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The rate-determining step of the NO^CH4^O2 reaction over Pd/H-ZSM-5 catalyst at 623^703 K was investigated mainly by
the kinetic isotope effect, that is, the relative rates of the NO^CH4^O2 and NO^CD4^O2 reactions. Based on the isotope effect and
its temperature dependency as well as the relative rates of NO^CH4^O2 and NO2^CH4^O2, it was concluded that the oxidation of
NO to NO2 and the dissociation of a C^H bond of CH4 to form CHx are slow steps of comparable order and there is no dominant
rate-determining step in the present reaction system. The relative rates of the two reactions vary depending on the reaction tempera-
ture; the oxidation of NO tends to bemore rate-controlling at low temperatures. It is also probable under certain conditions that the
reaction betweenNO2 andCHx subsequent to the above two reaction steps becomes a slow step.
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1. Introduction

For the abatement of NOx from the exhaust of gas
engine, the catalytic reduction of NOx bymethane in the
presence of oxygen is an attractive process.Methane had
not been regarded an efficient reductant until Co-ZSM-5
[1] and Ga/H-ZSM-5 [2] catalysts were reported to be
effective. We have previously reported that Pd ion-
exchanged H-ZSM-5 (denoted by Pd/H-ZSM-5) was
very active for theNO^CH4^O2 reaction [3] and that this
reaction consists of three steps [4,5]: (1) the oxidation of
NO to NO2 on Pd and/or protonic acid; (2) the activa-
tion of CH4 on Pd to give CHx; and (3) the reactions
between NO2 and CHx promoted probably by protonic
acidity to produce N2 and COx. In this study, we discuss
the relative rates of these three steps.

NO ÿ!O2 NO2

CH4 ÿ!ÿH CHx
ÿ!N2;COx �1�

The dissociation of a C^H bond in CH4 was the rate-
determining step in the case of a Co-ZSM-5 catalyst at
648 and 704K for theNO^CH4^O2 reaction, as reported
by Cowan et al. [6]. They observed that the relative rate
for CH4 and CD4 was 2.4, which is close to the primary
kinetic effect expected from the zero-point energy, and
that the H^D isotopic exchange between CH4 and CD4
wasmuch slower than the CH4 (or CD4) oxidation.

In this study,we investigated therate-determiningstep
of the NO^CH4^O2 reaction catalyzed by Pd/H-ZSM-5
bymeasuring thekinetic isotopeeffect for theNO^(CH4/
CD4)^O2 andNO2^(CH4/CD4)^O2 reactions.

2. Experimental

Pd/H-ZSM-5 was prepared as in the previous works
[3^5] by ion-exchange ofH-ZSM-5 (SiO2/Al2O3 � 23:8)
in an aqueous solution of [Pd(NH3)4]Cl2, followed by
drying at 373 K and calcination in air at 773 K for 4 h.
The amount of Pd loadedwas approximately 1wt% (cor-
responding to 15% ion-exchange level). Neither Pd nor
PdO peak was observed in X-ray diffraction of Pd/H-
ZSM-5 before and after the reaction, indicating that Pd
was highly dispersed in ZSM-5.

NO^(CH4 or CD4)^O2 and NO2^(CH4 or CD4)^O2
reactions were performed over Pd/H-ZSM-5 as
described previously [3^5]. After pretreatment of the cat-
alyst in 10% oxygen at 673K, a gasmixture (NOorNO2,
1000 ppm; CH4, 2000 ppm; O2, 2% andHe; balance) was
fed at a rate of 150 cm3 minÿ1. After the conversions
reached a steady state, CH4 in the feed gas was changed
to CD4. These reactions were carried out changing the
amount of catalyst. The effluent gas was analyzed by a
gas chromatograph (Nippon Tyran; M200) and a mass
spectrometer (Balzers; Quadstar 421).

3. Results and discussion

Figure 1 shows an example of the time course of NO^
CH4^O2 reaction over Pd/H-ZSM-5. After the intro-
duction of the feed gas, NO^CH4^O2, onto Pd/H-ZSM-
5 at 673K, the conversion ofNO toN2 initially increased
and showed a stationary value after about 20 min. The
CH4 oxidation exhibited a similar behavior. The tem-
perature dependencies of theNO reduction andCH4 oxi-
dation for NO^CH4^O2 reaction at the steady state over
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Pd/H-ZSM-5 were the same as reported previously [3^
5]. Upon the replacement of CH4 by CD4 in the feed, the
formation of N2 and COx (mostly CO2) decreased
rapidly, and when CD4 was changed to CH4, those rates
recovered.

Figure 2 shows the dependencies of the conversions
of NO to N2 on the contact time for NO^CH4^O2 and
NO^CD4^O2 reactions over Pd/H-ZSM-5 at 673 K.
The rates of N2 formation were calculated from the
slopes of the straight lines from the origin. Here, consid-
ering the rather low conversions, the rates may be
approximated to be proportional to the rate constants.
Then, the kinetic isotope effect for N2 formation,
kH=kD�N2�, was estimated by the ratio of the two slopes
for the NO^CH4^O2 and NO^CD4^O2 reactions. The
ratio of the rate of COx �� CO� CO2� formation,
kH=kD�COx�, was obtained in a similar way.

