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The relative reaction rates of CH, and CD, with NO in the
presence of excess oxygen over a Co-ZSMS catalyst have been
determined. The rate ratio, CH, consumption versus CD, con-
sumption, is nearly 2.4 when using a dry feed at 375°C. Experi-
ments at 431°C using a feed containing 1.6% H,0 show a rate
ratio of 2.05. These values are close to those expected for a primary
kinetic isotope effect at the respective temperatures, and it is there-
fore concluded that the rate-determining step is the breaking of a
carbon hydrogen bond. The Kkinetic isotope effect is slightly less
for the selective reaction with NO than for the concurrent direct
oxidation of methane by oxygen. The two reactions have very
similar kinetic orders in methane, suggesting that a common inter-
mediate is involved in the two pathways. Hydrogen-deuterium
exchange between CD, and H,O to make CH,D is negligible under
reaction conditions. Similarly, mixed feeds of CH, and CD, show
very little exchange. One interpretation consistent with the results
is that the rate-determining step involves detachment of hydrogen
from methane by adsorbed nitrogen dioxide to form a methyl
species which reacts further with a nitrogen oxide in one pathway
but with oxygen in the other. © 1995 Academic Press, Inc.

INTRODUCTION

The reports of Held et al. (1) and Iwamoto et al. (2, 3)
showing that hydrocarbons can selectively reduce nitric
oxide in the presence of oxygen have stimulated a great
deal of work on this reaction with a view to NO, control
for mobile and other sources. It would appear that
Cu-ZSMS is the most effective catalyst, and its behaviour
has been investigated in considerable detail for a number
of hydrocarbons. These include ethylene (4), propylene
(4-8), propane (8, 9), and isobutane (10, 11). As yet no
clear picture of the reaction mechanism operating in these
reductions has emerged. However, there is some
agreement that the rate-limiting step is not nitric oxide
decomposition or a direct reaction between the hydrocar-
bon and a nitrogen oxide. One view is that the reaction
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proceeds via a partially reacted derivative of the hydrocar-
bon, variously suggested as a purely carbonaceous resi-
due (6), or a partial oxidation product containing oxygen
(9). There is also evidence to suggest that nitrogen dioxide
rather than nitric oxide is the nitrogen-containing species
involved in the subsequent steps (9, 10).

While Cu-ZSMS is a very effective catalyst with C,,
hydrocarbons, it has little activity when methane is used.
By contrast, recent work by Li, Armor, and co-workers
(12-14) shows that Co~ZSMS5 exhibits high performance
with this hydrocarbon. Oxygen is required for the selec-
tive reaction which involves CH,, NO, and O,ina1:2:1
ratio to give equimolar amounts of CO, and N,. There is
some additional combustion of methane, the extent of
which depends on reactant concentrations, temperature,
and catalyst formulation (12, 13).

The primary aim of the present work was to determine
if CH, and CD, react at different rates over Co-ZSMS5.
A large difference in rate (a factor of 2 or more) would
demonstrate the existence of a primary deuterium kinetic
isotope effect (15) and provide prima facie evidence that
the rate-determining step involves the breaking of a car-
bon-hydrogen bond in methane. Such knowledge may
be of assistance for the development of more efficient
catalysts for this simplest example of a most complex
class of reactions.

EXPERIMENTAL

The catalytic measurements were carried out using a
single-pass flow system. The gas mixture was made by
blending four separate streams comprising helium alone,
190 CH,/He, 1% NO/He, and 5% (or 10%) O,/He supplied
by separate electronic flow controllers (Brooks Model
5850E). A matching CD,/He mixture was prepared by
pressurising a 0.5-litre cylinder containing a known pres-
sure of CD, (MSD Isotopes > 99% D) with helium. This
was supplied either in place of CH,/He, via a three-way
valve upstream of the flow controller, or in addition to
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CH,/He in place of the make-up helium carrier. Separate
analyses showed that the CH, and CD, concentrations
were matched to within 5%.

