7/60.4 10.4 36 37 11 16 0 0.15 0.02

9.2/92.2 10.7 36 35 9 20 0 0.20 0.03

“ Pressure of reactants, 7 = 680°C.

* The CO; in the system was derived from the reaction.

“ The O, in the system was derived from the reaction.

are very different for the two cases. Al-
though the total pressure of CO, remained
small, a fivefold increase in CO, pressure
occurred as the N,O pressure was increased
from 16.4 kPa to 92.2 kPa. This means that
the intrinsic (i.e., unpoisoned) rates of reac-
tion may be significantly greater than those
shown in Fig. 2, particularly at the greater
N,O pressures.

To determine quantitatively the effect of
CO, poisoning a series of experiments was
carried out in which CO, was added to the
gas stream. One set of results is shown in
Fig. 3, where it is evident that even small
partial pressures of CO, have a remarkable
poisoning effect. In this figure the pressure
of CO, corresponds to that produced during
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F1G. 3. The effect of CO, on the rate of CH, conver-
sion to C,. products over Li~/MgO: P(CH,) = 30kPa,
P(N,0) = 70 kPa; (B) 650°C and (@) 680°C.

the reaction plus any that was added to the
reagents. The points at the lowest CO, level
were obtained without the addition of any
CO,.

Obviously one would like to know the
intrinsic activity of the unpoisoned catalyst
in order to obtain the true order of reaction
with respect to N,O. In a previous kinetic
study, with O, as the oxidant, Ross and co-
workers (/) factored out the effect of CO,
by adding a rather large amount of CO, to
the system, thus the reaction became
pseudo zero order with respect to CO,. We
have chosen to extrapolate the rate data to
zero CO, pressure, using the rate equation

R < K fIP(CHY - P(NO)]
T 1+ K-P(CO,)

(4)

This is the classic equation that one would
obtain for a Rideal mechanism in which one
of the products is a poison (/2). At constant
CH, and N,O pressures the inverse of Eq.
(4) yields

1

z=A+ B P(CO,). (5)

Indeed, a plot of 1/R versus CO, pressure
yields a linear relationship (Fig. 4) and from
the ordinate intercept the unpoisoned rate
can be determined. The rate of reaction is
equated to the rate of C,, formation in order
to avoid the errors that would be introduced
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FiG. 4. Inverse rate of CH, conversion to C,_ prod-
ucts as a function of CO, partial pressure: P(CHy) =
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by determining the small amount of CO, that
was formed during reaction in the presence
of a large amount of added CO,. The error
introduced by equating the rates is small as
the C,, selectivity was large.

The poisoning experiments were carried
out under four sets of conditions, and the
results are shown in Fig. 5. Based on the
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Fi1G. 5. Comparison of uncorrected (@) and corrected
(O) rates for the conversion of CH, as a function of
N,O pressure. The corrected values were obtained by
extrapolation of the rates to zero partial pressure of
CO, at (A) 650°C and (B) 680°C. The solid lines were
calculated using the model.
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TABLE 3
KIE Results for Methane Oxidation over Li~/MgO

Methane
(kPa)

KIE

Measured Calculated®

2 . I.
20 .1 l.

— A

4 P(N,O) = 60 kPa, T = 680°C.
» Determined from the model (see text).

corrected rates it appears that the reaction
is first order with respect to N,O. The zero-
order behavior with respect to CH, and first-
order behavior with respect to N,O suggest
that oxygen incorporation into the lattice is
the rate-limiting step in the mechanism. This
is supported by a measure KIE near unity
for the oxidation of methane with N,O at
700°C (13). The KIEs were determined for
CH,to-N,O ratios of 1 :3 and 1: 8 at a total
pressure of 760 Torr (no diluent). The range
of the KIE measurements has been ex-
tended to more closely match the conditions
of this experiment, and the results are
shown in Table 3. Clearly, if the CH, pres-
sure is sufficiently reduced (<2kPa), the
breaking of the C-H bond becomes rate lim-
iting.

