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Selective Reduction of NO with Propane on Gallium Ion-exchanged Zeolites

Katsunori YOGO, Satoru TANAKA, Michito IHARA,
Tatsuya HISHIKI, and Eiichi KIKUCHI*
Department of Applied Chemistry, Schoo! of Science and Engineering,
Waseda University, 3-4-1 Okubo, Shinjyuku-ku, Tokyo 169

The reduction of NO with propane in the presence of excess oxygen
was investigated using gallium jon-exchanged zeolite catalysts, among
which ferrierite(Ga-ferrierite) and ZSM-5(Ga-ZSM-5) showed high

activity in a wide range of reaction temperature.

The removal of nitrogen oxides(NOx) is a serious environmental problem. Iwamoto et
al.1) reported that copper ion-exchanged ZSM-5(Cu-ZSM-5) showed high catalytic activity for
the reduction of NO with hydrocarbons in the presence of oxygen. This study has induced
many researches on the application of zeolite-based catalysts to the reduction of NO with
hydrocarbons.2 —4)  Cu-ZSM-5 is the most efficient catalyst for this reaction among the
catalysts which have been reported. However, it is very difficult to accomplish high selectivity
for conversion of NO to N on Cu-ZSM-5 if excess oxygen is present, like in diesel or gas
turbine exhaust. It is due to the high ability of Cu-ZSM-5 to oxidize hydrocarbons in oxygen-
rich atmosphere, resulting in the restriction of the selectivity for this conversion. Therefore,
it has been expected for the practical performance to develop the catalyst having less selectivity
for oxidation of hydrocarbons eveh under oxygen-rich conditions. In our experimental
studies, it was found that gallium ion-exchanged zeolites showed high activity and selectivity
for the reaction of NO with propane even in high oxygen concentration. '

Parent zeolites, ZSM-5(molar SiO2/Al72073 ratio, 23.3), mordenite(19.3),
ferrierite(17.8), and Y(14.5) were supplied by Tosoh Corporation. Gallium ion-exchanged
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Table 1.  Catalytic activities of various ion-exchanged ZSM-5

) Conv. of NOto N, / % [C3Hg to COx / %)

Catalysts a
300 °C 400 °C 500 °C 600 °C

Ga-ZSM-5 ( 79)  71.9[29.5] 91.1 [53.8] 87.2 [91.9] 85.9 [97.6]
Al-ZSM-5 ( 53)  62.8 [28.1] 85.0 [55.4] 74.8 [73.1] 43.4 [90.0]
Zn-ZSM-5 ( 97) 18.1 1 7.1] 45.3 [18.6] 93.0 [88.0] 56.5 [96.0]
In-ZSM-5 ( 65)  76.0[30.9] 85.8 [99.9] 53.8 [ 100] 57.71100]
Sn-ZSM-5 (104) 54.8 [23.8] 43.0 [47.0] 25.9 [69.7] 16.4 [97.1]
H-ZSM-5 (100) 69.6 [38.5] 86.6 [72.2] 73.2 [86.5]

Cu-ZSM-5 (111) 60.5 [92.1] 46.1 [ 100] 46.9 [ 100] 45.2 [ 100]

a) Catalysts have been called cation-type of zeolite (degree of ion exchange / %).

zeolites were prepared by the ion-exchange of the ammonium form zeolites using aqueous
solutions of Ga(NO3)3-9H20 at 95 °C for 24 h, followed by calcination at 500 °C. Copper
ion-exchanged ZSM-5, as a reference catalyst, was prepared according to the method reported
by Iwamoto et al.5) ZSM-5 catalysts exchanged with other cations were prepared using nitrate
or chloride solutions. ‘

The measurements of catalytic activity were conducted by use of a fixed-bed flow
reactor. A mixture of 1000 ppm NO, 10% O3, 1000 ppm propane was fed on to 0.5 g catalyst
at a rate of 100 cm3-(STP) min-1. After reaching steady-state, effluent gases were analyzed by
means of gas chromatography and chemiluminescence detection of NO.

Table 1 summarizes the activities of various ion-exchanged ZSM-5 catalysts. Ga-ZSM-5
showed high activity in a wide range of reaction temperature(300 - 600 °C). It should be
noted that the conversion level of propane was iower on Ga-ZSM-5 than on Cu-ZSM-5,
particularly in the low temperature region, although the conversion of NO on Ga-ZSM-5 was
higher than on Cu-ZSM-5. Propane was almost completely consumed on Cu-ZSM-5 above
400 °C because of the high ability of this catalyst for the oxidation of propane. The high

oxidation ability would rather limit the reaction of NO to Ny in the presence of excess oxygen.

The ability of Ga-ZSM-5 catalyst for the oxidation of propane was moderate, so that high
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7 Fig.1. Variation in the catalytic activities Fig.2. Selective reduction of NO as a
of various gallium ion-exchanged zeolites function of C3Hg concentration over
as a function of reaction temperature. Ga-ZSM-5, H-ZSM-5, and Cu-ZSM-5.
Catalysts: Catalysts: O, Ga-ZSM-5(79);
O, Ga-ZSM-5(79); A, Ga-mordenite(106); A, H-ZSM-5(100); O, Cu-ZSM-5(111).
O, Ga-ferrierite(91); A, Ga-USY(103). Reaction temperature, 500°C.

efficiency was attained for the reaction of propane with NO. Although Zn-ZSM-5 showed
high activity at 500 °C, the activity was not high in the other temperature region.

The difference in the catalytic effects between gallium cation and proton on the catalytic
activities of ZSM-5 are characteristic at higher reaction temperature than 500 °C. Ga-ZSM-5
was more active for the reduction of NO than H-ZSM-5 above 500 °C, although no remarkable
difference was observed in the temperature range 300 - 400 °C.

Figure 1 compares the catalytic activities of various zeolites exchanged with gallium
cations. The activity depended on the type of zeolites. Ga-ZSM-5 and Ga-ferrierite were
highly active among these catalysts at all temperatures, and NO was completely reduced to Np
above 500 °C on Ga-ferrierite under these reaction conditions. Although Ga-mordenite
showed relatively high activity above 400 °C, the activity was poor below this temperature.
Ga-Y showed low activity at these temperatures.

The difference in the catalytic performance of Ga-ZSM-5, H-ZSM-5, and Cu-ZSM-5

became more remarkable, when the concentration of propane in the reactant mixture was
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smaller. Figure 2 shows the effect of propane concentration on the conversion of NO to N7 at
500 °C. Propane was completely consumed on all these catalysts when the concentration of
propane was smaller than 500 ppm. The conversion of NO on Cu-ZSM-5 remarkably
decreased and less than 20% conversion was shown when the concentration of propane was
lowered to 333 ppm. On the contrary, 67% conversion of NO was maintained on Ga-ZSM-5
undef the same reaction conditions, although almost the same amount of propane was
converted on both of these catalysts. The conversion of NO was lower on H-ZSM-5 than on
Ga-ZSM-5 under all these conditions.

From these results, it is shown that Ga-ZSM-5 shows high activity and selectivity for the
reduction of NO with propane, even in the presence of excess oxygen and in the wide range of
temperatures(300 - 600 °C). No such catalysts showing high activity under these conditions
have been reported. Although it has been reported that Cu-ZSM-5 shows high activity for this
reaction at low temperatures and high SV, the working temperature range of Cu-ZSM-5 is
somewhat limited due to its low selectivity for the reduction of NO with hydrocarbon
compared with Ga-ZSM-5. High selectivity of AlpO3 catalyst for NO-hydrocarbon reaction
has been reported,0) while its activity is smaller than Ga-ZSM-5 catalyst.

Although further studies are required to understand the effect of gallium on the catalytic
activity, it is concluded in this study that NO can more effectively be reduced into nitrogen on
gallium ion-exchanged zeolites with smaller amounts of propane than on Cu-ZSM-5 and on
proton type zeolites, and that gallium' ion-exchanged zeolites have high possibility for the

practical use under excess oxygen condition.
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Selective reduction of nitric oxide with propane in the presence of excess oxygen was
investigated using gallium jon-exchanged zeolite catalysts. Gallium ion-exchanged ferrierite
(Ga-ferrierite) showed extremely high selectivity for this reaction under oxygen-rich condi-
tions (10%). The molar ratio of reacted NO to consumed C;H, was found to be near 3 on
Ga-ferrierite.

Keywords: Nitric oxide; selective reduction; propane; gallium; zeolite

1. Introduction

Emission of nitrogen oxides (NOx) from combustion exhaust stream has
attracted much attention. It had widely been accepted that selective catalytic
reduction (SCR) in oxidizing atmosphere is only possible with ammonia, and
hydrocarbons are ineffective for this reaction. Although ammonia SCR process
is now practically applied to stationary sources, this process is unsuitable for
small scale exhaust. Recently, Iwamoto et al. [1] reported that selective reduc-
tion of NO with hydrocarbons proceeds on copper ion-exchanged ZSM-5
(Cu-ZSM-5) in the presence of oxygen. Their study has induced many re-
searches on the application of zeolite-based catalysts to the reduction of NO
with hydrocarbons [2-4]. Although Cu-ZSM-5 is the most efficient catalyst for
this reaction among the catalysts which have ever been reported, the selectivity
for NO-hydrocarbon reaction is insufficient, due to the high ability of Cu-ZSM-5
to oxidize hydrocarbons in oxygen-rich atmosphere. Therefore, it has been
expected for the practical performance to develop the catalyst having high

! To whom correspondence should be addressed.
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selectivity for NO~hydrocarbon reaction even under oxygen-rich conditions like
in ammonia SCR process. High catalytic selectivity of Al,O, [5] and H-form
zeolites [2] for NO-hydrocarbon reaction has been reported by Hamada et al.,
while their activities are not enough under high GHSV condition. In our
previous experimental studies, it was found that gallium ion-exchanged zeolites
show high activity and selectivity for the reduction of NO with CyH, even in
high oxygen concentration [6]. In this study, we have found that Ga-ferrierite
shows extremely high selectivity and the molar ratio of reacted NO to consumed
C,Hj is near 3. Such a catalyst showing higher selectivity than Ga-ferrierite has
never been reported.

2. Experimental

Zeolites used in this study, ZSM-5 (molar SiO,/Al,Oj ratio, 23.3), mordenite
(19.3), ferrierite (17.8), and ultra stable Y (14.5) were supplied by Tosoh
Corporation. Gallium ion-exchanged zeolites were prepared by ion-exchange of
ammonium form zeolites using aqueous solutions of Ga(NO;); - 9H,0 at 95°C
for 24 h, followed by calcination at 500°C. The concentration of Ga cations in
the solutions was adjusted to the level that the ratio of dissolved gallium ions to
Al cations is one third (100% ion-exchange level as Ga®"). Copper ion-ex-
changed ZSM-5, as a reference catalyst, was prepared according to the method
reported by Iwamoto et al. [7]. The zeolites will be abbreviated, for instance, to
Ga-ZSM-5 (100) etc. The values in parentheses represent the level of cation
exchange.

Measurements of catalytic activity were conducted by use of a fixed-bed flow
reactor. A mixture of 1000 ppm NO, 10% O,, 1000 ppm C;H, was fed to 0.5 g
catalyst at a rate of 100 cm®(STP) min~' unless otherwise specified. After
reaching steady-state, effluent gases were analyzed by gas chromatography and
chemiluminescence detection of NO. The catalytic activity was evaluated by the
level of NO conversion to N,.

3. Results and discussion

Fig. 1 compares NO conversion on Cu-, H- and Ga-ZSM-5 as a function of
reaction temperature. Ga-ZSM-5 showed higher catalytic activity than Cu-ZSM-5
in the temperature range of 300-600°C under these reaction conditions. C;Hyg
was almost completely consumed on Cu-ZSM-5 above 400°C because of the high
ability of this catalyst for the oxidation of C;Hg. The high oxidation ability
would rather limit the reaction of NO to N, in the presence of excess oxygen.

The difference in the catalytic performance between gallium and proton type
ZSM-5 are characteristic at higher reaction temperature than 500°C. Ga-ZSM-5
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Fig. 1. Variation in the catalytic activities of various ion-exchanged ZSM-5 as a function of
reaction temperature. Catalysts: () H-ZSM-5(100); (a) Cu-ZSM-5 (111); (o) Ga-ZSM-5 9.
NO, 1000 ppm; C3Hg, 1000 ppm; O,, 10%; total flow rate 100 cm® min~ ! catalyst weight, 0.5 g.

was more active for this reaction than H-ZSM-S above 500°C, although no
remarkable difference was observed in the temperature range 300-400°C.

Fig. 2 shows the relationships between NO conversion and C,;Hg conversion
on these cation-exchanged ZSM-5 catalysts. The selectivity for NO-hydrocarbon
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Fig. 2. Relationships between NO conversion and CyHg conversion on various ion-exchanged

ZSM-5. Catalysts: (0) H-ZSM-5 (100); (a) Cu-ZSM-5 (111); (¢) Ga-ZSM-5 (79). NO, 1000 ppm;

C;3Hg, 1000 ppm; O,, 10%; total flow rate 100 cm® min~!; catalyst weight, 0.5 g; reaction
temperature, 300-600°C.
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Table 1
Catalytic activities of H-form and gallium ion-exchanged zeolites
Catalyst NO conversion to N, (%) [C;Hg conversion to COx (%))

300°C 400°C 500°C 600°C
Ga-ZSM-5 (79) 71.9 [29.5] 91.1[53.8] 87.2[91.9] 85.9197.6]
Ga-ferrierite (91) 65.5[21.8] 69.1[22.4] 98.5 [40.0] 100 {76.1]
Ga-mordenite (106) 37 5 [12.0] 87.4 [34.8] 92.4 [86.2] 83.3[97.7]
Ga-USY (103) 7 [1.2] 9.4 [3.1] 13.0[13.9] 17.4 [46.5]
H-ZSM-5 69 6 [38.5] 86.6[72.2] 73.2[86.5] 42.7192.1]
H-ferrierite 64.6 [22.6] 72.7124.2] 52.3(24.4] 58.2[47.8]
H-mordenite 28.9[11.0] 74.0 [40.8] 72.7[70.5] 40.6 [99.9]

Reaction conditions: NO, 1000 ppm, C;Hy, 1000 ppm, O,, 10%, total flow rate, 100 cm?® min™},
catalyst weight, 0.5 g.

reaction against hydrocarbon-O, reaction varied quite differently among these
catalysts particularly at high temperature. The ratio of NO conversion to C,Hj
conversion is a measure of selectivity, and the selective catalyst provides larger
ratio. Ga-ZSM-5 was remarkably selective among these catalysts particularly at
high temperatures.

Table 1 shows the effect of the kind of zeolite on the catalytic activity for NO
reduction. The catalytic activity and selectivity for NO reduction varied with the
kind of zeolite. Fig. 3 summarizes the results of these Ga- and H-zeolites. It
must be noted that gallium ion-exchanged zeolites were more selective than
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Fig. 3. Relationships between NO conversion and C;Hg conversion on Ga- and H-zeolites.

Catalysts: (0) Ga-ZSM-5 (79); () H-ZSM-5; (a) Ga-ferrierite (91); (a) H-ferrierite; (O)

Ga-mordenite (103); () H-mordenite; (&) Ga-USY (106). NO, 1000 ppm; C,Hg, 1000 ppm; O,,
10%; total flow rate 100 cm® min~?; catalyst weight, 0.5 g; reaction temperature, 300-600°C.
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proton-type zeolites, irrespective of the kind of zeolite. Ga-ferrierite was most
selective among these catalysts.