The standard mixture used in most experiments con-
tained 1040 ppm methane, 1640 ppm nitric oxide, and
2.5% oxygen at a total flow rate of 100 cm*/min (NTP).
This was passed downflow over a sample (usually 0.4 g)
of Co—-ZSMS3 contained in a 6-mm-i.d. Pyrex tube giving
GHSYV of 7500 h~' at STP. The section of tube containing
the catalyst was fitted inside an aluminum block located
at the centre of a tube furnace. The temperature was
controlled from a thermocouple located in this block. A
second thermocouple with its tip immediately below the
sample bed was used to monitor the catalyst temperature.
The Co-ZSMS catalyst (Si/Al ratio of 11.2, 4.2 wt% Co)
was supplied as a fine powder by Dr. J. Armor of Air
Products and Chemicals. The cobalt content is equivalent
to a Co/Al atom ratio of 0.55, implying an exchange level
whichis 110% of theoretical. Further details of its prepara-
tion and properties can be found elsewhere (12-14). For
the present purposes it was pressed at 200 MPa for 1 min.
The resultant discs were crushed and sieved to obtain a
300~ to 600-xm particle fraction. The test samples were
dried under a stream of helium at 110°C and heated to
500°C (at S K/min) in a 10% O,/He stream. After a mini-
num of 1 h at 500°C they were cooled to reaction tempera-
ture under helium alone. A pressure transducer located
upstream of the bed showed that the back pressure ex-
erted by the catalyst bed under reaction conditions was
less than 7% of atmospheric pressure under all conditions.

The exit stream from the reactor was passed to the gas
sampling valve of a Shimadzu GC4A gas chromatograph
fitted with a 1.8-m CTR-1 concentric molecular sieve and
Porapak Q column (Alltech Associates) operated at 50°C.
This provided baseline separation of N,, O,, methane,
and CO, in less than 8 min with a detectability limit of
about 10 ppm using a thermal conductivity detector. The
system was capable of analysing for CO and N,0O with
similar detectability limits but none were observed. Anal-
ysis for NO was also possible but it was accurate only in
the absence of O,. The product stream leaving the gas
sampling valve was diluted with nitrogen to a known ex-
tent and passed to a chemiluminescent NO/NO, analyser
{Monitor Labs Model 9841). This provided separate read-
outs of NO alone and NO plus NO, combined. The differ-
ence between NO plus NO, in bypass and product streams
gave a good check on NO conversions calculated from the
gas chromatographic analyses for N,. Most experiments
were carried out with NO and CH, conversions <35%.
Rates were then calculated from the product analyses
using the differential reactor approximation, i.e.,

rate (mol g7's™") = F-y,/W,
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FIG.1. Methane conversion and selectivity as a function of tempera-

ture for reaction over 0.4 g Co-ZSMS under standard conditions: (a)
CH,/NO/O,; (b) CHy/O5; (c) CHy/NO:; (d) reaction [2] alone when using
CH,/NO/O; mixtures; (e} selectivity of the CH,/NQ/O, reaction.

where F is the total molar flow rate in mol/s, y; is the
molar fraction of product (CO, or N,) expressed in ppm X
107%, and W is the weight of the catalyst in grams.

In some experiments with CDy,, the line between reactor
and gas chromatograph was sampled into a quadrupole
mass spectrometer (Vacuum Generators Model SX300).
This stream was trapped with dry ice to remove water and
deuterated water and to enable accurate determination of
the CHD, and CD, concentrations using signals at m/e =
19 and 20, respectively.

RESULTS

Li and Armor (12-14) have already given details of the
CH,/NO/O, reaction over Co~ZSMS35 under conditions of
practical interest (moderate to high conversions). Rate
comparisons, as between CH, and CD, here, are best
made at lower conversions, and initial experiments were
directed at establishing reaction characteristics (activa-
tion energies, reaction orders, etc.) under such condi-
tions. Figure 1 shows methane conversions, calculated as
[ppm CO,/(ppm CO, + ppm CH,)],,. as a function of
temperature for the CH,/NO/O, reaction in comparison
with those of CHy/NO and CH,/O,. It is apparent that
the ternary mixture (Fig. 1a) reacts much faster than either
binary one (Figs. Ib and 1c respectively). As shown pre-
viously (12-14), the ternary reaction is largely repre-
sented by

CH, + 2NO + 0, > CO, + N, + 2H,0.  [1]

However, if this were the only reaction then CH, and NO
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FIG. 2. Arrhenius plots for the reaction of CH,/NO/O, mixtures
over 0.4 g Co—ZSMS5 under standard conditions: (a) CO, production;
(b) N, production (reaction [1]); (c) difference between CO, production
and N, production (reaction [2]).

would reactina 1 : 2 ratio and produce equimolar amounts
of CO, and N,. In practice there is some excess CO,
production due to concurrent methane combustion:

CH, + 20, — CO, + 2H,0. [2]

The extent of reaction [1] is given directly by the measured
N, production, while that of reaction [2] is simply the
difference between CQO, and N, production. It is interest-
ing to note that at temperatures above 370°C the rate of
reaction [2] when NO is present, Fig. 1d, is faster than
when CH,/O, mixtures are tested alone, Fig. 1b.

