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Microwave discharge-assisted NO reduction by CH,4 over
Co/HZSM-5 and Ni/HZSM-5 under O, excess
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Microwave discharge-assisted reduction of NO by CHg4 in the presence of excess O, over Co/HZSM-5 and Ni/HZSM-5 catalysts was
studied. By comparing the activities of the catalysts in the microwave discharge mode with that in the conventional reaction mode, it is
demonstrated that microwave discharge enhanced gresatly the conversion of NO to Ny, and expanded the reaction temperature range of the
catalysts. For the Co/HZSM-5 catalyst, the conversion of NO to N2 increased by 30%, and the optimum temperature decreased by 200 °C.
With the Ni/HZSM-5 catalyst, the highest activity was close to 100%, and the optimum temperature decreased by 325°C. The conversion
of CH4 aso increased in the microwave discharge mode over both of the catalysts.
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1. Introduction

Presently, the microwave technique is applied in many
areas of chemistry, from the organic synthesis [1,2] to the
processing of ceramics[2]. For example, the preparation of
a Ni/zeolite catalyst was aided by microwave radiation due
to its effectiveness in splitting hydrogen molecules to hy-
drogen atoms, which reduced Ni%* to the metallic Ni [3].
Microwave radiation has also been used to dehydrate zeo-
lites [4], and Whittington et al. proposed a mechanism for
the microwave heating of zeolites [5]. It has been demon-
strated that microwave irradiation can also promote catalytic
reactions, including oxidative coupling of CH4 [6], CO ox-
idation and decomposition of volatile organic compounds
(VOC) [7]. Recent progress in CH4 conversion under mi-
crowave irradiation was reviewed by Parmon et a. [8]. Uti-
lizing microwave discharge to promote chemical reaction
is aso considered to be a promising potential. Since mi-
crowave dischargeis anon-equilibrium process produced by
ahigh frequency electromagneticfield, it produceshigh tem-
perature electrons, while the bulk temperature of the gasis
very low [9,10]. It was shown that with microwave discharge
under vacuum condition, highly dispersed cobalt clusterson
zeolites could be prepared [9], and novel results for the con-
version of CH4 were obtained [11].

The reduction of NO has been investigated for many
years. Especially in the past decade, it attracted much at-
tention [12]. The selective catalytic reduction of NO by hy-
drocarbons under oxidizing atmosphere has been reported
over various catalysts [13,14]. Recently, Armor has sum-
marized the process of catalytic removal of NO carried out
in the conventional reaction mode [15]. In our laboratory,
high activities of InNfTHZSM-5 and In—Fe;O3/HZSM-5 cata-

* To whom correspondence should be addressed.

lystsfor NO reduction by CH4 have been observed [16-18].
We have also succeeded in producing stable microwave
discharges at atmospheric pressure and reported on the con-
version of NO to N2 by microwave discharge without a cat-
alyst [19]. Furthermore, the activity of the Fe/zeolite cata-
lyst for NO reduction under microwave discharge has been
investigated, and novel features of microwave discharge on
chemical reactions have been illustrated [20].

In the present work, Co/HZSM-5 and Ni/HZSM-5 were
chosen as the catalysts, due to the fact that they are not only
highly active for the NO reduction by CHg4, but also effec-
tive microwave absorbers. By coupling the action of the mi-
crowave discharge with the catalytic properties of the cata-
lysts, we can elucidate the effect of microwave discharge on
the chemical reaction process of NO reduction over the ac-
tive catalysts. Novel results from the microwave discharge-
assisted reduction of NO by CHg in the presence of O2 over
these two ZSM-5 zeolite based catalysts have been obtained,
and comparison of the results with those from the conven-
tional reactions has been discussed.

2. Experimental
2.1. Microwave discharge unit

Themicrowavedischargeunitisshowninfigurel. It con-
sisted of a 200 W, 2.45 GHz magnetron microwave source,
connected through a rectangul ar waveguideto asingle-mode
resonant cavity which was terminated with a tuning plunger.
With this unit, the resonance of the microwave irradiation
on the catalysts could be easily tuned. The cavity was
equipped with taps to measure the incident and reflected
power. A tubular quartz reactor of 14 mm i.d. was aligned
vertically at the center of the cavity, so that it seated in the
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Figure 1. The microwave discharge system diagram: 1 — microwave generator, 2 — waveguide, 3 — cooling water, 4 — reflectometer, 5 — resonant cavity,
6 —tuning plunger, 7 — quartz reactor, 8 — manifold, 9 — mass flowmeter, 10 — stopcock, 11 — gas chromatograph, 12 — NO,. analyzer, 13 — vent.

region of maximum microwave field intensity. The catalyst
bed was supported on afused quartz frit of medium porosity.
The reactor was filled with 1 ml granular catalyst for each
run. An infrared pyrometer (Shanghai Institute of Technical
Physics, PR China) with temperature range of 150-1000°C
was used to measure the temperature of the catalyst bed. The
measurements of the catalyst were checked by a thermocou-
ple, which was inserted immediately to measure the temper-
ature of the catalyst bed as soon as the microwave gener-
ator was turned off. The temperatures measured by these
two different methods were basically consistent with each
other [21,22]. During the microwave discharge, the pyrome-
ter was focused on a2 mm diameter spot on the catalyst bed
and the indicated temperature was taken as the temperature
of the catalyst bed. Microwave discharge was ignited in the
reactant mixing gas by the catalyst. By controlling the loca-
tion of the cataly<t, the discharge could be made to disperse
around the catalyst. Thedischargeregionwas approximately
4ml.