From the results of Figs. 1 and 2 the acti-
vation energies reported in Table 4 were

TABLE 4
Activation Energy for CH, Oxidation over Li~/MgO

CH,/N,O E, Coy
(kPa) (kJ/mol) (kPa)
9.2/32.1 170.8 + 6.7 0.02-0.08
8.7/60.4 175.0 = 4.2 0.04-0.15
9.2/92.2 158.2 = 10.8 0.05-0.20
4.3/59.4 139.0 = 7.5 0.08-0.28
8.9/60.1 157.4 = 5.0 0.07-0.27
19.1/60.4 1829 £ 2.5 0.08-0.22
38.1/59.6 187.9 = 9.6 0.05-0.16

4 The CO, in the system was derived from the re-
action.
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TABLE 5

Comparison of O, and N,O as Oxidants for the Oxidative Coupling of CH,

Oxidant Temp. CH, Selectivity (%) Cco,’ 0O,
°C) Conv.“ (%) (kPa) (kPa)
C=C Cc-C C, CcOo, cO
0O, 635 3.0 7 22 1 46 25 0.42 4.62
0, 646 39 10 24 1 44 21 0.53 4.36
0O, 665 7.1 16 37 2 34 11 .76 3.76
0, 680 10.7 22 36 4 32 6 1.06 3.07
N.O 635 2.2 16 63 12 9 0 0.05 0.01
N,O 650 3.1 23 59 10 9 0 0.08 0.01
N,O 663 4.8 29 50 11 9 0 0.12 0.0t
N.O 680 6.8 35 44 11 10 [} 0.19 0.01

* Reaction conditions: P(CH,) = 30 kPa, P(O,) = 5.6 kPa, and P(N.,O) = 68 kPa.
» The CO, in the system was derived from the reaction.
“ The O, remaining in the system after being consumed by reaction.

determined. Over the range for which oxy-
gen incorporation was rate limiting, the E,
was approximately 167 = 8 kJ/mol; only at
the lowest CH, partial pressure did the E,
decrease to 138 = 8 kJ/mol. One should
keep in mind that CO, poisoning also has
an effect on E,, although the effect may be
different on the steeper part of the CO, ad-
sorption isotherm (see Fig. 3), which is the
case with N,O, than on the flatter part of
the isotherm, which is applicable with O,.

Comparison of N,O and O, as Oxidants

In this study an attempt was made to com-
pare N,O and O, as oxidants at a nearly
equal level of CH, conversion. This was
achieved by measuring the CH, conversion
level at an arbitrary set of N,O and CH;,
pressures, and then substituting O, for N,O.
The O, pressure was adjusted such that the
CH, conversions were similar at 646-650°C.
The results, as shown in Table 5, may be
summarized as follows: (i) comparable CH,
conversions were achieved at a much lower
partial pressure of Q,, (ii) the C,, selectivity
was greater with N,O as the oxidant, (iii) a
considerable amount of C; product was
found with N,O, and (iv) CO was detected
only in the presence of O,.

Comparison of Li* IMgO and MgO as
Catalysts

It has previously been reported that with
O, as an oxidant pure MgO is a rather poor

catalyst for the coupling reaction, both with
respect to activity and selectivity (/4). From
the results of Table 6, it is evident that with
N,O as the oxidant MgO is also a nonselec-
tive catalyst, but the conversion was actu-
ally greater over the MgO. This implies that
the poor selectivity of MgO is an inrinsic
property of the material and is not related
to the oxidant. With respect to the activity,
one should note that the surface area of MgO
was about three times that of the Li*/MgO
catalyst, therefore the specific activity of
MgO is somewhat less than that of the Li*/
MgO catalyst.

MIESR Results

Methyl radical formation was observed
over the Li*/MgO catalyst both at small and
large CH,/N,0 ratios. The Arrhenius plots,
shown in Fig. 6, reveal that the rate of pro-
duction of CH;- radicals increases with N,O
partial pressure. Previously it was reported
that the CH;- radical production rate in-
creased almost linearly with respect to N,O
pressure up to a CH,/N,O ratio of unity,
and at larger N,O pressures the rate did not
increase substantially (/3). At a CH,/N,O
ratio of 0.29, a KIE of 1.9 + 0.2 was ob-
served, whereas at a CH,/N,O ratio of 44,
a KIE of 1.2 = 0.2 was determined. These
results are consistent with a change in the
rate limiting step from C-H bond breaking to



332

YAMAMOTO ET AL.