The selectivity of methane utilisation when using CH,/
NO/O, (i.e., reaction [1] as a percentage of reactions [1]
and [2]) is defined by

g = N2l x 100
[CO,]

and has values of 45 to 75% as shown in Fig. le. As noted
carlier there was always good agreement between the
overall conversion of NO, (measured as the loss of
NO + NO, by the chemiluminescent monitor) and that
calculated from N, production as determined by gas chro-
matography. The extent of conversion of NO to NO,,
which took place largely on the catalyst, varied with tem-
perature but was always some distance from equilibrium.

Activation energies were determined from additional
tests under near differential conditions (conversions less
than 25%) over the temperature range 340 to 380°C.
Arrhenius plots for CO, production (i.e., the sum of [1]
and [2]), N, production (reaction [1]), and the difference
between CO, and N, production (reaction [2]) are given
in Fig. 2. As shown in Table 1, the apparent activation
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TABLE 1

Kinetic Parameters for the CH,/NO/O, Reaction
over Co-ZSM5°

Overall Reaction Reaction
reaction’ [1]¢ [2]¢
E, (kJ/mol) 102 = 1 91 =1 132 £ 4
Order in CH, 0.70 = 0.02 0.68 * 0.02 0.75 = 0.08
Order in NO —0.06 = 0.03 0.11 = 0.03 —0.47 = 0.08
Order in O, 0.27 = 0.01 0.18 = 0.01 0.52 = 0.05

? Measured under conditions shown in Figs. 2, 3, 4, and 5; error
estimates are one standard deviation.

¢ Total CO, production.

¢ N, production.

4 Difference between CO, and N, production.

energy for reaction [2] is greater than that for the overall
reaction, and for the selective one [1], which explains
why selectivity falls with increase in temperature.
Figures 3, 4, and 5 show the dependencies of the various
reaction rates on methane, nitric oxide, and oxygen con-
centrations at 360°C. The corresponding kinetic orders,
evaluated from log—log plots, are included in Table 1.
The apparent orders in methane are about 0.7 for both
reactions [1] and [2]. It is possible that these values are
slightly affected by inhibition due to product water at the
relatively low temperature used (14). However similar
results were obtained in tests at 430°C with 1.8% water
in the feed. The selective reaction [1] exhibits a slightly
positive (~0.1) order in nitric oxide. It appears that this
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FIG. 3. Dependence of reaction rate and selectivity on methane

concentration for CH,/NO (1640 ppm)/0, (2.5%) mixtures over 0.4 g
Co-ZSMS5 at 360°C; (a) CO, production; (b) N, production (reaction
[1]); (c) difference between CO, and N, production (reaction [2]); (d) se-
lectivity.
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FIG. 4. Dependence of reaction rate and selectivity on nitric oxide
concentration for CH(1040 ppm)/NO/O, (2.5%) mixtures over 0.4 g
Co-ZSMS at 360°C: (a) CO, production; (b) N, production (reaction
[1]); (c) difference between CO, and N, production (reaction [2]); (d) se-
lectivity.

order is temperature dependent since Li et al. (14) re-
ported a value of 0.42 for the reaction at 400°C and addi-
tional measurements made as part of this work have given
a value of 0.50in tests at 450°C. The nonselective methane
combustion reaction [2] has a higher order in oxygen than
the selective one and a distinctly negative order in NO.
This indicates that competition between the two oxidants
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FIG. 5. Dependence of reaction rate and selectivity on oxygen con-

centration for CH,(1000 ppm)/NO (1640 ppm)/Q, mixtures over 0.4 g
Co-ZSMS5 at 360°C: (a) CO, production; (b) N, production (reaction
{1]); (c) difference between CO; and N, production (reaction [2]); (d) se-
lectivity.
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FIG. 6. Methane conversion and selectivity for the reaction of meth-
ane/NO (1640 ppm)/O, (2.5%) mixtures over 0.4 g Co—-ZSMS5 with total
flowrate of 100 cm*/min: (a) conversion (@) CH,, (O) CD,; (b) selectivity
(V) CH,, (V) CD,.

has some influence on the distribution between the
pathways.