Fig. 4 shows the ratio in conversion of NO to that of C, Hjg to COx on various
catalysts at 500°C. The selectivity of Ga- and H-ZSM-5 lowered with increasing
C;Hj concentration, due to increasing the contribution of combustion reaction.
On the contrary, C;Hy reacted selectively with NO, and the reaction with 0,
hardly proceeded even under oxygen-rich conditions on Ga-ferrierite. The
selectivity of Cu-ZSM-5 was extremely low under these reaction conditions. The
limiting molar ratio of reacted NO to consumed C;H, on Ga-ferrierite and
Ga-ZSM-5 is near 3. This ratio corresponds to the following stoichiometry:

3NO + C3Hg + kO, = 3N, + mCO +nCO, + 4H,0, k=1i(m+2n+1).
(1)

According to this stoichiometry, 1000 ppm NO completely reduced to N, with
333 ppm C;H, (33.3% C,H, conversion under the present COndlthl’lS) No
catalyst showed higher selectivity than this ratio.

Although further studies are required to understand the effect of gallium on
the catalytic activity, it is concluded in this study that NO can more effectively
be reduced into nitrogen on gallium ion-exchanged zeolites with smaller amounts
of C;H, than on Cu-ZSM-5 and on H-form zeolites. The molar ratio of reacted
NO to consumed C;H; is near 3 on gallium ion-exchanged zeolites. Ga-fer-
rierite is the most selective catalyst which has ever been reported. It is thus

Reacted NO to N,
Reacted C3Hg to COx
[

—o—o ——

O ! 1 1 I i
0 200 400 600 800 1000 1200

C5Hjg concentration / ppm

Fig. 4. Ratio in reacted NO to reacted C;Hg on various ion-exchanged zeolites. Catalysts: (o)
Ga/H-ZSM-5 (79); (O) Ga/H-ferrierite (91); (a) H-ZSM-5; (#) Cu-ZSM-5 (111). NO, 1000
ppm; O,, 10%; total flow rate 100 cm® min~!; catalyst weight, 0.5 g; reaction temperature, 500°C.
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concluded that gallium ion-exchanged zeolites are strong candidates for practi-
cal removal of NO, alternatively for ammonia SCR process.
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Abstract

Selective reduction of nitric oxide by ethene in the presence of excess oxygen was investigated using
a gallium ion-exchanged ZSM-5 catalyst. Ga-ZSM-5 showed high activity in a wide range of reaction
temperatures. In addition, Ga-ZSM-5 showed extremely high selectivity for this reaction under oxygen-
rich conditions (10%). The limiting molar ratio of reacted NO to consumed ethylene was found to be
2. High catalytic activity was maintained even under high space velocity at 500°C on Ga-ZSM-5.

Keywords: ethene; gallium; nitric oxide; selective reduction; ZSM-5

INTRODUCTION

The reduction of nitrogen oxides (NO,) to molecular nitrogen is a signifi-
cant task for environmental chemistry. A selective catalytic reduction (SCR)
process with ammonia in an oxidizing atmosphere can be carried out over oxide
catalysts such as V,0;~TiO, and this process has been used for the practical
removal of NO, from stationary sources [1]. It had been accepted that this
SCR process in an oxidizing atmosphere is only possible when using ammonia
as a reducing reagent, and that hydrocarbons are ineffective for this reaction.
A new type of catalytic reduction of NO with hydrocarbons has been reported
using Cu-ZSM-5 [2], Fe-silicate [3], and Ce-ZSM-5 [4], of which the selec-
tivities for the NO-hydrocarbon reaction are insufficient due to their high abil-
ity to oxidize the hydrocarbons in oxygen-rich conditions. Therefore, it has
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been necessary from a practical point of view to develop a catalyst having less
selectivity for the oxidation of hydrocarbons even under oxygen-rich condi-
tions. High catalytic selectivity of Al,05 and H-form zeolites for the NO-hy-
drocarbon reaction has been reported by Hamada and coworkers [5,6], while
their activities are small under high space velocity conditions. In our previous
experimental studies, it was found that gallium ion-exchanged zeolites show
high activity and selectivity for the reaction of NO with propane even under
high oxygen partial pressures [7]. Recently, it was also found that the limiting
molar ratio of reacted NO to consumed propane is near to 3 {8]. No catalyst
showing a higher selectivity than gallium ion-exchanged zeolites have ever been
reported.

On the other hand, it has been reported that the catalytic performance is
greatly affected by the kind of hydrocarbons used [1]. It has been suggested
that for practical purposes ethylene is a better reducing reagent than propane
when used in the diesel engine, because ethylene is a major component in the
diesel exhaust stream. In this study, we report that a highly selective reduction
of NO by ethylene proceeded on gallium ion-exchanged ZSM-5 and that its
high activity was maintained even under a high space velocity.

EXPERIMENTAL

Na-ZSM-5 having a molar SiO,/Al,O, ratio of 23.3 was supplied by the To-
soh Corporation. Gallium ion-exchanged ZSM-5 (Ga-ZSM-5(92)) was pre-
pared by the ion-exchange of ammonium form ZSM-5 using an aqueous solu-
tion of Ga(NO;);-9H,0 at 95°C for 24 h, followed by calcination at 500°C.
Copper ion-exchanged ZSM-5 (Cu-ZSM-5(111) ), as a reference catalyst, was
prepared according to the method reported by Iwamoto et al. [9]. Values in
parentheses for the expression of the catalysts represent the level of cation
exchange determined by ICP.

Measurements of catalytic activity were conducted by use of a fixed-bed flow
reactor. A mixture of 1000 ppm NO, 10% O,, 167-1000 ppm ethylene was fed
to 0.05-0.5 g catalyst at a rate of 100-200 ¢cm® (STP)-min~!. After reaching
steady-state, effluent gases were analyzed by gas chromatography and chemi-
luminescence detection of NO,. The catalytic activity was evaluated by the
level of NO conversion to nitrogen.

RESULTS AND DISCUSSION
As we have already reported [7,8], the reaction of NO by propane proceeds

on Ga-ZSM-5 selectively in an oxygen-rich atmosphere, according to the fol-
lowing stoichiometry:

3NO+CyHg+k0,=3/2N;+mCO+nCO,+ 4H,0 (1)
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where k=1/2(m+2n+1), m+n=3. As is shown in Fig. 1, NO conversion in-
creased with increasing concentration of ethylene. Furthermore, NO conver-
sion reached 90% when the ethylene concentration was 500 ppm. Thus it was
perceived that NO reduction proceeded with an extremely high selectivity.
However, NO conversion was limited by the ethylene concentration, and the
limiting molar ratio of reacted NO to consumed ethylene was 2. In addition,
the selectivity for CO increased with increasing space velocity, showing that
CO, was formed by the secondary reaction of CO and O,. Therefore it is con-
cluded that the limiting stoichiometry of this reaction with ethylene is as shown
ineqn. (2):

2NO+C,H +£O0,=N,+mCO+nC0,+2H,0 (2)

where k=1/2(m+2n), m+n=2. When the concentration of ethylene was 1000
ppm, the selectivity was lowered because excessive ethylene was consumed
with the combustion reaction with oxygen. However, NO was almost exclu-
sively reduced to nitrogen.

It is known that the reaction proceeds in a one-to-one molar ratio of am-
monia to NO, in the NH;-SCR process [10]. Ga-ZSM-5 shows a high selectiv-
ity for the reduction of NO by ethylene as in the NH,-SCR process. From these
results, it was revealed that the Ga-ZSM-5 exhibits a high selectivity not only
for ethylene but also for propane.

Fig. 2 compares the catalytic activities of H-, Cu-, and Ga-ZSM-5. The max-
imum conversion of NO was expected to be 50% from eqn. (2) under the above
reaction conditions (dotted line in Fig. 2). Ga-ZSM-5 showed a high activity
in a wide range of reaction temperatures (300-600°C), and NO conversion
reached 50% above 400°C. Ethylene was almost completely consumed to CO
and CO, on all of these catalysts under these reaction conditions. The
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Fig. 1. NO reduction on Ga-ZSM-5(92) as a function of ethylene concentration. Reaction condi-
tions: NO, 1000 ppm; O,, 10%; total flow-rate, 100 cm®-min~?; catalyst weight, 0.5 g; reaction
temperature, 500°C.
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Fig. 2. Variation in NO conversion on Ga-, H-, and Cu-ZSM-5 as a function of reaction temper-
ature. Catalysts: (O ) Ga-ZSM-5(92); (A ) H-ZSM-5(100); (1) Cu-ZSM-5(111). Reaction con-
ditions: NO, 1000 ppm; C;H,, 250 ppm; O,, 10%; total flow-rate, 100 cm®- min~?; catalyst weight,
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Fig. 3. Correlation between NO conversion and space velocity. Catalyst: (O) Ga-ZSM-5(92)
reaction temperature, 500°C; (A ) Cu-ZSM-5(111) reaction temperature, 300°C. Reaction con-
ditions: NO, 1000 ppm; C,H,, 250 ppm; O,, 10%,; total flow-rate, 100-200 cm®- min—1; catalyst
weight, 0.05-0.5 g.

C,H,~0, reaction proceeded preferentially at higher temperatures on Cu-ZSM-
5 and H-ZSM-5.

It has been reported that the reaction of NO with hydrocarbon is greatly
affected by the oxygen concentration on the Cu-ZSM-5 or noble metal cata-
lysts. In contrast, the activity of Ga-ZSM-5 is not affected by oxygen in the
concentration range 2-10%, while this reaction did not proceed in the absence
of oxygen. Therefore, although oxygen is a necessary component for this re-
action, it never inhibits the NO (or NO,)~C,H, reaction on Ga-ZSM-5. These
results show that Ga-ZSM-5 possesses an extremely high selectivity for the
reduction of NO by ethylene, even in the presence of excess oxygen and in a
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wide range of reaction temperatures. Catalysts showing such a high activity
under these conditions have never previously been reported.

Not only a high selectivity, but also a high activity is required under high
space velocity for the practical removal of NO, from diesel exhaust. Fig. 3 shows
the effect of space velocity on NO conversion over Ga-ZSM-5 and Cu-ZSM-5.
Ga-ZSM-5 showed a high activity even under high space velocity, for instance
GHSV =144 000 h~*'. Although it has been reported that Cu-ZSM-5 shows a
high activity for this reaction at low temperatures and a high space velocity
[1], NO conversion on this catalyst is limited due to its low selectivity for the
reduction of NO by hydrocarbon compared with Ga-ZSM-5 under these reac-
tion conditions. A high selectivity of an alumina catalyst for the NO-hydro-
carbon reaction has also been reported [6], but its activity is less than the Ga-
ZSM-5 catalyst at high space velocity.

CONCLUSION

From this study we conclude that the selective catalytic reduction of NO by
ethylene proceeds on Ga-ZSM-5, and that its selectivity is extremely high as
is the NO-NH; reaction in the practical NH;-SCR process, even in an oxygen-
rich atmosphere. As Ga-ZSM-5 shows a high activity under a relatively high
space velocity, this catalyst shows a practical potential for the removal of NO,
under oxygen-rich conditions. Further studies on the effect of the presence of
steam on catalytic activity, the role of gallium, and the reaction mechanism
are now in progress.
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Selective Reduction of Nitrogen Monoxide with Methane or Ethane

on Gallium Ion-exchanged ZSM-5 in Oxygen-rich Atmosphere
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Selective reduction of nitric oxide with methane or ethane in the
presence of excess oxygen was investigated using a gallium ion-exchanged
ZSM-5 zeolite catalyst(Ga-ZSM-5). Ga-ZSM-5 was highly active and
selective for NO reduction above 400 °C. The limiting molar ratios of

reacted NO to consumed carbon in CoHg and CHy at 500 °C were found to

be 1.5 and 2, respectively.

The reduction of nitrogen oxides(NOx) to molecular nitrogen is an important task for
environmental chemistry. A new type of catalytic reduction of NO with hydrocarbons has
been reported using various cation-exchanged zeolites,! - 4) metallosilicates,i 6) A1203,7y 8)
and Si07-Al203.9) It was shown in our previous work10) that gallium ion-exchanged zeolites
were active, and were most selective for reduction of NO with C3Hg among these catalysts.

It has been reported by Iwamoto and co-workers11) that NO was reduced by Cz or
higher olefins and that Hp and CO were ineffective for this reaction on Cu-ZSM-5. Hamada et
al.12) have studied the catalytic activity of AlpO3 for reduction of NO with various
hydrocarbons. They reported that NO was hardly reduced when CH4 and benzene were used
as reductants. Therefore, it has been considered that CH4 and CHg are rather inactive for
reduction of NO.

In this study, we have found that Ga-ZSM-5 shows high catalytic activity and extremely
high selectivity for reduction of NO with CH4 or C2Hg. It was also found that the molar ratios

of reacted NO to consumed carbon in CHg and CoHg were 2 and 1.5, respectively.
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Fig.1. Variation in NO conversion and CH, Fig.2. Variation in NO conversion and C,Hg
conversion on Ga-ZSM-5(open symbol) and conversion on Ga-ZSM-5 as a function of
Al,O4(solid symbol) as a function of reaction reaction temperature.
temperature. O, NO conversion to No;
O @, NO conversion to Ny; A, CyHg conversion to COx.
A A, CH, conversion to COx. NO, 1000 ppm; C,Hg, 1000 ppm; O,, 10%:; total

NO, 1000 ppm; CHs, 1000 ppm; Oz, 10%; total  flow rate, 100 em® min’; catalyst weight, 0.5 g.
flow rate, 100 cm®. min’}; catalyst weight, 0.5 g.

Na form ZSM-5 having a molar SiO2/Al203 ratio of 23.3 was supplied by Tosoh
Corporation. Gallium ion-exchanged ZSM-5( Ga-ZSM-5(92) ) was prepared by ion-exchange
of ammonium form ZSM-5 using an aqueous solution of Ga(NO3)3-9H20 at 95 °C for 24 h,
followed by calcination at 500 °C. The solution was adjusted to give a concentration of
gallium cations equal to one third of Al(100% ion-exchange level as Ga3+). The value in
parenthesis represents the level of gallium exchange. Alumina, as a reference catalyst, was
obtained from Catalysts & Chemical Ind. Co.

Measurements of catalytic activity were conducted by use of a fixed-bed flow reactor. A
mixture of 1000 ppm NO, 10% O2, 150 - 1000 ppm CH4 or C2Hg was fed on to 0.5 g catalyst
at a rate of 100 cm3(STP)-min-1. After reaching steady-state, effluent gases were analyzed by

means of gas chromatography and chemiluminescence detection of NO and NO;. The catalytic

activity was evaluated by the level of NO conversion to N».
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100 cm®. min™'; catalyst weight, 0.5 g.
Reaction temperature, 500 °C.
Figure 1 shows the temperature dependence of the catalytic activity of Ga-ZSM-5 for

NO reduction with CHg in comparison with Al203. NO was hardly reduced to N7 at 300 °C
on Ga-ZSM-5. The level of NO conversion, however, increased with increasing reaction
temperature, and finally 90% NO was reduced above 500 °C. Hamada and co-workers
reported!2) that reduction of NO with CHy slightly proceeded on Al03 catalyst only when
reaction temperature was higher than 500 °C. As shown in this figure, the catalytic activity of
Al;03 was extremely low compared with that of Ga-ZSM-5. On AlpO3 catalyst, CHgq was
mainly consumed by reaction with Oz, resulting in the low level of NO conversion. In
contrast, NO was selectively reduced to N7 on Ga-ZSM-5.