Table 1 summarizes the values of kH=kD(N2) and
kH=kD(COx) obtained at several reaction temperatures.
As for the NO^(CH4/CD4)^O2 reaction at 673 and 703
K, the kinetic isotope effects, kH=kD(N2), were 1.65 and
1.59, respectively. These values indicate that the disso-
ciation of a C^H bond in CH4 is the slow step of NO^
CH4^O2 reaction. However, the values were smaller
than the values reported in the case of Co-ZSM-5 [6], for
which the authors claimed that the dissociation of C^H
was rate-determining. This suggests that there are other
slow steps in the present system, in addition to the C^H
dissociation.

In this respect, it is noteworthy that kH=kD(N2) for
the NO^(CH4/CD4)^O2 reaction tended to decrease at
lower reaction temperatures (below 673 K). If the C^H
dissociation were rate-determining, the ratio should
increase with a decrease in the temperature. Therefore,
this fact clearly indicates that there are other steps which
are as slow as the CH4 dissociation and become rela-
tively slower at lower temperatures.

Here, it is interesting to note that the kH=kD(N2)
values for the NO2^(CH4/CD4)^O2 reaction were
greater than those for the NO^(CH4/CD4)^O2 reaction.
Since the reaction proceeds by the oxidation of NO to
NO2 followed by the reaction between NO2 and CHx
(cf. eq. (1)) [3^5], these results demonstrate that the oxi-
dation of NO is not fast enough to make the CH4 disso-
ciation dominantly rate-determining. In accordance
with this idea, N2 formation for the NO2^CH4^O2 reac-
tion was several times faster than for the NO^CH4^O2
reaction.

If the CH4 dissociation is not the dominant rate-
determining step (or the rate-determining step in a strict
sense, where the other steps aremuch faster and in equili-
brium) as discussed above, the reverse step of the C^H
dissociation, that is, the H^D exchange between CH4
and CD4, would be observed when the NO^
(CH4 � CD4)^O2 reaction is carried out (cf. eq. (1)).
Figure 3 shows the results of the NO^(CH4(1000
ppm) � CD4(1000 ppm))^O2 reaction followed by the
mass spectrometer. The changes in the concentrations of
CH4, CD4 and CHD3 after the reaction started are pre-
sented. It was not possible to determine the other isoto-
pically exchanged species such as CH3D due to the

Figure 1. Time course of NO^CH4(CD4)^O2 reaction over Pd/H-
ZSM-5 at 673 K. (-) Conversion of NO into N2; (/) conversion of

CH4(CD4) intoCOx.

Figure 2. The dependences of the conversion ofNO toN2 on the contact
time for NO^CH4^O2 and NO^CD4^O2 reactions over Pd/H-ZSM-5

at 673K.

Table 1
Kinetic isotope effects observed for NO^(CH4/CD4)^O2 and NO2^

(CH4/CD4)^O2 reactions over Pd/H-ZSM-5 catalyst

Temperature
(K)

NO^(CH4/CD4)^O2
a NO2^(CH4/CD4)^O2

a

kH=kD(N2) kH=kD(COx) kH=kD(N2) kH=kD(COx)

623 1.22 1.10 1.49 1.37
648 1.40 1.31 1.49 1.32
673 1.65 1.56 1.82 1.78
703 1.59 1.41 ^ ^

a NO or NO2, 1000 ppm; CH4 or CD4, 2000 ppm; O2, 2%.
kH=kD(N2) and kH=kD(COx): see text.
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presence of fragment mass peaks coming from water.
As expected, a significant amount of CHD3 was
observed. This result supports the mechanism described
above, in which the dissociation of a C^H bond is not the
dominant rate-determining step.

As discussed above, it is understandable that
kH=kD(N2) for the NO2^CH4^O2 reaction was greater
than kH=kD(N2) for the NO^CH4^O2 reaction, if one
assumes that the oxidation ofNOwas also slow. But, the
result that kH=kD(N2) for the NO2^CH4^O2 reaction
also tended to decrease at lower temperatures needs an
additional explanation. That is, the result indicates that
at lower temperatures the subsequent step, i.e., the reac-
tion between NO2 and CHx, is a slow step and/or that
the reduction of NO2 to NO in the presence of CH4 is
rapid.

The isotopic effects observed for the COx formation
were slightly smaller than those for the N2 formation
(table 1). This suggests that the reaction steps subse-
quent to the CHx^NO2 reaction, e.g., reactions of
organic nitro- or nitrite compounds with NOx and O2 in
which the C^H dissociation is not the key step [7], pro-
ceed at comparable rates.

It was notable at 623 K that the stoichiometry of the

NO^CH4^O2 reaction nearly agreed with that of
CH4 � 2NO � O2 !N2 � CO2 � 2H2O. This indicates
that the reaction proceeded at a low temperature by
2NO � O2 !2NO2, followed by CH4 � 2NO2 !N2 �
CO2 � 2H2O, and that the reaction, CH4 � 2O2 !
CO2 � 2H2O,was negligible.

In summary, both the rates of the oxidation of NO
to NO2 and the dissociation of a C^H bond are of com-
parable order in the temperature range studied and the
relative rates of these two reactions are dependent on the
temperature. The NO oxidation relative to the CH4 dis-
sociation tends to be slower at lower temperatures. In
some cases at lower temperatures the reaction between
NO2 andCHx could also be a slow step.

The present result observed for Pd/H-ZSM-5 is dif-
ferent from that claimed for Co-ZSM-5 [6], where the C^
H bond dissociation was the dominant rate-determining
step. The present results combined with the earlier data
demonstrate that the relative rates of the several steps
involved in this reaction system very much depend on
the reaction conditions and catalysts.
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Figure 3. Changes in the representative components in the outlet gas
ofNO^(CH4 � CD4)^O2 reaction over Pd/H-ZSM-5 at 673K.
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