On the basis of the above information the kinetic isotope
effect determinations were carried out at 375°C with meth-
ane, NO, and O, concentrations of 1040 ppm, 1640 ppm,
and 2.5%, respectively. With the standard flow rate this
gave a CH, conversion of approximately 30% which was
the best compromise in terms of the accuracy of product
analyses versus the need to rely on the differential reactor
approximation to calculate rates. Figure 6 shows the re-
sults of a sequence of experiments in which CH, and
CD, were fed alternately over an extended period. It is
apparent that the conversion with CD, is about half that
with CH, while the selectivity is slightly higher. Addi-
tional experiments were carried out with different flow
rates to facilitate comparisons at near identical conver-
sions. Table 2 summarises the calculated rates for all
experiments with values for the overall reaction, and reac-
tions [1] and [2], shown separately.

To a first approximation the deuterium kinetic isotope
effect can be estimated directly as the rate ratio at constant
conversion. As shown in the top two rows of Table 3A
the values for the overall reaction are 2.37 and 2.40. The
values for the selective reaction [1] are slightly lower,
while those for methane combustion are rather higher.
One can also attempt to estimate the isotope effect from
the constant flow rate (100 cm*/min) experiments by cal-
culating a rate constant ratio using the kinetic expression

rate = k [CH,J'INOP[O,F,

taking the kinetic orders in Table 1| as the values for x,
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TABLE 2
Conversions and Rates for the CH,/NO/O, and CD,/NO/Q, Reactions over 0.4 g Co—ZSM5* at 375°C

Conversions (%)

10® rates (mol (methane) g=! s~'t

Methane used Flow rate (cm®/min) Methane NO Overall’ Reaction [1]¢  Reaction [2)¢
(A) 375°C dry feed
CH, 100 32.5 26.5 5.83 3.70 2.12
CD, 100 17.5 15.5 3.01 2.23 0.78
CH, 186 20.5 18 7.23 4.77 2.47
CDy 49 30 23 2.49 1.69 0.80
(B) 431°C 1.6% H,O added
CH, 100 31.5 16.5 6.48 2.63 3.83
CD, 100 16 11 3.24 1.71 1.53
CH, 53.4 29.5 17 3.16 1.39 1.77

¢ With standard mixture (i.e., methane 1040 ppm, NO 1640 ppm, 2.5% oxygen).

b Averages of at least two analyses.
cde As per footnotes b, ¢, and d to Table 1.

v, and z and using the average of inlet and outlet concen-
trations. As shown in Table 3A, the values so obtained
are rather lower than those calculated from the variable
flow rate experiments. This difference is attributable to
the known effects of water inhibition (14), which will
depress the rate more in the CH, case because the conver-
sion is higher than when using CD,.

The constant conversion calculations do assume that
D,O inhibits to the same extent as H,0. This latter as-
sumption was avoided by repeating the determinations
with feeds containing an excess of H,O (1.6%). It was
necessary to carry out these experiments at higher tem-
perature (431°C rather than 375°C) because of the inhibi-
tion effect. The rate data obtained are shown in Table 2B
and the kinetic isotope values in Table 3B. The latter are
similar to, but slightly less than, those for the reaction in

the absence of water because of the higher temperature
used (see below). The constant conversion and constant
flow rate estimates are reasonably close since, unlike the
latter situation in the dry feed case, the inhibition by water
is constant throughout.

The data in Tables 2 and 3 strongly indicate that the rate-
determining step in the methane/NO/O, reaction over
Co~ZSMS is the breaking of a CH bond. The expected
values for a primary kinetic isotope effect, calculated on
the basis of the zero point energy difference between the
symmetric stretching frequencies of CH, (2917 cm™') and
CD, (2109 cm™") are 2.44 at 375°C and 2.27 at 431°C.
These values are close to the experimental ones for the
reaction in the absence and presence of water at those
temperatures. The experimental values are slightly higher
than that found in a study of the reaction between methane

TABLE 3

Deuterium Kinetic Isotope Effects for the Methane/NO/O, Reaction over Co—ZSMS5
with Dry and Wet Feeds

Kinetic isotope effect

Methane
Ratio conversion (%) Overall Reaction [1] Reaction [2]
(A) 375°C, dry feed®
Rate (CHy)/rate (CD,) =19 2.40 2.1 3.2
Rate (CHy)/rate (CD,) =30 2.37 2.2 2.7
kcn,/kcn. 32(CHy), 17(CDy) 2.08 1.8 2.8
(B) 431°C 1.6% H,0 added®
Rate (CHy)/rate (CD,) =31 2.03 1.8 2.2
kcu/kcn, 31(CHy), 16(CDy) 2.10 1.6 2.6