TABLE 6

Comparison of Performance of Li*/MgO and MgO Catalysts

Catalyst CH, Selectivity (%) COy 0
conv.’ (%) (kPa) (kPa)

C= c-C c, co, co
MgO* 4.6 5 9 1 76 10 1.01 0.08
Li/MgO’ 2.6 20 60 11 8 0 0.06 0.01

9 Reaction conditions: P(CH,) = 29 kPa, P(N,0O) = 50 kPa; T = 650°C.

b Surface area = 8.5 m%/g.
¢ Surface area = 2.7 m/g.

4 The CO, in the system was derived from the reaction.

¢ The O, in the system was derived from the reaction.

oxygen incorporation as the CH,/N,O ratio
increased. The change in E, at 700°C from
75 = 16 to 134 + 8 ki/mol as the CH,/N,O
ratio increased also is consistent with the
change in the rate-limiting step. Apparently,
when the temperature becomes <600°C, the
rate-limiting step changes at the large CH,/
N,O ratios, and it becomes the same as at
the small CH,/N,O ratios; namely, C~-H
bond breaking. The E, associated with this
rate-limiting step is 134 = 8 kl/mol. It is
important to note that these E, values were
obtained under catalytic conditions, but at
very low CO, partial pressures. As pointed

16 T T T —T

14

Eg=134%8
kJ/mol

FEa=75£16
kd/mol

Ln {CHyl, (arbitrary units)
~

10 | E,=13418 1
kJd/mol
E,=159+12
kJ/mo!
8 1. 1 1 1
1.0 141 1.2 1.3 1.4 1.5
1000/T, K™!

F1G. 6. Arrhenius plots for CH,- radical formation:
(W) CH,/N,O = 1.1/3.8 m! min ', (@) Ar/CH,/N,O =
3.8/1.1/0/025 ml min~', and (O) CO,/CH/N,0 = 3.8/
1.1/0.025 ml min~' at STP.

out previously, the rate limiting step may
be a function of the total pressure, as well
as the CH,/N,O ratio and the temperature.
When CO, was substituted for Ar as the
matrix-forming gas, there was a dramatic
decrease in the production of CH;- radicals,
and the E, increased by about 84 kJ/mol. A
similar phenomenon was observed with O,
as the oxidant (15). It follows from Eq. (4)
that if K - P(CO,) > |, E, = E + A, where
A is the heat of adsorption (or reaction) of
CO,. From the results of Fig. 6, one may
conclude that A = 84 kJ/mol, as was pre-
viously deduced with O, as the oxidant.

DISCUSSION

The mechanism first proposed by Ito ez
al. (16) for the oxidative coupling of CH,
over Li*/MgO catalysts may be modified to
include N,O as the oxidant,

CH, + O] — CH;- + OH_ (6)
20H; - H,0 + 02" + ] 7
0" + 0+ N,O—=207 + N, (8

20 — 0" +D+%Og, )

where [ is an oxide ion vacancy. An analo-
gous set of reactions could be written with
O3~ ions as the centers responsible for the
activation of CH,. If one assumes that reac-
tion (8) is rate limiting, then the rate law
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would be first order with respect to N,O
and zero order with respect to CH,, as was
observed over most of the range of condi-
tions in the conventional catalytic experi-
ments. In such a case the apparent activa-
tion energy of 75 = 17 kl/mol for CH;:
radical formation might be equivalent to the
true activation energy for reaction (8). How-
ever, N,O and CH, also may compete for
the same active center, (see below) which

would result in a more complex relationship-

for E,. This phenomenon may explain the
difference between E, values of 167 + 8 and
75 * 17 kJ/mol obtained in the conventional
mode and in the MIESR system, with both
being carried out under conditions at which
reaction (8) is rate limiting. Carbon dioxide
poisoning also may contribute to this dif-
ference.

It is tempting to equate the E,’s of 138 =
8 and 134 = 8 kJ/mol obtained in the con-
ventional reactor and the MIESR system,
respectively, under conditions such that
C-H bond breaking was rate limiting. The
E, obtained in the conventional reactor may
have been subject to small effects of CO,
poisoning. Nevertheless, assuming that
such a comparison can be made, the value
of 134 kJ/mol is not the activation energy
for the C-H bond breaking step alone, but
rather it is a linear combination of energies
for several steps in the catalytic cycle.

In order to understand the negative effect
of CH, on N,O decomposition additional
reactions should be included in the mecha-
nism, for example, by adding the reactions

N,O + O] — 05, + N, (10)
(11)

(12)

N,O + 0,,— 05, + N,
0;,—0, + 0.