The results of reduction of NO with C2Hg on Ga-ZSM-5 were shown in Fig.2. The
levels of NO conversion with CoHg were comparable or a little higher than those with CH4 on
this catalyst.

Figure 3 shows the effect of hydrocarbon concentration on the catalytic activity of Ga-

7SM-5 at 500 °C. NO conversion increased with increasing concentration of CH4 and C2He.
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It should be noted that Ga-ZSM-5 showed high catalytic activity for reduction of NO even in
the presence of small amounts of CHg and CoHe. It was shown in our previous work!13) that
gallium ion-exchanged zeolites showed high activity and selectivity for the reduction of NO
with C3Hg, and that the limiting molar ratio of reacted NO to produced COx was near unity.
~ Figure 4 shows the relationship between the molar ratio of reacted NO to produced COx
and the concentration of reductants. The limiting molar ratio of reacted NO to consumed
carbon in CoHg and CH4 was 1.5, and 2, respectively. These ratios were almost independent of
the concentration of hydrocarbons. Reduction of NO with CH4 and C2Hg proceeded
predominantly on Ga-ZSM-5, and CH4 and CyHg were hardly consumed by the reaction with
0.
We conclude from these results that reduction of NO proceeds on Ga-ZSM-5 even when
CH4 and CHg are used as reductants, and CHgq was an effective reductant for selective

reduction of NO.
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Selective reduction of NO by CHy in the presence of excess oxygen was investigated using
H-form zeolite catalysts. H-ZSM-5, H-ferrierite, and H-mordenite showed high catalytic activ-
ity and selectivity. On the contrary, H-USY and Al;O; were not effective for this reaction.
Both NO-CHy and O,~CHj reaction hardly proceeded on H-ZSM-5. Higher NO, conversion
was obtained in the NO;-0O,—CH,4 and NO,-CH, systems than in the NO-O,—CHjy system
under high GHSYV condition. It seemed that NO, plays an important role for selective reduc-
tion of NO by CH,4 on H-form zeolites.

Keywords: Nitric oxide; selective reduction; methane; zeolite

1. Introduction

Recently, selective catalytic reduction of NO by hydrocarbons in oxygen-rich
atmosphere has attracted considerable attention as a new type of reaction alterna-
tive for the traditional NH3-SCR process. This reaction has been reported to pro-
ceed on various cation-exchanged zeolites [1-5], metallosilicates [6,7], Al,O3 [8,9]
and SiOz-—AIzOy,[l 0].

Iwamoto et al. [11] and Hamada et al. {12] have studied the reduction of NO by
various hydrocarbons in the presence of oxygen on Cu-ZSM-5 and A, O; catalysts,
respectively. They have classified reductants into two groups, selective (CyHy,
C3Hg, C3H;g, C4Hg), and non-selective (H,, CO, CHy, C,Hg) reductants for NO
reduction in the presence of O, [13]. The CH4~O; reaction proceeded predomi-
nantly and the NO-CHj, reaction hardly proceeded on Cu-ZSM-5 and Al,O;. It
has been accepted that CHy is not effective for selective reduction.

However, hydrocarbon in the exhaust from a gas-cogeneration system is mainly
CH.,. Therefore, it is expected to develop a catalyst which is active for selective
reduction of NO by CHjy in oxygen-rich atmosphere. Recently, Li and Armor [14]

! To whom correspondence should be addressed.
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have reported that selective reduction by CH4 proceeds on Co-ZSM-5. In our pre-
vious study, we have also found that Ga-ZSM-5 shows high catalytic activity and
extremely high selectivity for reduction of NO by CHy4 or C,Hg [15]. We have
recently found that various H-form zeolite catalysts are also active and fairly selec-
tive for this reaction. In this paper, we will report the catalytic properties of
H-form zeolites and the role of O, for selective reduction of NO by CHj.

2. Experimental

Zeolites used in this study were ZSM-5 (molar SiO,/Al, 05 ratio, 23.3), morde-
nite (19.9), ferrierite (17.8), and USY (14.5), supplied by Tosoh Corporation. Alu-
mina, as a reference catalyst, was obtained from Catalysts & Chemical Ind. Co.

Measurements of catalytic activity were conducted by use of a fixed-bed flow
reactor. A mixture of 1000 ppm NO (or NOy), 10% O,, and 1000 ppm CH,4 was fed
to 0.1-0.5 g catalyst at a rate of 100 cm3(STP) min~!. After reaching steady-state,
effluent gases were analyzed by gas chromatography and chemiluminescence detec-
tion of NO,. The catalytic activity was evaluated by the level of NO conversion to
Ns.

3. Results and discussion

Fig. 1 shows the temperature dependence of catalytic activities of various
H-form zeolites and Al,O3 for NO reduction by CHs. Among these catalysts,
H-ZSM-5 showed the highest activity at 500°C. H-USY was inactive under these
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Fig. 1. Variation in NO conversion (a) and CH, conversion (b) on various zeolites as a function of

reaction temperature. (QO) H-ZSM-5; (A) H-mordenite; ([7) H-ferrierite; (@) H-USY; (A)AL;Os.
NO, 1000 ppm; CH,, 1000 ppm; Oz, 10%; total flow rate, 100 cm® min~!; catalyst weight, 0.5 g.
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reaction conditions, and its activity was similar to that of Al;O3. The CH4—O; reac-
tion was predominant and NO reduction hardly proceeded on these catalysts.

The ratio of NO conversion to CHy conversion is a measure of selectivity. As
shown in fig. 2, H-ferrierite was most selective and the order of the selectivity for
this reaction on these zeolites was as follows:

H-ferrierite > H-mordenite > H-ZSM-5>> H-2USY.

H-ferrierite exhibited the lowest activity for the CH4—~O; reaction, resulting in
high selectivity for NO reduction. Although a high selectivity of Al;O3 catalyst
for NO reduction by C3Hg has been reported [2], the selectivity for NO reduction
by CH4 was extremely low. On the contrary, NO was selectively reduced on
H-ZSM-5, H-mordenite, and H-ferrierite.

It has been reported by Hamada and co-workers [2] that the acidity of catalysts
is one of the important factors which control the catalytic activity for selective
reduction of NO. Fig. 3 shows NH;-TPD spectra of various zeolites used in this
study. H-USY showed very small acidity with weak acid strength, suggesting that
the low catalytic activity of H-USY is probably due to its poor acidity.

Fig. 4 shows the catalytic activities of H-ZSM-5 for conversions of NO to Nj
and CH, to CO, in various reaction temperatures. The NO-CHjy reaction hardly
proceeded at all temperatures in the absence of O,, showing that NO reduction was
promoted by O,. Furthermore, CHs4 oxidation did not proceed below 500°C in the
absence of NO. Since NO reduction occurred under the conditions where the
CH,4—O, reaction did not proceed, NO; should be concerned in selective reduction.
All the zeolite catalysts used in this study were inactive for reduction of NO with
CH, in the absence of O, and for oxidation of CHy4 in the absence of NO. It has also
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Reacted CH, to COx
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Fig. 2. Relationships between the ratio of reacted NO to consumed CH, and reaction temperature.

(O) H-ZSM-5; (A) H-mordenite; (0) H-ferrierite; (@) H-USY; (A) ALO3. NO, 1000 ppm; CHy,
1000 ppm; O, 10%; total flow rate, 100 cm? min~!; catalyst weight, 0.5 g.
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Fig. 3. NH;-TPD spectra of various zeolites.

been reported by Hamada and co-workers [16] that selective reduction of NO
with C3Hjg on Al,O3 and H-form zeolites proceeds via NO,~C; Hg reaction and that
high selectivity was attributable to NO,~C;Hjp reaction and poor activity of these
catalysts for C3Hg oxidation by O,.

In fig. 5, we compare the level of NO, conversion to N; as a function of recipro-
cal GHSV. Higher NO, conversion was obvious in the NO,-0,-CH; and
NO,-CHj systems than in the NO-0O,~CHy system in high GHSYV condition. In
the latter system, NO conversion seems to show an induction period. These results
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Fig. 4. Variation in NO conversion and CHy conversion on H-ZSM-5 as a function of reaction tem-

perature. (O) NO conversion in NO-CH4~0; reaction; (A) CHy conversion in NO-CH4~O; reac-

tion; (@) NO conversion in NO-CHy reaction; (A ) CHy conversion in NO-CH, reaction; (M) CHy
conversion in CH4~O;, reaction.
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Fig. 5. Relationships between NO, conversion and GHSV on H-ZSM-5. (O) NO, 1000 ppm; CHy,

1000 ppm; Oy, 10%; (A) NO,, 1000 ppm; CH,, 1000 ppm; Oy 0%; (0O) NO,, 1000 ppm; CHa,

1000 ppm; O, 10%; total flow rate, 100 cm3 min~!; catalyst weight, 0.1-0.5 g; reaction temperature,
500°C.

lead us to deduce that the first step is NO oxidation to NO3, which further reacts
with CHy to give Ny, COy, and HO, similarly to the reduction of NO, by CsHg on
H-form zeolites [16].

We conclude from these results that reduction of NO proceeds on various
H-form zeolites even when CHy is used as reductant, and CHa can be an effective
reductant for selective reduction of NO, and that NO, plays an important role in
the selective reduction of NO by CHa.
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Fig.1. Reduction of NO by CH, on various catalysts:
O, Ga/H-ZSM-5(92); A, H-ZSM-5; 00,AL04.
NO, 1000-ppm; CH,, 1000 ppm; O, 10%; total flow rate,
lOOcm3~min'1; catalyst weight, 0.5g.
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Fig.2. Selectivity expressed by the ratio of reacted NO to
consumed CHy as a function of temperature.

O, Ga/H-ZSM-5(92); &, H-ZSM-5; O, Al,0,.

NO, 1000 ppm; CH,, 1000 ppm; O,, 10%; total flow rate,
100cm> min’; catalyst weight, 0.5g.
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Table 1. Catalytic activities for the oxidation of NO to N02.

Conversion of NO to N02/ %

Catalyst
300°C 400°C 500°C 600°C  700°C

none 6 6 5 6 6
H-ZSM-5 76 56 27 14 9
H-mordenite 34 44 25 14 9
H-ferrierite 87 S5 26 14 9
H-USY 6 7 6 8 9
AlyO4q 7 8 9 11 8
Ga-ZSM-5 67 S5 7 14 9

Reaction conditions: NO, 1000ppm; 02, 10%; total flow rate,
100cm3-min'l; catalyst weight, 0.5 g.
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Selective Reduction of NO by Methane on Zeolite Catalysts

Katsuneri YOGO*, Michito [HARA*, Michiaki UMENO*, lkue TERASAKI*,
Hirotake WATANABE*, and Eiichi KIKUCHI*
*Department of Applied Chemistry, School of Science and Engineering,
Waseda University, 3-4-1 Okhbo, Shinjuku-ku, Tokyo 169, Japan ~

Selective reduction of NO by CH4 on zeolite catalysts has been studied. Ga-ZSM-5 showed high catalytic activity
and extremely high selectivity for NO reduction by CH4. It was also found that this reaction was moderately promoted even
by H-form zeolites. NO-CH4 reaction hardly proceeded in the absence of Oz, showing that O2 is a necessary component
for NO reduction. Furthermore, CH4-O2 reaction also did not take place below 500 in the absence of NO. In a
comparison with the results on NO2-CH4-Oz2 reaction, it is deduced that NO2 should be concerned in the selective reduction.
The selectivity was low when Al203 was used as a support of gallium oxide, and the selectivity of unsupported Ga203 was
likewise low. From these results, it is considered that ion-exchange onto zeolite is needed to attain high selectivity of
gallium. The high selectivity of gallium cations in ZSM-5 can be attributed to their high affinity to NOx and alkyl species.
We thus deduce that extremely high selectivity of gallium ion-exchanged ZSM-5 is achieved by efficient coordination of
NOx and hydrocarbon species at the same unsaturated gallium cation in zeolite. On the other hand, it is suggested that this
reaction also proceeds on Lewis acid site on H-form zeolites.

Key-words: selective reduction, nitric oxide, methane, gallium, zeolite
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the selective reduction of nitric oxide by hydrocarbons
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Abstract

H-form Fe-silicate (H-Fe-silicate) catalysts having virious Si/Fe molar ratios were synthesized and used for the
reduction of NO by hydrocarbons. The results of the chemical analyses, NH,-TPD, X-ray photoelectron spectroscopy
(XPS) and TPR, showed that the non-framework iron content incrcased with increasing content of iron. Olefins
(CyH¢ and C,H,) were more effective reducing agents than parafins (CyHy, Cyllg). The active temperature region
for NO reduction by C,l, became lower with increasing iron content in the Fe-silicates, while both the number of
acid sites and the NO conversion to N, was approximately constant independent of the iron content, Therefore, the
iron incorporated in zeolite framework provided acid sites that controlled the catalytic activity for sclective

reduction.

Key words: Fe-silicate; Nitric oxide; Selective reduction; Propene

1. Introduction

The emission of nitrogen oxides (NQO,) is a
serious environmental problem. Iwamoto er al. [1]
and Hecld et al. [2] reported that copper ion-
exchanged ZSM-5 is an cffective catalyst for the
reduction of NO by hydrocarbons, cven in oxidiz-
ing atmospheres. This reaction has been reported
to proceed on various cation-exchanged zeolites
[3-6], H-form zeolites [7], metallosilicates [8,9],
Al,0,4[10,11] and Si0,-AL O, [12].

In our previous study, we found that H-form
metallosilicates showed catalytic activities for the
reduction of NO by C,H,, and that I-Fe-silicate
was, among various metallosilicates, the most
active and stable catalyst for this reaction [8]. Inui

* Corresponding author.
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et al. [9] also reported that Fe-silicate was, among
various metallosilicates, the most suitable catalyst
for this reaction because of its high redox capacity.
In order to modify the catalytic performance of
zco‘lilcs, substitution of Al by other elements has
been investigated, and various types of metallosili-
cates have been synthesized [13-15]. As Fe-silicate
is known as an cflective catalyst for the conversion
of methanol into light olefins [16], the chemical
and physical properties of Fe-silicate have been
studied extensively [17-20]. In these studies, the
role of iron species, particularly in NO reduction,
has not been wholly elucidated.

In the present study, we examined the catalytic
performance of Fe-silicates having three different
Si/Fe molar ratios (25, 50 and 80) and investigated
the effect of the iron contents on the NO reduction
by C;H,.

[
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2. Experimental

2.1, Cutalyst preparation

Fe-silicates were synthesized according to the
rapid crystallization method reported by Inui and
co-workers [21,22]. Water glass (29 wt.-% SiOy,
9 wt.-% Na,0) and FeCly-6H,0 were used as.the,
sources of silicon and iron,
Tetrapropylammonium bromide (TPAB) was used
as the template molecule. The mixture was heated
in a stainless-stcel autoclave {rom room temper-
ature to 433 K at a constant heating rate of 1.5 K
min~!, and then to 483 K at a constant healing
rate of 12 K h™', Synthesized metallosilicates were
thus converted into the H-form by the ion-
exchange method using a | A NH,NOj solution,
followed by calcination at 813 K. Such samples
will be abbreviated as Fe-silicate (X'), in which the
value in parentheses will represent the molar ratio
of silicon to iron.