? Conditions as per Table 2.
b Conditions as per Table 4.
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and NO (in the absence of oxygen) over RH/AI O, at
320°C in which it was suggested that methane dissociation
was rate limiting (16). They are also slightly higher than
the value (1.82) determined in the classic study of Adams
and Jennings (17) which established that the rate determin-
ing step in the conversion of propene to acrolein over a
bismuth molybdate catalyst at 450°C is hydrogen abstrac-
tion from the methyl group to form an allyl species. Simi-
larly, the oxidative coupling of methane to ethane exhibits
a kinetic isotope effect, 1.5 to 1.8 at 750°C, which is
consistent with the view that the slow step in that reaction
is the breaking of the carbon—hydrogen bond in methane
(18, 19). The present results indicate that hydrogen ab-
straction is also the rate determining step in the methane/
NO/O, reaction over Co-ZSM5.

The similarity in apparent kinetic orders in methane for
the selective and nonselective reactions (0.68 and 0.75,
respectively), and their similar kinetic isotope effects,
indicate that a common intermediate is involved. The
scheme

CO, + N, + 2H,0
, + NO (or NO,)
CH,+S—=> X

CO, + 2H,0

is suggested in which a surface species § abstracts hydro-
gen to form an intermediate X which reacts further in
two different ways. In such a model the apparent kinetic
orders in nitric oxide and in oxygen will reflect the compet-
itive behaviour after the slow step. For example, their
kinetic orders for the major pathway (the selective reac-
tion to N,) will be close to those for the overall methane
loss because of the high selectivity. However, one expects
the extent of the minor pathway to be positive order in
oxygen (since the probability of the intermediate reacting
with oxygen will be increased) but negative order in nitric
oxide (since this syphons the limited supply of X into the
major pathway). This agrees with experimental observa-
tions (Table 1). The slight difference in apparent kinetic
isotope effect for the two pathways can then be interpre-
ted as a small discrimination effect in which the nonselec-
tive reaction is retarded relative to the selective one when
CD, is used in place of CH,. Such behaviour could arise,
for example, if the reaction of X in the former path was
a strict addition, whereas it had elements of a further
abstraction in the second path and thus exhibited a small
kinetic isotope effect.

At this time the nature of surface site S, and the interme-
diate X, is a matter of speculation. Li er al. (20) have
proposed that adsorbed NO, is involved in the rate de-
termining step and it is possible that this species is the
abstraction site. In the case of the methane coupling reac-
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tion the intermediate formed is firmly established as a
gas-phase methyl radical (21) although it is not entirely
clear if the actual abstraction step is homolytic or hetero-
lytic (22). One possibility in the present case is that the
intermediate X is also a CH; species in which case the
slow step could be formulated as

CH, + NO,(ads) — CH; + HNO(ads).

The subsequent course of reaction would then depend on
whether the methyl species reacted with NO (or NO,) to
produce the selective reaction, or with O, to give the
nonselective one. The orders in NO for the two reactions
(slightly positive and slightly negative, respectively) imply
that the concentration of adsorbed NQO, is nearly indepen-
dent of the NO concentration at the temperature used.
The higher rate of the nonselective reaction [2] in CH,/
NO/O, mixtures than when using CH,/O, alone (Fig. 1d
versus Fig. 1b) is consistent with this scheme. The pres-
ence of adsorbed NO, increases the throughput of meth-
ane to such an extent that the subsequent diversion of
CH, to CO, through reaction with O, can exceed the
reaction rate of CH, with O, alone present.

Formation of a methylperoxy species and its subse-
quent oxidation, or direct oxidation of methyl radicals as
observed with some oxides (23), are reasonable pathways
for the progress of the nonselective component of the
overall reaction. While much less certain, there is some
recent work which indicates how nitrogen could be
formed in the selective pathway. Herschberger and co-
workers have shown that the gas-phase reaction of CN
with NO, gives NCO + NO (24), while that between NCO
and NO has CO, and N, as major products (25). FTIR
studies have established that HCN is a product of the
reaction between alkenes and NO, over Cu-ZSMS5 (26) and
that HNCO is formed during the homogeneous reaction of
methane/NO, mixtures (27). Both surface NCO and CN
species have been detected on catalysts active for the
hydrocarbon/NO, reaction (28, 29). Thus it seems that
nitrogen could arise by radical processes involving inter-
mediates with carbon-nitrogen bonds. The exact step
which forms this bond to begin with is not obvious. Possi-
bly CH, and NO, combine directly to form nitromethane
which reacts further as suggested in the recent work of
Tanaka et al. (30).