Here it becomes evident that CH, and N,O
may compete for the same O, center via
reactions (6) and (10). Thus, the presence
of CH, would decrease the rate of N,O de-
composition. Apparently the rate of reac-
tion (6) is considerably greater than that of
reaction (10), as indicated by the strong neg-
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ative effect of CH, on N,O decomposition.
As a consequence very little O, is produced
via reaction (12), and also the overall con-
sumption of CH, is first order, not zero or
negative order with respect to N,O. Unlike
CO,, N,O serves both to produce and to
remove active centers.

There is no direct evidence for reaction
10; however, reaction (11) was previously
studied on MgO, and it was found to occur
at T = 100°C (/7). Reaction (12) was also
demonstrated when N,O, and presumably a
small amount of O,, were removed at 25°C
from a MgO sample that had Oy ions (/7).
The mechanism for N,O decomposition via
reactions (8)—(12) avoids the problem of
electron transfer from an insultor or p-type
oxide to N,O that is inherent in the mecha-
nisms of Dell er al. (9) and Winter (/0).

The kinetic model that was previously de-
veloped to study the heterogeneous-homo-
geneous reactions during oxidative coupling
with O, as the oxidant (/3) has been ex-
tended to include N,O. The original 156 gas-
phase reactions were included, as well as
the additional reactions shown in Table 7.
The reactions of N,O with several important
intermediates were included, in addition to
reactions involving C; molecules. Qualita-
tively, the enhanced formation of C; prod-
ucts can be attributed to the competitive
reactions

C,Hy + 0,— C,H, + HO,-  (13)

and

CH, + C,Hs — C,H,. (14)

If molecular oxygen is present, reaction (13)
is an efficient means of converting ethyl rad-
icals to ethylene, but in its absence reaction
(14) becomes competitive with the unimo-
lecular decomposition of ethyl radicals.

In the model the rate constants for the
heterogeneous reactions (6)-(9) were
treated as adjustable parameters, and reac-
tions (10)-(12) were not included. The
calculated results using k, = 2.53 x 107"
e ™Tem? - molecule '-sT! k= 2.00 x 1073
e T cm? - molecule ™! - 57!, ky = 4.42 x
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TABLE 7

Gas-Phase Reactions in the Heterogeneous—Homogeneous Mode! Rate constants
k = AT" expl-E,/RT], in units of mol - cm~* - s~}

Reaction log(A)} n EJ/R Reference
H + N,O = NH + NO 14.80 0 14594 (18)
H+ NO = OH + N, 13.88 0 7599 (18)
O + N,O = NO + NO 13.65 0 12128 18)
O+ NO =N, +0, 13.65 0 12128 8
OH + N,0 = HO, + N, 8.38 0 0 (18
CH; + N,O = CH;O + N, 14.72 0 14276 (18)
CH, + C,H; = CH; + C;H, 11.69 0 11258 (18)
CH, + n-C;H, = CH, + C;H, -1.62 4.02 5470 (19)
CH, + i-C;H, = CH, + C;H -3.14 4.40 5440 (19)
CH, + G,H, = n-CiH, 11.52 0 3877 (18)
CH, + CH, = C;Hy 14.69 -0.5 0 (18)
CH; + C;H, = C3H; 11.78 0 3877 (18)
CH, + C.H, = C,H, 13.00 0 0 20
CH; + CiHy = CH, + n-C;H, 12.34 0 6054 (18)
CH, + C;Hy = CH, + i-C;H, 12.08 0 SI83 18)
CH, + C;H, = CH, + C;H; 10.64 0 3789 (18)
n-C;H, + 0, = HO, + C;H, 12.00 0 2530 2n
i-CiH, + 0, = HO, + C;H, (2.00 0 1503 21
n-C;H, = CH, + C.H, 38.27 0 16718 (18)
n-CiH, = C;H, + H 37.78 0 18763 (8)
i-CiH, = CH, + C.H, 35.78 0 20567 (8
i-CyH; = C;H, + H 38.08 0 19485 (18)
n-CiH; + H, = H + C;Hy 12.42 0 7448 (18)
i-CHy + H, = H + C;H, 12.40 0 8047 (22
n-C\H:. + H = CH, + C,Hq 13.03 0 0 (18)
n-C;H, + H = C,H, 13.40 0 0 (19)
i-C;H; + H = C,H, 13.30 0 0 21
C,H, + OH = CH,0 + C,H; 12.90 0 0 23)
C,H, + OH = H.0 + C;H, 12.88 0 0 (8)
CH, + H = H, + C,H, [1.81 0 2237 (18)
CH; + H = C;H, 13.30 0 0 (24)
10? ¢ 3807 o1 and ky = 4.82 x 10°" when E,’s of 80 or 120 kJ/mol were used in

e %7 are shown in Figs. 1 and 5, and the

selectivities are given in Table 1. For com-
putational purposes, reaction (8) was re-
placed by