In order to examine the effect of non-framework
iron, Fe-silicate (25) was treated with a 0.1 HCI
aqueous solution as follows: 5 g of H-Fe-silicate
(25) were added to a 1M HCl solution, which was
stirred for 2 h. The sample was filtered and washed
with distilled water. The sample was abbreviated
as Fe-silicate (25-HCl).

Iron ion-exchanged ZSM-5 (Fe-ZSM-5), as a
reference for XPS and TPR measurements, was
prepared by ion-exchanging the ammonium form
of ZSM-5 (S5i0,/Al,0; molar ratio of 23.3, sup-
plied by Tosoh) using an aqueous solution of
Fe(NO;);°9H,0.

2.2. Caralyst characterization

The X-ray diffraction (XRD) patterns of the
catalysts were measured by means of a Rigaku
RAD 1-C with CuKa radiation (nickel filter). The
chemical compositions of synthesized Fe-silicates
were determined by inductively coupled argon
plasma atomic emission spectrometry (ICP)
(Nippon Jarrell-Ash).

XPS was carried out with a JPS-9000MC system
(JEOL) with Mgk radiation at 150 W. The resid-
ual gas pressure in the spectrometer chamber
during data acquisition was less than 5-1077 Pa.
The measurements were performed in the following

Microm 81 T—First Proofs—Page 2
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sequence: Fe,y,, Oy, Cy, and Siyp,. The spectrometer
was calibrated using purc Au 40 spectra, 7/2
(83.8cV) and 5/2 (87.5¢V). A binding cnergy of
103.3 ¢V for Si,, was used as internal reference.
The intensity of various XPS bands was deter-
mined using linecar background subtraction and
integration of peak areas. The following equation
was employed to evaluate the surface Si/FFe ratio:

Sin(si) o(Si) A(Si) S(Si)
Fe n{(Fe) o(Fc) i(Fe) S(Fe)

where u, o, » and S denote the normalized peak
arca, the effective ionization cross-section, the
escape depth of the photoclectrons and an analyzer
transmission function. The / values calculated by
Penn [23] and cross-sections calculated by Scofield
[24] were employed here. Periodic checks were
performed to avoid drift due to charging; instru-
mental instability was not affected by peak posi-
tions. Previous to the XPS measurements, all
samples were pretreated in air for 1h at 773 K.
Each sample was pressed into a disk-shape form
and put on an aluminium sample holder.

TPR measurements were performed using
hydrogen diluted in nitrogen (5% H;) with a
temperature increment of 10 K min ™. The acidity
of Fe-silicates was measured by NH;-TPD. The
sample was pretreated at 773 K in air for 30 min,
and then 200 Torr NH; was adsorbed at 373 K for
30 min and degassed at:37{3K for 30 min. The
desorption of NH; at a constant heating rate of
10 K min~! was monitoréd by a TCD detector.

2.3. Selective reduction of NO on Fe-silicate
catalysts

Measurements of the catalytic activity were con-
ducted by a fixed-bed flow reactor. A mixture of
1000 ppm of NO, 0-10% O,, 300-1000 ppm of
hydrocarbon and the balance helium was fed to
0.5 g of catalyst at a rate of 100 cm® (STP) min~*,
Effluent gases were analyzed by gas cnromatogra-
phy (GC): 2 Shimadzu GC-8AIT (TCD) for CO
and CO,, a Shimadzu GC-8APF (flame ionization
detection) for hydrocarbons and a Shimadzu
CLMI107 NO, analyzer for chemiluminescence
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detection of NO,. The catalytic activity was deter-
mined by the level of NO into N; conversion.

3. Results and discussion
3.1. Synthesis and.characterization of Fe-silicates.

The X-ray diffraction patterns of all Fe-silicates
were similar to that of H-ZSM-5, indicating that
these metallosilicates had a pentasil pore-opening
structure. The chemical compositions of synthe-
sized Na-form Fe-silicates determined by ICP and
XPS measurements are given in Table 1. Si/Fe
atomic ratios determined by XPS were higher than
those determined by ICP, showing that the distri-
bution of iron in these Fe-silicates was not uniform,
For Fe-silicates having Si/Fe molar ratios of 50
and 80, the amount of Na* was in accordance
with that of iron, showing that iron is mostly
incorporated in the framework. In contrast, the
amount of sodium was smaller than that of iron
in the case of Fe-silicate (25). i

Fig. 1 shows the NH,-TPD spectra of thesc
Fe-silicates. The amount of desorbed NH, was not
in accordance with the iron content. There was no
appreciable difference in the acid amount between
Fe-silicates having Si/Fe molar ratios of 25 and
50. It has been reported that considerable amounts
of extra-framework elements exist in metallosili-
cates having Si/M molar ratios smaller than ca.
40, at which the ion-exchange capacity is saturated
[25-27]. This agrees with the fact that considerable
amounts of non-framework iron exist in Fe-silicate
(25). As shown in Table 1, the iron content in this’

Sifce30

Sute=ls
iFead {HC weat)

Desarbed NHy /2.

1
373~ 473 573 673
Temperature / K

Fig. 1. NH,-TPD spectra of various Fe-silicates.

Fe-silicate decreased by HCI treatment, showing
that non-framework iron was dissolved in the
solution. There was no distinct difference in the
NH;-TPD spectra of parent Fe-silicate (25) and
the HCl-treated sample. N
These conclusions were also supported by the
results of XPS and TPR. Fig. 2 shows the XPS
spectra of Fe-silicates. The Fe,,3,, peak from these
Fe-silicates appeared at a higher binding energy
than that of Fe-ZSM-5 or Fe,0,~H-ZSM-5 (physi-
cal mixture, shown in Table 2). Therefore, most
iron atoms are considered to be strongly combined
to framework oxygen and to be incorporated in
the zeolite framework. The shoulder peak of Fe,,3p
at 711 eV shifted to a lower binding energy with
increasing iron content in the Fe-silicates. As
shown in Table 2, the FWHM of these Fe-silicates
increased with increasing iron content, showing
that iron atoms exist in various states on high-
iron-content Fe-silicates. On the other hand,
Fe-silicate (25-HCl) showed a higher binding
energy of Fe,,y, than untreated Fe-silicate (25),

Table |

Chemical compositions of Fe-silicates

SifFe SifFe SifFe Na Fe Si Surface

(raw materials) (XPS) (1CP) (icp) (ICP) (ICP) area
(107 * mol/g) (107* mol/g) (107% mol/g) (m*/g)

Fe-silicate

25 398 - 23.6 2.64 6.10 1.44 339

50 74.9 48.9 293 311 1.52 303

80 124.5 80.2 2.00 1.92 1.54 373

HCl-treated Fe-silicate

25 71.5 47.8 - 3.14 1.50 -
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{Fe2pyp)

{Fe2pp)
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SVFC:\SON\%'/

\\\\
SifFe = 25 i

HCl-treat. /\

Siffe =25

Fe-ZSM-5
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740 730 720 710 700 690
Binding energy / eV

Fig. 2. XPS profiles for H-Fe-silicates and iron ion-exchanged
ZSM-5.

and the FWHM decreased during treatment. From
these results, we deduced that the amount of non-
framework iron, such as Fe,O; or Fe;O,, which
gives a lower-binding-energy peak than framework
iron, increases with increasing iron content.

Fig. 3 shows the results of the TPR experiments.

Fe/H-ZSM-5 gave only a single peak, correspond-

ing to Fe at non-framework sites, at 673 K under
these conditions. On the other hand, Fe-silicates
provided two additional peaks at higher temper-
atures. These peaks should correspond to the
reduction of iron incorporated in the zeolite frame-
-work [20]. These results show that the amount of
non-framework iron increases with increasing iron
content in the Fe-silicates. As the peak position of
Fe/H-ZSM-5 and that of Fe-silicate at lower
temperature were almost the same, it is also pos-

Microm 8] T—First Proofs—Page 4
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sible that some non-framework iron exists on
cation-exchange sites.

3.2, Selective reduction of NO by C3Hg on
Fe-silicates

In our previous study [8], we found that H-Fe-
silicate is a highly active and stable catalyst for the
reduction of NQ by C,H, at 573 K. The first step
of this reaction is the adsorption of C;Hg; carbona-
ccous materials on the catalyst are probably
involved in this reaction. Fig. 4 shows the
temperature dependence of the NO conversion by
various reducing gases on H-Fe-siiicate (50).
The level of NO conversion markedly depended
on the kind of reducing gas. CO and H; were not
eflective for this reaction; they were prefer-
entially consumed by the reaction with O,. The
reduction of NQ proceeded when hydro-
carbons were used as reductants, and the reduction
reactivity decreased * in the following order:
CiHg> C;H > CoHy > > C;Hg > CH,. This figure
shows clearly that olefins are more effective than
paraffins.

The catalytic activity of H-Fe-silicate gradually
decreased and finally diminished at 473 K when
C,H, was used as a reducing agent, although a
stable catalytic activity was obtained at temper-
atures higher than 573 K. As the decreased cata-
Iytic activity at 473K was regenerated by
calcination at 773 K with an evolution of CO,,
deposition of excess carbonaceous materials should
be a cause of catalyst deactivation. Above 573 K,
H-Fe-silicate showed enough ability to remove
carbonaceous materials by combustion under high
oxygen concentration conditions, resulting in the
steady catalytic state activity. The H-ZSM-5 cata-
lyst exhibited a stable activity above 748 K under
the same reaction conditions [8]. As H-ZSM-5 is
less active for combustion Than H-Fe-silicate,
higher temperatures are required to attain a stable
activity. The decrease in NO conversion in the
high-temperature region shown in Fig. 4 is not
attributable to catalyst deactivation, as this level
of NO conversion could be reproduced when the
reaction temperature was lowered. In the
NO-C3H¢-0, reaction, C3H, is consumed-by-both
NO reduction and combustion. The consumption
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Tuble 2
Binding encigy and FWIHR values of vinious components for Feesilivates and Fe-ZSM-5*
Catalyst Felpy;, Ols Si2p
BE® (eV) FWHM (eV) BE (eV) FWIIM (eV) BE (eV) FWHM (eV)

Fe-silicate

Si/Fe =80 712.1 3.2 532.8 21 103.3 21

SifFe =50 712.5 4.3 532.8 2.2 103.3 2.1

SifFe=25 7118 52 532.8 2.2 103.3 2.2

Si/Fe=25(1ICl) 7124 4.5 5328 1.9 103.3 1.9
Fe-ZSM-5 7114 4.6 5328 2.0 103.3 1.9
Fe,0,/T1-ZSM-5 710.9 31 532.8 2.2 103.3 2.1
Fe 706.9¢
FeQ 709.6°
Fe, O, 710.8¢
Fe,0, 710.9°
a-FeQOI1! 711.8°
v-FeOOH 711.3¢

*A Mg X-ray source, operated at IS kV and 10 mA, was used for cxcitation.

bReferenced to Si2p=103.3eV.

<Data from ‘Handbook of X-ray photoeleciron speciroscopy’ (JEOL).

Fe-silicate 1SifFexsn

ESI/‘F:-SO

{SiFexls

SHCl-weat,
§ SiFe=2S

Hydrogen consumption / A.U.

PR Y S W

I Il 1 let
0 473 673 873 1073 1273
Temperature / K
Fig. 3. TPR profiles for H-Fe-silicates and iron ion-

exchanged ZSM-S.

of C;H, by combustion causes the decrease in NO

conversion at high reaction temperatures.
The effect of O, concentration on the catalytic
activity of H-Fe-silicate (50) for NO reduction at
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573 K is shown in Fig. 5. The reaction hardly
procecded in the absence of O,. The activity
increased with increasing O, concentration and
reached a maximum at an O, concentration of 1%,
although the catalytic activity decreased with time
on stream. In contrast, the catalytic activity was
stable against deactivation in the presence of excess
O,, although the activity slightly decreased with
increasing O, concentration. Thus, it is important
to control the combustion activity to attain high
and stable catalytic activity for NO reduction.
Fig. 6 shows the temperature dependence of the
catalytic activities of various H-Fe-silicates for NO
reduction by C,H¢. The working temperature
region became lower with increasing iron content.
Both NO conversion and C;H, conversion in the
low-temperature region increased with increasing
iron content. Therefore the high steady-state activ-
ity of H-Fe-silicate (25) at low temperatures should
be due to its high ability of CsHg combustion.
Excess carbonaceous materials formed in the
NO-C,H¢~0, reaction due to the high reactivity
of C,Hg should be eliminated on H-Fe-silicate,
resulting in a stable activity against deactivation.
Fig. 7 shows the relationship between NO con-
version and the amount of CO, produced on

Microm 8] T—First Proofs—Page 5
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NO conversion to Ny / %
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Hydrocarbon conversion to COx / %
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Fig. 4. Eifect of reducing gases on the catalytic aclivity of Fe-silicate (50). Reducing gases, 1000 ppm: (O) Gyl (®) C3l,, (D)
Cylg, (&) Gyl (8) CH NO, 1000 ppay; 0,, 10%; total flow-rate, 100 cm? min~Y; catalyst weight, 0.5 g.

7()1’
® 60)“
<
8
2 50
4
&
S 40
o]
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301
l\
20

0 20 40 60 80 100
Time on stream / min
Fig. 5. Effect of O, concentration on the catalytic activity of

H-Fe-silicate (50). O, concentrations: (O) 20%, (L) 10%, ()]
5%, (@) 1%, (A) 0.5%, (&) 0.2%.

100 A=—1100
f ° o
® B0 o &
-~ "
z 8
B °
H © 3
& 8
g SiFenl$ A g
g 40 40 §
o ©
z x
20 20 Y
o =0 o
373 473 573 673 773

Temperature [ K

Fig. 6. Catalytic activity of I-Fe-silicates as 2 function of
reaction temperature. NO, 1000 ppm; Cyl,, 320 ppm; Oy,
10%; total flow-rale, 100 cm® min™'; catalyst weight, 0.5 g.
Catalysts: () SifFe=25, (O) Si/Fe=350, () Si/Fe=280.
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60
50
40
30

20

Conversion of NO to Ny /%

o .
0 1000 2000 3000

Concentration of produced COx / ppm

Fig. 7. Relationships between NO conversion and concen-
tration of produced CO, on various H-Fe-silicates. Reaction
temperature, 673 K; NO, 1000 ppm; Oy, 10%; CyH,, 300, 5060
and 1000 ppm; total flow-rate, 100 cm?® min™?; catalyst weight,
0.5 g. Catalysts: (3) Si/Fe=80, (&) Si/Fe =50, (O) SifFe=
25, (@) SifFe=25 (HCl-treated).

various H-Fe-silicates at 573 K. The C;Hg concen-
tration was varied from 300 to 1000 ppm. The
selectivity for the NO-hydrocarbon reaction
against the hydrocarbon-O, reaction varied
among these catalysts. The ratio of NO conversion
to the amount of CO, produced is a measure of
sclectivity, and the more-selective catalysts provide
larger ratios [28]. The selectivity of H-Fe-silicate
(25), having a high Fe content, was lower than
those of H-Fe-silicate (50) and H-Fe-silicate (80).
Although H-Fe-silicate (80) showed the highest
activity and selectivity among these Fe-silicates at
573 K, excess carbonaceous materials were depos-




K Yogo e al./Microporous Materials 0 (1994) 000-000

ited and NO conversion decreased with time on
stream and finally diminished when  the C,Hg
concentration was higher than 500 ppm. On the
other hand, NO conversion on H-Fe-silicate (25)
increased by HCI treatment under these reaction
conditions. Therefore, we deduced that the exis-
tence of non-framework iron increases the catalytic
activity for CyHg combustion at 573 K, which
leads to Jowering the working temperature region,
as shown in Fig. 8.