While the conclusion that direct hydrogen abstraction
from methane is the rate-determining step is certainly the
most reasonable explanation for the present observations,
it is difficult to totally exclude other possibilities. Kung
(31) has recently explained how a deuterium kinetic iso-
tope effect might arise when a shortage of surface oxygen
is coupled to a situation in which two competing reactions
have very different stoichiometric requirements for oxy-
gen. This is unlikely to apply in the present case since
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TABLE 4

Hydrogen Deuterium Exchange during Reactions of CD,/NO/
Oz/HzO, CH4/CD4/NO/02, and CH4/CD2/02 Mixtures over
0.4 g Co-ZSM5

Flow rate
Feed Conditions (cm¥/min) CHD;/CD, Ratio
CD,/NO/O,/H,;0* Bypass 100 0.015
CD,/NO/O,/H,0* Co-ZSMS, 431°C 100 0.028
CD,/NO/O,/H,0? Co-ZSMS, 431°C 49 0.063
CH,/CD,/NO/O,* Bypass 100 0.015
CH,CD,/NO/O,®  Co-ZSMS5, 375°C 100 0.017
CH,/CD,/Oy* Co-ZSM5, 375°C 100 0.019

¢ Composition as per footnote to Table 2.
4 CH, 520 ppm, CD, 520 ppm, NO 1640 ppm, O, 3.9%.
¢ As for footnote ¢ but with NO deleted.

the oxygen requirements of reactions [1] and [2] are the
same. In theory an isotope effect could arise in the present
case if the rate-determining hydrogen abstraction was
from oxygen (e.g., during water elimination from surface
hydroxyl groups). The persistence of the kinetic isotope
effect when using CD, in the presence of a substantial
excess of H,O rules against this possibility.

One might also envisage a situation in which the rate-
determining abstraction comes after a series of equilibra-
tion steps so that the carbon-hydrogen bond then broken
is not in methane itself. An absence of hydrogen—deuter-
ium exchange into and out of methane would indicate that
such preequilibration does not occur. Table 4 gives CHD,/
CD, ratios determined by mass spectrometry during the
CD,/NO/0,/H,0 runs described earlier and in additional
experiments using equimolar CH,/CD, mixtures without
added water. A small amount of exchange (1.3 to 4.8%)
is evident for the wet feed at 431°C but the extent is only
one-tenth or so of the methane conversion due to the
reaction itself (16 to 32%). Exchange was negligible for
the mixed feed at 375°C whether or not NO was present.
Thus there is no evidence for a preequilibration step prior
to the reaction. It is therefore most likely that the rate
determining abstraction is from methane itself.

As a side point it was possible to calculate the kinetic
isotope effect from the mixed feed experiments using the
different CH, and CD, conversions as determined mass
spectrometrically. The value obtained, which is for the
overall reaction, was 2.33, which is in good agreement
with that calculated from the constant conversion experi-
ments with the dry feed (Table 3). The Kkinetic isotope
effect for methane/O, mixtures (i.e., without NO) could
be similarly calculated from data obtained in the last ex-
periment as noted in Table 4. The estimate, which is much
less accurate than those for the NO-containing mixtures
due to a lower conversion, was also slightly above 2.
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CONCLUSIONS

1. The reaction of methane and nitric oxide in the pres-
ence of oxygen over Co-ZSMS catalysts exhibits a sub-
stantial deuterium Kinetic isotope effect. This persists
when the reaction is carried out in the presence of excess
water. The most probable explanation is that the rate-
determining step involves hydrogen abstraction from
methane itself.

2. The observed reaction orders, and the existence of
aslightly lower apparent kinetic isotope effect for nitrogen
production than for the concurrent direct oxidation of
methane, suggest that a common intermediate is involved
in both reactions. This intermediate could be a methyl
species which further reacts with NO (or NO,) in one
path but with O, in the other.

3. Hydrogen—deuterium exchange between CD, and
H,0, and between CH, and CD,, is much slower than
methane oxidation during the methane/NO/O, reaction
over Co—ZSMS so a dissociative preequilibrium step prior
to the primary bond breakage can be excluded.
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