N,O— N, + O, . 8
The activation energies for k, and &, were 4.1
and 196.2 kJ/mol, respectively. By suitably
adjusting the preexponential factor an
equally good fit to the data of Fig. 1 could
be achieved upon increasing the E, for kg to
40 kJ/mol; however, the fit was not nearly
as good in the region of low CH, pressure

the model. The model accurately predicts
the functional relationships between the rate
of CH, conversion and the partial pressures
of CH, or N,O, as well as the temperature
effects. No assumptions are necessary con-
cerning the rate-limiting step. The set of rate
constants used to fit the data probably are
not unique. The extrapolated rates in Fig.
5 were greater than the calculated rates be-
cause the model did not include CO, poison-
ing effects. When all gas-phase reactions
were deleted from the model except the cou-
pling of CH;- radicals, the CH, conversion
at 680°C, 8.9 kPa CH, and 60 kPa N,O de-
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creased from 15.0 to 11.9%. Thus, radical
reactions in the gas phase result in only 3%
more CH, conversion. The model also accu-
rately predicts the change in the rate-
limiting step as indicated by the KIEs
(Table 3).

As shown in Table 1, the calculated selec-
tivities for the combined C, products and
CO, were in good agreement with those
found experimentally. This agreement is
surprising as the model did not include sec-
ondary reactions between the intermediates
or stable products and the catalyst. We con-
clude, therefore, that CO, is formed primar-
ily from the oxidation of C,’s in the gas
phase, in contrast to the case with O, as
the oxidant at these temperatures. Here it
should be noted that the model does include
the heterogeneous conversion of CO to CO,.
In contrast to the agreement in overall C,
selectivity, it is evident that the model pre-
dicts a much smaller C,H,/C,Hq ratio than
was observed experimentally, which con-
firms that the oxidative dehydrogenation of
C,H, occurs catalytically. The model simi-
larly underestimates the formation of C;
products, which involves the same C,Hy
radicals (reaction (14)) as in the conversion
of C,H, to C,H, (reaction (13)). These radi-
cals are formed mainly at the surface of the
catalyst, a reaction that is not included in
the model.

A comparable model calculation was car-
ried out with O, as the oxidant. In this varia-
tion, reaction (8) was replaced by

0

5

L0+ %oﬁzo;, (15)

reaction (8') was replaced by
0,— 20, ,

and k< was adjusted to obtain the CH, con-
version reported in Table 4. Good
agreement was found with k5 = 2.20 x 10"
e 2700 g1 At 680°C, ks is approximately
a factor of 14 greater than &;. The calculated
C,, selectivity with 30 kPa CH, and 5.6 kPa
0O, was 87% at 680°C, which is much greater
than the experimentally observed value of

(15"
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62%. This observation supports the hypoth-
esis that O, reacts with the surface to form
another type of active center which is partic-
ularly nonselective. At these temperatures
and pressures gas phase reactions do not
serve as a major pathway for the formation
of CO,.

CONCLUSIONS

Although N,O is an effective oxidant for
the CH, coupling reaction, the rate of oxy-
gen incorporation into the catalyst is slower
than with O,, which means that even at rela-
tively small CH,/N,O ratios the overall re-
action is limited by this step. Atagiven level
of conversion much greater C,, selectivities
were observed with N,O than with O,. The
increase in selectivity with N,O is attributed
to a decrease in CO, forming reactions on
the surface of the catalyst. The heteroge-
neous part of the mechanism is similar with
N,O and O,; however, additional steps are
required to account for the decomposition
of N,O and the fact that CH, inhibits the rate
of N,O decomposition. The poor selectivity
observed with the MgO catalyst indicates
that this pure oxide is intrinsically nonselec-
tive, independent of the oxidant.
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