Although the working temperature region
shifted by HCI treatment, there was no difference
in the level of maximum conversion between H-Fe-
silicate (25) and H-Fe-silicate (25-HCl ). The maxi-
mum conversion decreased in the following order:
Fe-silicate (50} > Fe-silicate (25) = Fe-silicate
(25-HCl)> > Fe-silicate (80). The order is in
accordance with the number of acid sites.

Hamada er al. [7] reported that the acidity of
the catalyst is one of the important factors con-
trofling the catalytic activity for selective NO
reduction. In order to examine the effect of ucidity
on sclective reduction, Fe-silicate (50) was ion-
exchanged with various alkali cations. Fig. 9 shows
the NH;-TPD spectra of these cation-exchanged
Fe-silicates. The amount of acid varied with the
kind of alkali cations.

As shown in Fig. 10, NO conversion and the

100 o0
80 _—
R
> 80 é
% 60 1606 £
5 HCE great. g
S Siffe=25 Siffien25 g
L 40 1 40 E
g o
5 o
2 =
Z 20 0 5
g g

Temperature / K

Fig. 8. Effect of 1ICl treatment on the catalytic activity patiern
of H-Fe-silicate. NO, 1000 ppm; Cyllg, 320 ppm; O, 10%;
total flow-rute, 100 c¢m? min~!; catalyst weight, 0.5 g. Catalysts:
(L) Si/Fe=25, (O) HCI treated SifFe =25,
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Desorbed NHy /a.u.

0 . 373 473 573 673

Temperature / K

Fig. 9. NIL,-TPD spectra for Fe-silicate (50) exchanged by
vitrious cations.

NO conversion to N, /%

0
0.0 0.2 04 0.6 0.8 1.0 1.2
Amoum of desorbed NHy / a.u.

Fig. 10. Relationships between NO conversion and the acidity
on Fe-silicate (50) exchanged by various cations. Exchanged
cations: (O) H, (&) Li, (O) Na, (@) K. NO, 1000 ppm; C,H,,
1000 ppm; O,, 10%; total flow-rate, 100 cm? min~!; catalyst
weight, 0.5 g. Reaction temperature, 573 K,

amount of desorbed NH,, determined by integ-
ration of TPD peaks, showed a good relation for
these Fe-silicates. In addition, there was no distinct
difference in the selectivity for NO reduction on
these Fe-silicates. These observations show that
the catalytic activity of Fe-silicate catalysts
depends mainly an the surface acidity.

4. Conclusion

This study showed that non-framework iron
increased with increasing iron content, particularly
in Fe-silicate having a Si/Fe ratio of 25. The
working temperature region for NO reduction by
C,H, became lower with increasing iron content
of the Fe-silicates, while NO conversion into N,

" Microm 81 T—Firse Proofs—Page 7




8 . K Yogo el al./Microporous Materials 0 ( 1994) 000-000

was approximately constant, independent of the
iron content, Thercfore, we can conclude that the
existence of non-framework iron leads to the
lowering the working temperature region. On
the other hand, the catalytic activity depends
mainly on the number of acid sites, namely the
number of iron atoms incorporated in the frame-
work. Consequently, it is important to control
both the acidity of the catalyst and the combustion
activity to attain a high and stable activity for NO
reduction by hydrocarbons.
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Abstract

Selective reduction of NO by CH, on zeolite catalysts has been studied. After an investigation of
the catalytic features of various cation-exchanged zeolites, we found that Ga-ZSM-5 and In-ZSM-5
were highly active and selective for NO reduction by CH,. We also showed that this reaction was
moderately promoted even by H-form ZSM-5, mordenite, and ferrierite. From the catalytic perform-
ance of Ga- and In-ZSM-5 in NO-CH-0,, NO,~CH,-0,, and NO-0O, reactions, it is concluded that
the selective reduction of NO on these catalysts proceeds in two stages: (1) NO is oxidized to NO,
on zeolite acid sites, (2) NO, and CH, react on gallium or indium sites. The highly selective features
of Ga and In in the zeolite for the NO,~CH, reaction scem to be attributed to the coordinatively
unsaturated nature of these sites which adsorb both of thesc reactants on the same site. Effect of water
vapor on NO conversion was also investigated. It was found that Ga-ZSM-5 was strongly inhibited
by steam, while In-ZSM-5 was fairly active even in the presence of 10% steam,

1. Introduction

The reduction of nitrogen oxides (NO,) to molecular nitrogen is an important task for
environmental chemistry. Recently, selective catalytic reduction (SCR) of NO by hydro-
carbons in an oxygen-rich atmosphere has attracted considerable attention as a new type of
reaction alternative for the traditional NH,-SCR process. This reaction was reported (o
proceed on various calion-cxchanged zeolites [ 1-5], metallosilicates [6,7}, Al,O, {8,9],
and SiO,~Al, 0, [10], when C,H, or higher hydrocarbons were used as reductant. These
studies showed that oxygen was a necessary component for this reaction system. It was
shown in our previous work {5,11] that gallium ion-exchanged ZSM-5 and [errierite were

*Corresponding author.

0920-5861/94/$07.00 © 1994 Elscvier Science B.V. All rights reserved
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active for the reduction of NO by C3H, and C,H,, and these catalysts were the most sclective
among the above-mentioned catalysts.

Iwamoto et al. [12] and Hamada ct al. [ 13} have studied the effect of hiydrocarbon
species for this reaction on Cu-ZSM-5 and Al,O; catalysts, respectively. They classified
the reductants into two groups, one is selective (C,Hy, C3Hy, CiHy, C4Hg), and the other
is non-selective (CH,, C,H¢) [14]. For example, on Cu-ZSM-5 and Al;03, being aclive
for selective reduction of NO in a NO-Q,—~C,H, system, CH, and C,H¢ were predominantly
consumed by combustion and the NO-CH, or NO-C,H; reaction hardly occurred. There-
fore, it has been proposed by them that CH, and C,H; are rather inactive for reduction of
NO on these catalysts. They have also described that H, and CO are not effective reductants.

It would be very useful if the sclective reduction of NO was possible by usc of methane
as reductant, since methane is found in every combustion exhaust, particularly from a gas-
cogeneration system. Therefore, several recent research studies have tried to develop a
catalyst which is active for selective reduction by CH,. Li and Armar {15] reported that
the selective reduction proceeded on Co-ZSM-5. In our previous study [16], we showed
that Ga-ZSM-5 was highly active and selective for reduction of NO by CH, or C,Hg. It was
also found that the molar ratios of reacted NO molecules to consumed carbon atom in CH,
and C,H, were 2 and 1.5, respectively. Furthermore, it was reported that reduction of NO
by CH, proceeded on Mn- [17], Ni- [17], Pd- [ 18], and In-ZSM-5 [19]. Therefore, CH,
is a candidate effective reductant for the selective reduction of NO, if an appropriate catalyst
is chosen.

We have recently found that various H-form zeolite catalysts are also active and fairly
selective for this reaction [20]. In this paper, we describe the catalytic propertics of Ga-,
In- and H-form zeolites for the selective reduction of NO by CH,, the reaction mechanism,
and the effect of water vapor.

2. Experimental

Zeolites used in this study were ZSM-5 (molar $i0,/ Al O, ratio, 23.3), mordenite
(19.9), ferrierite (17.8), and USY (14.5), supplied by the Tosoh Corporation. Gallium
and indium ion-exchanged ZSM-5 were prepared by ion-exchange of ammonium form
ZSM-5 using aqueous solutions of nitrate at 95°C for 24 h, followed by calcination at 500°C.
The chemical composition of the catalysts was determined by means of inductively coupled
plasma (ICP) atomic emission spectroscopy. The degree of the ion-exchange level was
calculated assuming that the oxidation numbers were 3 for Ga and In, and 2 for Co. These
catalysts will be abbreviated, for example, as Ga-ZSM-5 (92), where the value in paren-
theses represents the level of gallium exchange. Alumina, as a reflerence catalysl, was
obtained from Catalysts and Chemical Ind. Co.

Measurements of catalytic activily were conducted by use of a fixed-bed {low reactor. A
mixture of 1000 ppm NO (or NO,), 10% Oy, 150-2000 ppm CH,, and He (balance) was
fed to 0.05-0.5 g catalyst at a rate of 100 cm?(STP) - min~ ', Effluent gases were analyzed
by means of gas chromatography and chemiluminescence detection of NO and NO,. The
catalytic activity was evaluated by the level of NO conversion to Ny, alter reaching steady-
state.
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3. Results and discussion
3.1, Selective reduction of NO by Cl, on gallium and indiun ion-exchanged zeolites

Fig. | compares the catalylic activitics of various zeolites cxchanged with gallium. The
activity depended on the type of zeolite. Ga-ZSM-5 was the most highly active of the
catalysts in the studied temperature range and reaction conditions. Although Ga-mordenite
and Ga-ferrierite were highly active above S00°C, their activity was poor below this tem-
perature. Ga-USY was the least active at these temperatures. .

The ratio of NO conversion to CH, conversion is a measure of sclectivity. The selectivity
for NO reduction is defined by the following equation.

Selectivity = (number of reacted NO to N, )/
(number of reacted CH, to CO and CQ,) (1)

The selectivity of these catalysts for NO reduction is shown in Fig. 2. The selectivity was
2 below 500°C.

The stoichiometry of the reaction on Ga-ZSM-5 can be wrillen as in the following
equation:

2NO +CHj + (x/2)0, = N, +CO, +2H,0 )

The decrease in the selectivity above 500°C is attributed to combustion of CH,, which
became remarkable at this temperature.

Fig. 3 shows the temperature dependence of catalytic activities of Ga-ZSM-5, In-ZSM-
5, H-ZSM-5, and Al,O;. In-ZSM-5 showed higher NO conversion at lower temperature
than Ga-ZSM-5. The largest NO conversion on In-ZSM-5 was obtained at 400°C, while it
was 500°C on Ga-ZSM-5. Although the selectivity for NO reduction on In-ZSM-5 was
slightly lower than that on Ga-ZSM-5 at 500°C, NO was selectively reduced to N, at 400°C
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Fig. I. Variation in NO conversion (a) and CH, conversion (b) on various catalysts as a function of reaction
temperature. (O) Ga/H-ZSM-5 (92); (A) Ga/H-ferrierite (91); () Ga/H-mordenite (103); (@) Ga/H-USY
(106). NO, 1000 ppm; CHy, 1000 ppm; Oy, 10%; total low-rate, 100 cin®« min™}; catalyst weight, 0.5 g.
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Fig. 2. Selectivity expressed by the ratio of reacted NO to consumed CHy as a function of reaction temperature.
(O) Ga/H-ZSM-5 (92); (&) Ga/H-ferrierite (91); (O) Ga/H-mordenite (103); (®) Ga/H-USY (106). NO,
1000 ppm; CH,, 1000 ppm; O,, 10%; total flow-rate, (00 cm®-min~"'; catalyst weight, 0.5 g.

and below, as shown in Fig. 4. H-ZSM-5 was also active {or this reaction, while it was less
selective than Ga-ZSM-5. The catalytic activity and selectivity of Al,O; were extremely
Jow compared with Ga-, In-, and H-ZSM-5. Although it was shown that Al,O; exhibits
high selectivity for NO reduction by C3Hg [13], CH, was preferentially consumed by
combustion and the selectivity was extremely low as shown in Fig. 4.

Both NO conversion and the selectivity for NO reduction were low when Al,O;-supported
Ga,0, was used as catalyst, and the selectivity of unsupported Ga,0; was likewise low as
shown in Fig. 5. From these results, it can be concluded that ion-exchange onto zeolite is
required to accomplish high selectivity of gallium. Gallium cations are known as an NO,
sensor material, which increases the sensitivity of ZnO thin film sensor to NO, [21], and
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Fig. 3. Reduction of NO by CH, on various catalysts: (O) Ga/H-ZSM-5 (92); (A) H-ZSM-5; (0) ALLO4; (@)
In/H-ZSM-5 (86). NO, 1000 ppm; CH,, 1000 ppm; O, 10%; total flow-rate, 100 cm®-min™"; catalyst weight,
05¢g.
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Fig. 4. Selectivity expressed by the ratio of reacted NO to consuined CH, as a function of reaction temperature.
(O) Ga/H-ZSM-5 (92); (&) H-ZSM-5; (O) Al,0,; (@) In/H-ZSM-5 (86). NO, 1000 ppm; CH,, 1000 ppm;
0,, 10%; total flow-rate, 100 cm®-min~"; catalyst weight, 0.5 g.

also acts as the coordination center foralky! groups in organogallium compounds. Therefore,
the high selectivity of gallium cations in ZSM-5 seems to be attributed to their high affinity
to NO, and alkyl species, and to efficient coordination of NO, and hydrocarbon species at
the same unsaturated gallium cation sites.

Fig. 6a shows the effect of hydrocarbon concentration on the catalytic activity of Ga-
ZSM-5 at 500°C in comparison with H-ZSM-5. NO conversion increased with increasing
concentration of CH,. It is noted that Ga-ZSM-5 showed high catalytic activity even with
a very small concentration of CH,. The relationship between the molar ratio of reacted NO
to produced CO, and the concentration of CH, is shown in Fig. 6b. The limiting molar ratio
of reacted NO to consumed CH, was 2. This ratio was almost independent of the concen-
tration of CH, on Ga-ZSM-5, although the ratio decreased with increasing concentration of

100 100
R
&G S
~ 807 18 &
Z, &}
2 g
g 60f 1008
< :
2 40t {40 2
3 8
S 20t 1205

0
200 300 400 500 600 700O

Temperature / °C
Fig. 5. Catalytic activities of Ga,0, (0,B), Ga/Al,O; (O.®), and Al;0; (A, 4 ), for NO conversion (open

symbol) and CH, conversion (solid symbol). NO, 1000 ppm; CH,, 1000 ppm; O, 10%; total flow-rate, 100
cm®-min~'; calalyst weight, 0.5 g.
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Fig. 6. NO reduction on Ga/H-ZSM-5 (O) and H-ZSM-5 (®) as a function of CH, concentration. NO, 1000
ppm; Oy, 10%:; total flow-rate, 100 cm?® min~!; catalyst weight, 0.5 g; temperature, 500°C.

H-ZSM-5. Reduction of NO by CH, proceeded predominantly on Ga-ZSM-5, and CH4 was
hardly consumed by the reaction with O,. It is suggested that the contribution of CH,
oxidation became more pronounced with increasing concentration of CH, on H-ZSM-5
leading to a decrease in selectivity for NO reduction.