2.2. Gas system

The gas mixture, containing 2000 ppm NO, 1600 ppm
CHg, 2% O, and the balance helium, was prepared by me-
tering 1.0% NO, 1.0% CHg, 20.0% O, and pure helium
(all gases were provided by Guangming Gas Company of
Dalian, PR China) with a mass flowmeter into a manifold.
Thetotal gasflow rate was kept at 60 ml/mininal runs. The
feed gas and the gaseous products of the reaction were an-

alyzed by an on-line NO, analyzer and gas chromatograph
(GC8800, with 13X and PQ columns).

2.3. Preparation of catalysts

Co/HZSM-5 and Ni/HZSM-5 were both prepared by the
impregnating technique. HZSM-5 (supplied by Nankai Uni-
versity, PR China) has a silicon to auminum mole ratio
of 25. It was impregnated with an aqueous solution of
Co(NO3)2-6H20 (AR grade, Shenyang Agent Company, PR
China) of 0.11 g/ml. The sample was stirred vigorously
for 0.5 h at 60°C, dried at 120°C for 10 h and calcined at
700°C for 4 h. Then the sample was crushed and meshed,
and granules of 1.25-1.60 mm were used for the reaction.
The cobalt loading of the catalyst was 7 wt% (weight per-
cent). Ni/HZSM-5 was prepared by a similar procedure,
with a dlightly different concentration of Ni(NO3)2-6H20
(AR grade, Shenyang Agent Company, China), and the
nickel loading of the catalyst was 10 wt%.

2.4. Reaction tests

For the sake of convenience in comparison, the mi-
crowave discharge reaction and the conventional reaction
were conducted in the same quartz reactor with the same
amount of catalyst under identical gas composition and
space velocity conditions. In the conventional reaction runs,
the temperature of the catalyst bed was measured by a ther-
mocoupleinserted in the catalyst bed.
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3. Reaultsand discussion

We have investigated the activity of an Fe/zeolite for
NO reduction in the microwave discharge mode [20]. The
Fe/zeolite catalyst has a special high ability for absorbing
microwave radiation [23]. After it had run for a short period
of time, the temperature of the catalyst became out of con-
trol, and the activity of the catalyst decreased. Based on the
observations, catalysts demonstrating higher activitiesin the
conventional reaction mode, but with stable abilities for ab-
sorbing microwave radiation, were used in the present work
for the study of microwave discharge-assisted catalysis.

3.1. Results of Co/[HZSM-5

The catalyst was designed to possess both functions of
NO reduction and microwave absorption for discharge gen-
eration. Co304 is a good microwave absorbent [23,24], and
Co/HZSM-5 has showed high activity for NO reduction in
the conventional reaction mode [25,26].

The quality of microwave discharge is strongly influ-
enced by the loading amount of microwave absorbent. At
lower loading, microwaves cannot be absorbed enough to
ignite discharge, while at too high loading most of the ab-
sorbed microwave energy is dissipated as radiation heat in-
stead of discharge generation due to the enhanced heating
(>600°C) [24]. Thus, to utilize microwave radiation effec-
tively for NO reduction, the loading should be controlled
gtrictly in arange favorable for discharge formation. In the
present work, the loading of cobalt was 7%, which not only
could ensure the stable discharge formation, but also exhib-
ited high activity for NO reduction in the conventional re-
action mode. The discharge was tuned to fill the full cross
section of the reactor by the plunger. The results obtained
in the microwave discharge mode over Co/HZSM-5 are pre-
sented in figure 2.

From theresults, it can be seen that the conversion of NO
over Co/HZSM-5 follows a volcano curve in the lower tem-
perature range under the action of the microwave discharge.
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Figure 2. The conversions of NO and CH4 over Co/HZSM-5 catalyst

in the microwave discharge mode. NO conversion (l) and CH,4 con-

version (A). 2000 ppm NO, 1600 ppm CHg, 2% O, He baance gas,
GHSV = 3600 h~1.
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At about 200 °C, the conversion of NO was 80%. However,
when the temperature of the catalyst bed was increased fur-
ther, the conversion of NO leveled to 60%. The conversion
of CH4 had asimilar tendency within the experimental tem-
perature range.