3.2, Selective reduction of NO by CH, on H-form zeolites

Fig. 7 shows the temperature dependence of catalytic activities of various H-form zeolites
for NO reduction by CH,. Of these catalysts, H-ZSM-5 showed the highest activity at 500°C.
H-USY was inactive under these reaction conditions, and its activity was comparable to
that of Al,O5. The CH,~0, reaction was predominant and NO reduction hardly took place
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Fig. 7. Variation in NO conversion (a) and CH, conversion (b) on various zeolites as a function of reaction
temperature. (Q) H-ZSM-5; ({3) H-mordenite; (4) H-ferrierite; (@) H-USY. NO, 1000 ppm; CH,, 1000 ppm;
0,, 10%; total flow-rate, 100 am*- min™": catalyst weight, 0.5 g.
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Fig. 8. Relationships between the ratio of reacted NO o consumed CH, and reaction temperature. (O) H-ZSM-
5; (0) H-mordenite; (A) H-ferrerite; (@) H-USY. NO, 1000 ppm; CHy, 1000 ppm; Oy, 10%; total flow-rate,
100 em’ - min =", catalyst weight, 0.5 g.

on these catalysts. As shown in Fig. 8, H-ferrierite was the most selective and the decreasing
order of selectivity for this reaction was as follows:

H ~ ferrierite> H — mordenite> H—ZSM — 5 > H— USY

H-ferrierite exhibited the least activity for the CH,~0, reaction, resulting in high selectivity
for NO reduction.

It has been reported by Hamada and co-workers [2] that the acidity of catalysts is one
of the important factor controlling the catalytic activity for selective reduction of NO by
C3Hg. Fig. 9 shows NH;-TPD spectra of various zeolites used in this study. H-USY showed
very little acidity with weak acid strength, suggesting that the low catalytic activity of H-
USY is probably due to its poor acidity, :

Desorbed NH3/a.u.

0 200 400 600 800
Temperature / °C

Fig. 9. NH;-TPD spectra of various zeolites. (a) H-ferrierite: (b) H-mordenite; (¢) H-ZSM-5; (d) H-USY.
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Fig. 10. Catalytic activities of Ga/H-ZSM-5 (92) in NO-CH,-0, (®,0) NO-CH, (#.,00), and CH,-0, (A)
reaction. NO, 1000 ppm; CH,, 1000 ppm; O, 10%; total flow-rate, 100 cm’-min~'; catalyst weight, 0.5 g.

The decreasing order of selectivity for NO reduction on gallium ion-exchanged zeolites
and that on H-form zeolites were same, and this order was found to be related to the acidity
of the zeolites. We will describe the role of the acidity for this reaction connected with the
reaction mechanism below.

3.3. Reaction mechanism for the selective reduction of NO by CH, on Ga- and In-ZSM-5

Several reaction mechanisms have been proposed for the reduction of NO with hydro-
carbons [7,22-24]. The mechanism may vary from one type of catalyst Lo another, or it
may depend on the kind of hydrocarbons used as reductant as well as the reaction conditions.
We shall discuss the reaction mechanism of selective reduction by CH, on Ga- and In-
ZSM-5 below. '

Fig. 10 shows NO conversion to N, and CH, conversion to CO, on Ga-ZSM-5 at various
reaction temperatures. The NO-CH, reaction hardly took place, in the temperature range
studied, in the absence of O,, showing that NO reduction was promoted by O,. Furthermore,
oxidation of CH, did not take place below 500°C in the absence of NO. Not only Ga-ZSM-
5 but all of the zeolite catalysts used in this study were inactive for the reduction of NO by
CH, in the absence of O, and for the oxidation of CH, in the absence of NO.

Since NO reduction occurred under the conditions where CHy could not be activated
solely by O,, NO, is involved in the selective reduction. This conclusion is in accordance
with the observation by Hamada and co-workers [22] for the selective reduction of NO by
C,Hg on ALLO; and H-form zeolites. They claimed that the NO-C3H; reaction procecded
via a NO,~C;Hg reaction and that the high selectivity is attributable to a NO,—~C3Hg reaction
and to the poor activity of these catalysts for C;Hy oxidation by O,.

InFig. 11, we compare the level of NO or NO, conversion to N, as a function of reciprocal
GHSV. A higher NO, conversion was obvious in the NO,~O,-CH, and NO,-CH, systems
than in the NO-Q,~CH, system at high GHSV. In (he latter system, NO conversion to N,
showed an induction period. Furthermore, there was no appreciable difference in the level
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Fig. 1. Relationships between NO, conversion and GHSV on Ga/H-ZSM-5 (92). (@) NO, 1000 ppm; CH,,
1000 ppm; Oy, 10%. (0O) NO,, 1000 ppm; CH,, 1000 ppm; Oz, 0%. (&) NO,, 1000 ppm; CH,, 1000 ppim; 0O,
10%. Total flow-rate, 100 cm® min™"; catalyst weight, 0.05-0.5 g temperature, 500°C.

of NO, conversion between the NO,~CH, and the NO,-0,~CH, systems. Therefore, the
predominant reaction of oxygen under these conditions should be the formation of NO,.
Namely, it seems that the first step is NO oxidation to NO,, which further reacts with CH,
to give N,, CO,, and H,0.

As shown above, the acidity of the catalysts is correlated 1o the catalytic activity and
sclectivity for Lhis reaction. Fig. 12 shows the effect of the proton cxchange level on the
catalytic activity on H/Na-ZSM-5. Na-ZSM-5 was completely inactive for NO oxidation.
NO conversion increased with increasing proton exchange level. A similar correlation was
observed for the case of the H/Na/Ga system. Therefore, it is reasonable to consider that
the zeolitic acid sites are involved in NO oxidation to NO,. Additionally, NO conversion
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0 20 40 60 80 100
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Fig. 12. Effect of H* exchange level on the catalytic activity for NO oxidation to NO, on H/Na-ZSM-5. NO,
1000 ppm; O,, 10%; total flow-rate, 100 e’ min ™' catalyst weight, 0.1 g Temperature: (Q) 500°C; (A)
400°C.
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Fig. 13. Catalytic activity of Ga/H-ZSM-5 as a function of gallium content. (Q) NO, 1000 ppm; CH,, 1000 ppm;
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to NO, on H-ZSM-5 at 400°C increased from 30% to 35% under these reaction conditions
when increasing the pretreatment temperature from 500°C to 800°C. It is, thus, assumed
that oxygen is adsorbed on Lewis acid sites and is activated by the electrostatic polarization
caused by the zeolite framework [25], and that the gas phase NO molecule attacks the
activated oxygen to form NO,.

Therefore, we deduce that the selective reduction of NO by CH, on Ga-ZSM-5 proceeds
according to the following two stages:

NO + 0, = NO, [on zeolite acid siles] (3)
NO, +CH, — N, +CO, +H,0 [on gallium (or indium) sites] (4)

These reaction sequences are in accordance with the effect of the gallium content on the
activities of Ga/H-ZSM-5 catalysts, as shown in Fig. 13. The catalytic activity for NO
oxidation decreased and the level of NO, conversion in the NO,~CH, system increased
with increasing gallium content. On the other hand, the level of NO conversion in the NO-
0,~CH, system gave a maximum around [ wt.-% gallium. It is obvious that the effect of
gallium is not the promotion of NO oxidation, but the promotion of the NO,~CH, reaction.
As In/H-ZSM-5 showed a similar performance to Ga/H-ZSM-5, the same reaction mech-
anism probably operates on these catalysts.

" Itis noted that Ga/Al,O, and Ga,03 were not active for the reduction of NO, by CH, in
‘the NO,~CH,-0, system. [t means that active sites for the NO,~CH, reaction hardly exist
on these catalysts. The state of gallium exchanged into zeolite should be very different from
that on gallium oxides. The former should exist in a coordinatively unsaturated stale com- .
péred with the latter [26]. It is thought that the zeolite framework is eflective in making it
possible for a gallium site to adsorb both NO; and hydrocarbon species which further react
efficiently on the same site.

+" NO, is reduced by CH, (o N, being accompanicd by the formation of CO and/or CO,.
‘It'is interesting to observe whether carbon monoxide or carbon dioxide is formed first. Fig.
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14 shows that CO was selectively formed on Ga-ZSM-5 in the initial stage of the reaction,
and that the selectivity for CO decreased with increasing conversion of NO. Therefore, on
this catalyst, CO is the primary product of the reduction of NO. CO; might be formed by
the secondary reaction of CO with O, or NO,. At high GHSV conditions, the molar ratio
of produced CO to produced N, was unity on Ga-ZSM-5. A similar result was reported on
Cu-ZSM-5 [27], where a considerable amount of CO was produced with N, in the tem-
perature-programmed reaction of NO and C3Hy. The stoichiometry for the initial production
of CO in NO reduction can be written as follows:

NO, +CH, +NO - N, +CO +2H,0 (5)

As mentioned above, reduction of NO proceeds via the NO,~CH, reaction, and one addi-
tional NO molecule may participate in the formation of CO as shown in Eq. (5). However,
it was found that CO, was the primary product in the NO,~CH, reaction and that the molar
ratio of produced CO, to produced N, was unity at high GHSYV conditions. Therefore, the
stoichiometry for the NO,~CH, reaction can be written as follows:

NO, +CH, +NO, =N, +CO, +2H,0 (6)

We propose that the reaction mechanism for NO reduction by CH, on Ga-ZSM-5 is as
follows: NO, oxidized on zeolite acid sites activales CH, and forms a reaclion intermediate.
Successively, the intermediate reacts with the gas phase NO molecule to produce N, and
CO. CO, might be formed the reaction (10) or (11).

NO+1/20, = NO, (7)
NO, +CH, = [X] (a reaction intermediate) +nH, O (8)
{X]+NO—-N,+CO+mH,0 (9)
[X]+NO, =N, +CO, +mH,0 (10)
CO+0, (or NOy) —CO; (1)
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Fig. I5. Effect of water addition on the catalytic activities of various fon-cxchanged ZSM-5 for reduction of NO
by CH.. (a) NO, 1000 ppmy; CH,, 2000 ppm; Oy, 10%:; 14,0, 0%. (b) NO, 1000 ppmy; Cty, 2000 ppmy; O, 10%:
H,0, 10%. Total flow-rate, 100 cm - min™"; catalyst weight, 0.25 g. (O) In/H-ZSM-5 (92); (A) Gal/ll-ZSM-
5(96); (1) Co/H-ZSM-5 (65); (@) H-ZSM-5.

This reaction mechanism has been proved by the transient response study [28]: after
reaching steady-state, the reactant was swilched (o NO gas in He balance. An equimolar
mixture of N, and CO was formed.

In contrast to Ga-ZSM-5, it was found that In-ZSM-5 yielded CO; selectively. As the
selectivity for CO also increased with increasing GHSYV on this catalyst, it is thought that
the reaction mechanism on [n-ZSM-5 is similar to that on Ga-ZSM-5.

3.4. Effect of water vapor on the selective reduction of NO by Cli,

As previously mentioned, the high selectivity of Ga-ZSM-5 is allributed to coordinatively
unsaturated gallium cations having a high affinity to NO, and hydrocarbon species. There-
fore, the effect of water vapor seems significant, since the Lewis acidity is responsible for
this reaction. Fig. 15 shows the effect of water vapor on NO conversion on Ga-, In-, Co-,
and H-ZSM-5 catalysts. NO conversion significantly decreased when 10% water vapor was
added to the reactant feed. All these catalysts, particularly, Ga-ZSM-5 and H-ZSM-5 were
very sensitive to H,0. For H-ZSM-5, Lewis acid sites were poisoned by water vapor. On
the other hand, Co- and In-ZSM-5 moderalely reduced NO even in the presence ol water
vapor, although the effect of water vapor was also significant.

The poisoning of the catalytic activity of Ga- and In-ZSM-S was, however, completely
reversible: it was restored when steamn was removed from the reactant mixture. Probably,
H,0 is preferentially adsorbed on the unsaturated gallium or aluminum sites and inhibits
the adsorption of NO, and/or hydrocarbon specics.

In contrast to the NO-CH,~O, system, the effect of water vapor on NO, conversion on
In-ZSM-5 was relatively unimportant in the NO,~CH,-0, systen as shown in Fig. 16. NO,
conversion on the other catalysts was almost the same as in the NO-CH,~0, system. From
these results, it is deduced that the cffect of water vapor for the NO,~CH, reaction (Reaction
(4)) on indium siles is relatively unimportan, although the NO oxidation reaction (Reac-
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Fig. 16. Effect of water addition on the calalytic activities of various ion-exchanged ZSM-5 for reduction of NO,
by CH,. (a) NOQ,, 1000 ppim; CH,, 2000 ppm; O, 10%: H,0, 0%. (b) NO,, 1000 ppm; CH,, 2000 ppnn O,
10%; H,0, 10%. Total flow-rate, 100 cm®-min~ Y catalyst weight, 0.25 g. (O) In/H-ZSM-5 (92): (&) Ga/H-
Z5M-5 (96): (3) Co/H-ZSM-5 (65): (M) H-ZSM-5.

tion (3}) is strongly affected by H,0. Although further studies are required to understand
the higher durability of In-ZSM-5 for stecam than Ga-ZSM-5, the affinity of H,0 (0 indium
cations is probably smaller than to gallium cation,

4. Conclusions

We conclude from these results that the reduction of NO proceeds sclectively on Ga- and
In-ZSM-5 even when CH, is used as a reductant, and CH, can be an effective reductant for
the selective reduction of NO. Selective reduction on these catalysts proceeds in two stages:
(1) NO is oxidized to NO, on zeolite acid sites, (2) NO, and CH, react on gallium or
indium sites. The effect of water vapor on these reactions was significant. It was found,
however, that the effect was completely reversible and that In-ZSM-5 was moderately active
even in the presence of a high concentration of water vapor.
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Mechanism of Selective Catalytic Reduction of Nitric Oxide by Methane
on Ga and In lon-exchanged Zeolite Catalysts

Katsunori YOG O*, Takashi ONO*, Tkue TERASAKI¥,
Minato EGASHIRA*, Naohiko OKAZAKI*, and Eiichi KIKUCHI*
Department of Applied Chemistry, School of Science and Engineering,
Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169

Mechanism of selective catalytic reduction of nitric oxide by methane on Ga and In ion-exchanged zeolite
catalysts was studied. Ga- and In-ZSM-5 were found catalytically active for selective reduction of NO by CHs4

in the presence of excess oxygen.

The overall reaction proceeded in two stages: 1) NO is oxidized to NO2, 2)

NO2 reacts with CH4 to give N2, COx, and H20. The mechanism of the latter stage was investigated in detail

by means of transient response method.

It was shown that NOz reacts with CH4 to yield nitrogen-containing

intermediate, which further reacts with NOx to give N2, COx, and H20.
Key-words: selective reduction, nitric oxide, methane, gallium, indium, zeolite
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Reaction Mechanism of Selective Reduction of Nitric Oxide
by Methane on Ga- and In-ZSM-5 Catalysts

Katsunori YOGO and Eiichi KIKUCHI*

Department of Applied Chemistry, School of Science and Engineering,
Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169

Ga- and In-ZSM-5 catalysts were found to be active and extremely selective
for reduction of NO by CH4 in the presence of oxygen. The overall reaction
proceeded in two stages : 1) NO is oxidized to NO2, 2) NO2 reacts with CH4 to give
N2, CO or CO2, and H20. The mechanism of the latter stage was investigated in
detail by means of the transient response method. It was shown that NO» reacts
with CH4 to yield nitrogen-containing intermediate, which further reacts either with
NO to give N2, CO, and HpO, or with NO2 to give N2, COp2, and H20.

1. INTRODUCTION

The reduction of nitrogen oxides(NOy) to molecular nitrogen is an important
subject for environmental chemistry. Selective catalytic reduction(SCR) of NO by
hydrocarbon in oxygen-rich atmosphere has recently attracted considerable
attention as a new type of reaction alternative for the conventional NH3-SCR
process. This reaction was first reported to proceed on Cu-ZSM-5 [1,2]. Several
types of catalysts have been proposed as alternatives for Cu-ZSM-5, for instance,
various cation-exchanged zeolites [3 - 6], metallosilicates |7, 8], Al203 [9, 10], and
SiO2-Al203 [11], when the reactant is C2H4 or higher hydrocarbons.

Several reaction mechanisms have also been proposed, and they couid be
classified into the following three groups:

(1) Oxidation of NO to reactive NO2 which reacts with hydrocarbon [12, 13].
(2) Oxidative conversion of hydrocarbon forming some kinds of intermediate
reacting with NOx (e.g. isocyanate, radical, oxygen-containing compound, ete.)
[9, 14-16] :
(3) Composed of oxidation and reduction of catalyst surface by NO and
hydrocarbon, respectively. Redox mechanism [17].
The mechanism may vary from one type of catalyst to another, or it may depend on
- the kind of hydrocarbons used as reductant as well as the reaction conditions.

It is very attractive if selective reduction of NO is possible by use of methane
as reductant, since methane is found in every combustion exhaust, particularly from
town gas or natural gas burning systems, where methane is a sole reductant.
Therefore, several recent works have been intended to develop a catalyst being
active for the selective reduction by CH4. Li and Armor [{ 8] first reported that the
selective reduction proceeded on Co-ZSM-5. In our previous study [19], we
showed that Ga-ZSM-5 was highly active and selective for reduction of NO by CHg
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or Co2Hg which were not reactive on Cu-ZSM-5 or other zeolite catalysts. In
addition to these catalysts, recent studies have shown that Mn- [20], Ni- [20], Pd-
[21], H- [22] and In-ZSM-5 [23] are active for reduction of NO by CH4. Nowadays it
is recognized that CH4 would bé a candidate of effective reductants for selective
reduction of NO, if a proper catalyst would be chosen.

In this paper, we discuss the reaction mechanism of selective reduction of
NO by CH4 on Ga- and In-ZSM-5 and their catalytic properties.

2. EXPERIMENTAL

Ga- and In-ZSM-5 catalysts used in this study were prepared by ion-
exchange of ammonium form ZSM-5( molar SiO2/Al203 ratio, 23.3 , Tosoh Corp.)
using an aqueous solution of Ga or In nitrate at 95 °C for 24 h, followed by
calcination at 500 °C. The degree of ion exchange level will be expressed
assuming that the oxidation number of Ga and In cations is +3. These catalysts will
be abbreviated such as Ga-ZSM-5(92), where the value in parenthesis represents
the level of gallium exchange.

Measurements of catalytic activity were conducted by use of a fixed-bed flow
reactor. A mixture of 1000 ~ 2000 ppm NO( or NO2), 5 ~10% O2, 1000 ppm CHa,
and He(balance) was fed to 0.005 ~ 0.5 g catalyst at a rate of 100 cm3(STP)-min'1.
Effluent gases were analyzed by means of gas chromatography and
chemiluminescence detection of NO and NO2. The catalytic activity was evaluated
by the level of NO conversion to N2 after reaching a steady-state.

Transient response experiments were conducted using a fixed-bed flow
reactor which was equipped with 2 lines of reactant gas stream, which could be
switched by use of a 4-way valve to change immediately one reactant gas
composition to another. The first reaction run before switching the reactant gas will
be called "reaction (A)" and the latter run "reaction B)".

3. RESULTS AND DISCUSSION

3.1. Selective Performance on Ga- and In-ZSM-5 Catalysts for NO

reduction by CHg

Figure 1 shows the temperature dependence of catalytic activities of Ga -and
In-ZSM-5. In-ZSM-5 showed higher NO conversion at lower temperature than Ga-
ZSM-5. The highest NO conversion on In-ZSM-5 was observed at 400 °C, while
that on Ga-ZSM-5 was 500 °C. The ratio of NO conversion to CH4 conversion is a
measure of selectivity. The selectivity for NO reduction is defined by the following
equation:

Selectivity =
(reacted NO molecules to No) / (reacted CH4 molecule to CO and CO2) (1)

The selectivity was smaller than 2 on both of these catalysts. The selectivity of In-
ZSM-5 was slightly lower than that of Ga-ZSM-5, on which NO was selectively
reduced to N2 at 400 °C. In our previous work, we have shown that the limiting
(highest) selectivity of Ga-ZSM-5 at 500 °C was 2 [19]. Therefore, the stoichiometry
of the reaction on Ga-, and In-ZSM-5 can be written as in the following equation:
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Fig.1. NO conversion to Nz, CHs conversion to CO, CO2z and the ratio of reacted NO

to CHs4 on: a), Ga-ZSM-5(92); b), In/H-ZSM-5(86) as a function of reaction temperature.

0, N2; 0, CO; 4, COz; @, ratio of reacted NO to CHa;

NO, 1000 ppm; CH4 1000 ppm; Oz, 10 %; total flow rate, 100 cm®.min™; catalyst weight, 0.5 g.

2NO + CH4 +kO2 —  No + COy + 2H20 2)

The decrease in selectivity above 500 °C is attributed to combustion of CH4, which
became remarkable at this temperature even in the absence of NO.

NO-CH4-O2 reaction yields N2 with CO and/or CO2. As shown in Fig. 1, CO
was selectively formed on Ga-ZSM-5, while CH4 was almost completely oxidized to
CO2 on In-ZSM-5. Figure 2 shows that CO was selectively formed on Ga-ZSM-5 at
the initial stage of reaction, and that the selectivity for CO decreased with increasing
conversion of NO. Therefore, on this catalyst, CO is the primary product of the
reduction of NO, and CO2 is formed by the secondary reaction between CO and O2
or NO2. Thus, the stoichiometric equation for the initial production of CO on Ga-
Z5M-5 can be written as follows: :

NO2 + CHgq +NO — N2 + CO + 2H20 3)

In contrast to Ga-ZSM-5, CO2 rather than CO was formed on In-ZSM-5 with
N2. The selectivity for CO, however, also increased with decreasing NO
conversion. At higher GHSV conditions, the molar ratio of produced CO to
produced N2 approached to unity on both of these catalysts. As shown in Fig.3, In-
ZSM-5 showed remarkably high catalytic activity for CO oxidation reaction to CO»2
compared with Ga-ZSM-5. The difference in the formation of CO or CO2, observed
for Ga- and In-ZSM-5, should be attributed to CO oxidation activity. Accordingly, it
is deduced that CO2 is the secondary product from CO and consequently the
reaction mechanism is common for both of these catalyst.

=75 -



0.57

CO/M:2 and CO2/N2

0.0 : * :
0 20 40 60 80 100

NO conversion 1o N2/ %

Fig.2. Ratio of produced CO to N2(0, @) and CO2

to Nz(C1, m) as a function of NO conversion to N2

in NO - CHa- Oz system on Ga-ZSM-5(101)(0, 1)

and In-ZSM-5(95) (e, B).

NO, 1000ppm; CH4, 1000ppmy; Oz, 10%;

total flow rate, 1OOcm3.min'1; catalyst weight, 0.05-0.5¢;
reaction temperature, 500°C(Ga), 400°C(In).

3.2, Mechanism of NO

¢/

100

In/ZSM-5

® got
S

O

Je) 60+
o

5

€ 4ot
>

c

[e]

S oofb
3 Ga/ZSM-5

0 ;
0 5 10 15

1/GHSV /10%h

Fig.3. Oxidation of COto CO2by Oz

on Ga-ZSM-5(101) (O)and In-ZSM-5(95) ().
CO, 1000ppm; Oz, 10%;

{otal flow rate, 100cm>min’;

catalyst weight, 0.025-0.5g;

reaction temperature, 500°C(Ga), 400°C(In).

reduction by CH4

In Fig.4, we compare the extent of NO or NO2 conversion 10 N2 on In-ZSM-5
as a function of reciprocal GHSV. Higher NO2 conversion was obvious for the
NO2-02-CH4 and NO2-CH4 systems than for the NO-O2-CH4 system at high
GHSV. As NO-CH4 reaction hardly proceeded in the absence of O2 and CH4-02
reaction was not noticeable below 400°C in the absence of NO, itis evident that the
presence of O2 and formation of NO2 are necessary component for this selective

reduction.

conversion between NO»2-CH4 and NOQ;OQ—CHA, systems.
Therefore, it seems that the first step is NO oxidation

obtained with Ga-ZSM-5 [24].

Furthermore, there was no appreciable difference in the level of NO2

Similar results were

to NO2, which further reacts with CHa to give N2, COx, and H20.
As NO2 formation is an important step for NO reduction, we next studied on

the active sites on these catalysts for this r
proton exchange level on the catalytic act

eaction.
ivity of H/Na-ZSM-5. Na-ZSM-5 was

Figure 5 shows the effect of

inactive for this reaction and NO oxidation increased with increasing proton

exchange level.

Homogeneous (non-catalytic ) NO oxidation gave only about 6%

NO conversion to NO2; therefore, Na-ZSM-5 was completely inactive. A similar

correlation was observed for the case O

f H/Na/Ga-ZSM-5.

Therefore, it is

reasonable to consider that the zeolitic acid sites are concerned in NO oxidation to
NO2. Additionally, NO conversion to NO2 on H-ZSM-5 at 400 °C increased from

30% to 35% under
temperature from 500 °C 1o 800 °C.

these reaction conditions with increasing pretreatment
It is, thus, deduced that oxygen is adsorbed on

Lewis acid sites and activated by the electrostatic polarization caused by zeolite

framework [25], and that gas
oxygen to form NO2.
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Fig.4. NOx conversion on In-ZSM-5 as

a function of reciprocal GHSV.

0: NO, 1000ppm; CHs, 1000ppm; Oz, 10%;
A:NOz, 1000ppm; CH4, 1000ppm; Oz, 10%;
0: NOz, 1000ppm; CHs, 1000ppm; Oz, 0%;
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Fig.5. Effect of proton exchanged level on

the catalylic activities of H/Na-ZSM-5 for NO

oxidation to NOz.

0, 500°C; 0, 400°C; A, 300°C;
NO, 1000ppm; Oz, 10%;

total flow rate, 100 cm®. min"1;
catalyst weight, 0.1 g.

total flow rate, 50-100 em®. min‘1;
catalyst weight, 0.025-0.5g.

Accordingly, we assume that the selective reduction of NO by CH4 on Ga-,
and In-ZSM-5 would proceed in the following sequence:

NO+ 02 —NO2 [ on zeolite acid sites ] ‘ (4)
NO2 + CH4 — N2 + COx + H20  [on Ga (or In) sites] (5)

" The sequence of these reactions is in accordance with the results observed
for the effect of indium content on the activities of In/H-ZSM-5 catalysts, as shown in
Fig.6. The catalytic activity for NO oxidation decreased and the level of NO2
conversion in NO2-CH4 system increased with increasing indium content. On the
other hand, the level of NO conversion in NO-O2-CH4 system, which required both
of these reactions, gave a maximum around 4 wi% indium. It is thus obvious that
the effect of indium is not the promotion of NO oxidation, but the promotion of the
NO»-CHg reaction. As Ga/H-ZSM-5 showed a similar performance 1o In/H-ZSM-5,

the same reaction sequence should be operating on these catalysts [24].

As mentioned above, reduction of NO proceeds via NO2-CH4 reaction, and
one additional NO molecule may participate in the formation of CO as shown in the
equation (3). On the other hand, it was found that CO2 was the primary product in
NOo-CHg4 reaction and that the molar ratio of produced CO2 to produced N2
became unity on extrapolation of NO2 conversion to zero, as shown in Fig.7.
Therefore, the stoichiometry for NOp-CHg4 reaction can be written as follows:

2NO2 + CH4 — N2+ CO2 +2H20 (6)

These results lead us to a supposition of a reaction mechanism for NO reduction by
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Fig.6. The effect of Indium content on catalytic Fig.7. Ratio of produced CO to Nz(0, @) and

activity at 400°C. CO2 to N2(01, W) as a function of NOz conversion

t1: NO, 1000 ppm; CHs, 1000 ppm; Oz, 10 %; 1o Nz in NOz- CHs system on Ga-ZSM-5(101) (0, 0)
o: NOz, 1000 ppm; CHs, 1000 ppm; Oz, 10 %; and In-ZSM-5(95) (e, m).

o: NO, 1000 ppm; Oz, 10 % ; NO2, 1000ppm; CHas, 1000ppm;

total flow rate, 100 cm® min’"; total flow rate, 100cm®min’™;

catalyst weight, 0.1g; catalyst weight, 0.005-0.5g;

reaction temperature, 500°C(Ga), 400°C(In).

CH4 on Ga-ZSM-5 and In-ZSM-5: NO»2 formed on zeolite active sites activates
CH4 and yield a reaction intermediate. Successively, the intermediate reacts with
gas phase NO and NO2 molecules to produce N2 with CO or N2 with CO2,
respectively. CO2 might also be formed by reaction (10) and/or (11).

NO + 1/202 — NO2 7)
NO2 + CH4 — [X] (reaction intermediate) + nH20 (8)
X]+NO — N2+CO + mhH20 )]
[X]+NOz — Nz + CO2 +mH20 (10)
CO + Op(or NO2) — CO2 (11)

This reaction mechanism was verified by a transient response study: After
No formation in NO-CH4-O2 reaction reached a steady state[ reaction (A) 1, the
reactant gas stream was switched to various different components| reaction (B) jto
observe the difference in N2 formation rate. Typical results are shown in Fig.8.
When the mixture of O2 and He or only He was introduced in reaction (B), N2 was
not formed at all. On the other hand, when NO in He alone was introduced, N2 was
produced. The logarithm of No formation rate and reaction time in reaction (B)
showed a linear relationship. When N2 formation rate was extrapolated to the
moment of switching the reactant component, the rate coincided with the steady
state No formation rate of reaction (A). '

Figure 9 shows the rates of No, CO, CO2 formation in the steady state NO-
CH4-Oo reaction [ reaction (A) ] and in the case when the NO-CH4-O2 mixture was
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Fig.8. Transient response experiments to observe the effect of gas phase
component on Nz formation in reaction (B).

Reaction (A): NO, 2000ppm; CHs, 1000ppm; Oz, 5% (@);

Reaction (B): NO, 2000ppm (0); Oz, 5% (O0); He alone, (a);

total flow rate, 1OOcm3-min'1; catalyst weight, 0.2g;

reaction temperature, 500°C; catalyst, Ga-ZSM-5(101).
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Fig.9. Transient response of the formation rate of N2(0,e), CO(A,4)
and COz(0,m). .

Reaction (A): NO, 2000ppm; CH4, 1000ppm; Oz, 5%

Reaction (B): NO, 2000ppm;

total flow rate, 100cm>min’; catalyst weight, 0.2g;

reaction temperature, 500°C; catalyst, Ga-ZSM-5(101 ).
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switched to NO [ reaction (B) ]. The formation of N2 was accompanied by that of the
same amount of CO, with negligible formation of CO2. On the other hand, when
NO2 was admitted in stead of NO in reaction (B), N2 and CO2 were formed in an
equimolar ratio. The results obtained in the transient response study show that N2
is formed by the reaction between surface intermediate (X) and gas phase NO or
NO2 molecule, as shown in scheme 1.