In order to elucidate the effect of microwave dischargeon
the NO reduction reaction, the conventional reaction of NO
reduction over Co/HZSM-5 was also conducted for compar-
ison, and the results are shown in figure 3. The highest con-
version of NO was 50% in this case, which was consistent
with the reports reported by other workers [25]. However,
the NO highest conversion was 30% higher in the case of the
microwave discharge mode. When NO conversion was up to
the highest, the reaction temperature decreased by 200°C in
the microwave discharge mode, as compared with the result
of the conventional reaction.

In these two reaction modes over Co/HZSM-5, the plots
of NO conversion both contained a volcano shape, but their
difference was clear. With increasing further the tempera-
ture, NO conversion in the microwave discharge mode lev-
eled at a stable value (about 60%), even a little up. How-
ever, in the conventional reaction, the conversion decreased
to zero on end. Thisindicated microwave discharge not only
increased the conversion of NO, but also expanded the reac-
tion temperature range of the catalyst.

3.2. Results of Ni/HZSMI-5

Ni/HZSM-5 has approximately similar ability of absorb-
ing microwave radiation and NO catalytic reduction. Theac-
tivities of the catalyst in both the microwave discharge mode
and the conventional reaction mode were investigated, and
the results are presented in figures 4 and 5, respectively.

The conversions of NO and CH,4 over Ni/HZSM-5 had
similar tendencies with that over Co/HZSM-5 in both these
reaction modes. Over the Ni/HZSM-5 catalyst under the ac-
tion of microwave discharge, the maximum conversion of
NO increased from 60% of the conventional reaction condi-
tion mode to 96%, while the temperature at the maximum
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Figure 3. The conversions of NO and CH4 over Co/HZSM-5 catalyst

in the conventiona reaction mode. NO conversion (B) and CH4 con-

version (A). 2000 ppm NO, 1600 ppm CHg, 2% O, He baance gas,
GHSV = 3600 h~1.
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Figure 4. The conversions of NO and CH4 over Ni/HZSM-5 catalyst

in the microwave discharge mode. NO conversion (B) and CH,4 con-

version (A). 2000 ppm NO, 1600 ppm CHy, 2% O, He baance gas,
GHSV = 3600 h~1.

-
o
o

(o]
o

1N
o

Conversion(%)
[e2]
(@]

N
o

0
300 350 400 450 500 550 600 650 700
Temperature (°C)

Figure 5. The conversions of NO and CH4 over Ni/HZSM-5 catalyst

in the conventiona reaction mode. NO conversion (B) and CH4 con-

version (A). 2000 ppm NO, 1600 ppm CHy, 2% O, He baance gas,
GHSV = 3600 h~1.

conversion of NO decreased from 550 to 225 °C. From these
figures, it can be concluded that microwave discharge not
only enhances remarkably the conversion of NO and de-
creases the reaction temperature, but also can give rise to
awide reaction temperature range for the NO reduction.

In the present work, the activity of Co/HZSM-5 was
lower than that of Ni/HZSM-5 in the conventional reaction
mode, which was different from the results of the catalysts
prepared by the ion-exchanging method [26]. By the action
of microwave discharge, the activities of both catalysts for
NO reduction increased clearly, but their active orders were
not changed. Namely in the microwave discharge mode,
the conversion of NO over Co/HZSM-5 was still lower than
that over Ni/HZSM-5. So it could be concluded that mi-
crowave discharge was able to increase the activities of the
catalysts, but did not change their activity order. It could
al so be seen that the conversion of CH4 increased clearly in
the microwave discharge mode over these two catalysts in
the low temperature range.
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Although the mechanism for NO reduction was vague un-
der the action of microwave discharge, the following reac-
tions were suggested. In the microwave discharge mode,
reaction gas is constantly ionized to neutral atoms, posi-
tive and negative ions, and free electrons. Neutral mole-
cules and gaseous ions have temperature ranges between
ambient and a few hundred degrees. The electrons, on
the other hand, have energies corresponding to high tem-
perature values [9,10,27]. NO could be activated to N,
O radicals and high-energy NO} by the high-energy elec-
trons[19,21,28,29], CH4 isaso decomposed to CH,.. These
active species are then adsorbed on the catalysts, subse-
quently they can react selectively [20,21,28].

In this paper, microwave discharge also showed the high
activation of CH4 at the low temperature. It is clear that the
activation of CHy is due to microwave discharge. Thisindi-
cated the method could be used to investigate the oxidative
coupling of CH4 and partial oxidation of CH4 to make syn-
gas or oxygenates.

4, Conclusions

The microwave discharge-assisted catalytic conversion
of NO was investigated. By comparing the activities of
Co/HZSM-5 and Ni/HZSM-5 catalysts in the microwave
discharge mode with those in the conventional reaction
mode, the reduction of NO by CHg in the presence of excess
O> increased greatly by the action of microwave discharge.
Especialy over the Ni/HZSM-5 catalyst, the conversion of
NO could be as high as nearly 100% at 225°C in the mi-
crowave discharge mode. Moreover, the reaction tempera-
ture range for both catalysts could be widened remarkably.
The probable mechanism may be that NO? excited by the
microwave discharge reacted selectively with activated CH,
in the microwave discharge over the catalysts.
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