Oz CHa N/O, N2 + CO
NO—L——»NOZL——-[X]' Oz or NO2
i
NOz2 ™ Nz +CO2

Scheme 1. Proposed mechanism of NO reduction by CH« on Ga and In-ZSM-5.
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Chapter XX

Mechanism of Selective Catalytic Reduction
of Nitric Oxide by Propene on Fe-Silicate
in Oxygen-Rich Atmosphere:

A Transient Response Study

Katsunori YOGO, Takashi ONO, Masaru OGURA, and Eiichi KIKUCHI*

Department of Applied Chemistry, School of Science and Engineering,
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The reaction mechanism of NO reduction by C3Hg on Fe-silicate
catalyst was investigated by means of a transient response method.
From the reaction analysis, we propose a mechanism in which the first
step of NO reduction is the adsorption of C3Hg on the catalyst surface,
and a nitrogen-containing organic intermediate is generated from the
adsorbed C3Hg and NO. A nitrogen molecule is produced in a process
where the intermediate(carbonaceous material containing nitrogen) is
decomposed by the reaction with another NO(or NO2) molecule in the

- gas phase.

The reduction of nitrogen oxides(NOx) to molecular nitrogen is an important task for
environmental chemistry. Recently, selective catalytic reduction(SCR) of NO by
hydrocarbons in an oxygen-rich atmosphere has attracted considerable attention as a
new type of reaction alternative for traditional NH3-SCR process. This reaction was
reported to proceed on various cation-exchanged zeolites (/ - 5 ), metallosilicates (6, 7 )
, Al203 (&, 9), and SiO2-Al203 (/0 ), when C2Hg4 or higher hydrocarbons were
used as reductant. These studies showed that oxygen was a necessary component for
this reaction system.

We have reported that Fe-silicate exhibited high catalytic activity for this reaction
at a relatively low temperature when C3Hg is used as a reducing agent. We also
showed that the carbonaceous material deposited on the catalyst surface was involved in
this reaction (6 ). As for this type of selective reduction, several mechanisms have been
proposed:

(1) Reaction between NO2 and hydrocarbon (77, {2).

(2) Participation of an intermediate such as isocyanate, radicals, or oxygen-containing
compound (13-16 ).

(3) Redox mechanism consisting of alternative oxidation and reduction of catalyst
surface by NO and hydrocarbon (/7- 19).

The mechanism, however, may vary from one type of catalyst to another, or it may

depend on the kind of hydrocarbons used as reductant as well as the reaction

conditions. In this study, we studied the reaction mechanism on Fe-silicate catalyst

using a technique of transient response method.
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Experimental

Catalyst Preparation Fe-silicate(Si/Fe = 50, molecular ratio) used in this study
was synthesized according to the rapid crystallization method reported by Inui et
al.(20). Water glass(29wt% Si02, 9wt% Na20) and FeCl3-6H20 were used as the
sources of silicon and iron, respectively. Tetrapropylammonium bromide (TPAB) was
used as the template molecule. The mixture was heated in a stainless steel autoclave
from room temperature to 433 K at a constant heating rate of 1.5 K-min-1, and then up
10 483 K at a constant heating rate of 12 K-h-1.

The X-ray diffraction patterns of the synthesized Fe-silicate was similar to that
of H-ZSM-S, indicating that the Fe-silicate had a pentasil pore-opening structure.
Chemical compositions of synthesized Na-form Fe-silicate were determined by
inductively coupled argon plasma atomic emission spectrometer (ICP) (27). The
amount of sodium ion was in accordance with that of iron, showing that iron is mostly
incorporated in the framework. Thus, the synthesized Fe-silicate was converted into H-
form by the ion-exchange method using 1 M-NH4NO3 solution (353K for 1h, §
times), followed by calcination at 813 K for 3 h. Sodium was hardly detected after
this ion-exchange.

Transient response study A mixture of 1000 - 2000 ppm of NO, 500 - 1000
ppm C3Hg, and 10% O was fed to 0.5 g of catalyst at a rate of 100 cm3emin-1.
Effluent gases were analyzed by means of gas chromatography and chemiluminescence
detection of NO and NO2. The catalytic activity was evaluated by the level of NO
conversion to N2.

Transient response experiments were conducted using a fixed-bed reactor which
was equipped with 2 lines of reactant stream, which could be switched by use of a 4-
way valve to change immediately one reactant gas composition to another. All dead
volume was minimized. Effluent gases were stored in a multiposition 8-way loop
valve, and analyzed in turn by means of on line gas chromatography. The first reaction
run before switching the reactant gas will be called "Reaction A" and the latter run

" "Reaction B".

During Reaction A, the concentration of C3Hg, COx, and NOx in the outlet gas
were measured by means of gas chromatography and chemiluminescence detection of
NOy, respectively. The amounts of adsorbed C3Hg and NOy on the catalyst were
calculated from the material balance of reactant and product. After switching the
reactant components for various types ( Reaction B ), the variation in the behavior in
N7 formation were compared.

Resuits and Discussion

Effect of Reducing gases on NO reduction As shown in our previous
study (/ ), H-Fe-silicate is a highly active and stable catalyst for the reduction of NO
with C3Hg at 573 K, and the first step of this reaction is considered to be the
adsorption of C3Hg, followed by the formation of carbonaceous material on the
catalyst.

Y Table 1 summarizes the temperature dependence of NO conversion with various
reducing gases on H-Fe-silicate. The level of NO conversion markedly depended on
the kind of reducing gases. CO and Hp were not effective for this reaction, and they
were preferentially consumed by the reaction with Op. Reduction of NO proceeded
when hydrocarbons were used as reductants, and the reduction reactivity decreased in
the following order:

C3Hg > CoHg > C3Hg >> CoHg > CHy
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Table 1. Effect of reducing gases on the catalytic activity of Fe-silicate.

NO conversion to N2(Hydrocarbon conversion to COx)/ %

Temperature / K 473 573 673 773
CH4 - 1.33(1.00) 4.04(17.3) 4.22(74.0)
C2H4 25.9(28.2) 36.6(82.2) 15.5(94.6) 5.82(94.6)
CaHs - 9.36(13.1) 12.5(74.3) 5.85(98.3)
C3Hs - 54.6(83.4) 16.5(100) 5.15(100)
C3Hs 10.1(1.5) 26.1(37.7) 12.9(81.3) 9.20(100)

Reducing gases, 1000 ppm ( C;H, CyHe, CyHg, CyH,, CH,);
NO, 1000 ppm; O, 10%; total flow rate, 100 ¢cm?3 . min’!; catalyst weight, 0.5 g.

Mechanism of NO reduction by Propene  We studied the reaction mechanism
of NO reduction by C3Hg on Fe-silicate catalyst by means of transient response
method in the following manner. First, the reaction was carried out using a mixture of
‘NO, C3Hg, and Q7 at 573 K (Reaction A'). After the N2 formation rate reached the
steady-state, the reactant mixture was switched for various components.

Figure 1 shows the variation in the behavior of N2 formation when the
components of the reactant mixture in Reaction B were switched for various types.
When only NO or Q7 in He alone was introduced, or when a mixture of C3Hg and O3
was introduced, N7 was hardly produced. On the other hand, when a mixture of NO
and O2 was introduced, a large amount of N2 was produced.

Carbonaceous material was deposited on the catalyst surface simultaneously (6 )
with the formation of N2 and COx in Reaction A ( Figure 2) . After a mixture of NO
and O2 was introduced( Reaction B ), COx was produced simuitaneously with the
formation of N2. However, the formation of N2 decreased gradually and completely
terminated after 60 min with no more formation of COy. From these results, it is
suggested that carbonaceous material deposited on the catalyst surface plays an
important role in this reaction and that the first step of the reaction is the adsorption of
C3Hg on the catalyst surface.

As shown in Fig.3-(a), when the reactant component was switched from the
mixture of NO, C3Hg, and O7 into the mixture of NO and 02, the In(N2 formation
rate) and reaction time at early stage in Reaction B have a linear relationship. In
addition to this, when N» formation rate is extrapolated to the moment of switching the
reaction component, the rate coincides with the steady state Ny formation rate of
Reaction A. Therefore, from these results, it can be concluded that N2 is produced by
the reaction between an intermediate and NO + Oy, and first order reaction with respect
to the concentration of reaction intermediate.
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Fig.2 Time-on-stream variation in the formation rate of
carbonaceous material and COx.

Reaction A: C3Hg, 1000 ppm; NO, 1000 ppm; O, 10%.
Reaction B: NO, 1000 ppm; 02, 10%.
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Reaction A: (a): NO, 2000 ppm; C3Hg, 1000 ppm; Oy, 10%.
(b): C3Hg, 1000 ppm, Oy 10%. (c): C3Hg, 1000 ppm;
{d): NO, 2000 ppm; C3Hg, 1000 ppm.

Reaction B: NO, 2000 ppm; O3, 10%;

In order to obtain further insight into the carbonaceous material, the effects of
the reactant components of Reaction A on the behavior of Ny formation in Reaction B
were studied.

First, when the mixture of C3Hg and O in He was introduced in Reaction A,
the rate of Nj formation in Reaction B was smaller than that of the steady-state reaction
( Figure 3-(b) ). Therefore, the carbonaceous material formed by the reaction between
C3Hg and O3 also promotes the reaction. However, the reactive intermediate could not
be formed. Probably, the carbonaceous material formed by the reaction between C3Hg
and O should also contribute to Ny formation at later stage of the Reaction B (shown
in Fig.3-(a): dotted line), however, this is not the main pathway of NO reduction,

Second, when only C3Hg in He was introduced in Reaction A, the rate of N2
formation in Reaction B was almost the same as with the C3Hg, NO, O2 mixture.
However, the induction period was observed at an early stage (Figure 3-(¢) ).
Therefore, adsorption of C3Hg on the catalyst surface shouid be the first step of this
reaction. However, the C3Hg adsorbed on the catalyst could not form the reactive
intermediate.

Finally, when a mixture of NO and C3Hg was introduced in Reaction A, the rate
of Ny formation in Reaction B was the same as during steady-state reaction. Therefore,
coexistence of NO and C3Hg is necessary to form the reaction intermediate.

Figure 4-(a) shows the variation in the formation rate of the deposited
carbonaceous material in Reaction A, determined by the material balance, whereas
Fig.4-(b) shows the variation in the formation rate of No2.

After one of the gas mixtures of NO + C3Hg + 02, C3Hg + 02, NO + C3Hg,
C3Hg was fed for 30 minutes, followed by the deposition of carbonaceous material on
the catalyst, the reactant gas was switched to NO and O2. The amount of the deposited
carbonaceous materials decreased in the order:

NO + C3Hg + 02 > C3Hg + 02 > NO + C3Hg = C3Hg
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carbonaceous materials and Nj.
Reaction A: O: C3Hg, 1000 ppm; NO, 1000 ppm; 02, 10%.
O: C3He, 1000 ppm; 02, 10%.
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In the case of NO + C3Hg treatment, N7 formation started immediately after switching
feed stream to NO + O3 in spite of small amount of deposited carbonaceous material.
The carbonaceous material deposited upon treatment with C3Hg + NO is extremely
reactive, showing that carbonaceous species effective for NO reduction is probably
produced by the coexistence of C3Hg and NO.

Also when reactant components were switched in the order of NO - C3Hg =
NO+02, or C3Hg = NO - NO+O3, the behavior of N formation was almost same
with the order of C3Hg = NO+O2 in this reaction conditions.

As shown in Fig.5, when a mixture of NO and C3Hg was introduced in
Reaction A, both NO and C3Hg were adsorbed on the catalyst surface, and the
adsorbed molar ratio of NO to C3Hg was unity.

From the results that the coexistence of C3Hg and NO was necessary to form
the reactive intermediate, the intermediate is suggested to be produced by the reaction

between the unstable carbon species such as radical or m-aryl and NO. Thus, it is
suggested that NO reduction proceeds via decomposition of the nitrogen containing
organic compounds.

Figure 6 shows the effect of the amount of reaction intermediate on Nj
formation in Reaction B. The reaction time in Reaction A was varied from 0.5 min to
30 min in order to change the amount of reactive intermediate. At 0.5 min and 1 min,
the N formation rate in Reaction B was same. On the other hand, when NO and C3Hg
were introduced for 30 min in Reaction A, a limit on N3 formation was observed in the
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Scheme 1 Proposed reaction mechanism of NO reduction on Fe-silicate catalyst.

early stage in Reaction B. As shown in Fig.7, N3 formation in Reaction B was limited
by the NO concentration in Reaction B. For instance, when 1000 ppm of NO was
introduced, the maximum: N produced was 1000 ppm. Therefore, Na should be
produced by the reaction between a nitrogen-containing reaction intermediate and a gas
phase NO( or NO3) molecule.

As mentioned above, the coexistence of NO and O3 was necessary to produce
N7 in Reaction B. It has been reported that NOg plays an important role in NO
reduction by hydrocarbons (12, 22). Therefore, the effect of NO7 on N7 formation rate
in Reaction B was studied. As shown in Figure 8, when NO2 in He alone was
introduced in Reaction B, N2 formation rate was greater than when NO and O mixture
was introduced. This suggests that NO plays an important role in the decomposition
of the nitrogen-containing organic compound.



Conclusion

From these results, we propose a reaction mechanism in which the first step of NO
reduction is the adsorption of C3Hg on the catalyst surface, and a nitrogen-containing
organic intermediate is formed by the reaction between the adsorbed C3Hg and NO
(Scheme 1). A nitrogen molecule seems to be produced in a process where the
carbonaceous material containing nitrogen (intermediate) is decomposed by the reaction
with another NO(or NO7) molecule in the gas phase.
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Table 1 Catalytic activities of various ion-exchanged ZSM-5.

Conv. of NOto Ny / % [C3Hg to COy / %]

Catalyst
300°C 400°C . 500°C 600°C

Ga-ZSM-5 ( 79) 71.9[29.5] 91.1 [53.8] 87.2[91.9] 85.9[97.6]
Al-ZSM-5 ( 53) 62.8 [28.1] 85.0 [55.4] 74.8 [73.1] 43.4 [90.0]
Ti-ZSM-5 ( 11) 60.2 [27.5] 85.3 [56.5] 72.7 [66.2] 37.3 [86.3]
Zn-ZSM-5 ( 97) 18.1 [ 7.11 453 [18.6] 93.0 [88.0] 56.5[96.0]
In-ZSM-5 ( 65) 76.0 [30.9] 85.8 [99.9] 53.8[100] 57.7[100]
Sn-ZSM-5 (104) 54.8 [23.8] 43.0[47.0] 2591[69.7] 164 [97.1]
H-ZSM-5 (100) 69.6 [38.5] 86.6 [72.2] 73.2 [86.5] v

Cu-ZSM-5 (111) 60.5 [92.1] 46.1[100] 469 [100] 45.2(100]

Reaction conditions: NO, 1000ppm; C;Hg, 1000ppm; O,, 10%; GHSV 12000h™".

Table 2 Catalytic activities of gallium ion-exchanged zeolites.

Conv. of NOto N, / % [C3Hg to COy / %]}
Catalyst

300°C 400°C 500°C 600°C
Ga-ferrierite ( 91) 65.5 [21.8]  69.1 [22.4]  98.5[40.0] 100 [76.1]
Ga-mordenite(106)  37.5 [12.0]  87.4 [34.8]  92.4 [862] 83.3 [97.7]
Ga-USY  (103)  4.7[ 0.9] 9.4 [ 3.1]
H-ferrierite  (100)  64.6 [22.6]  72.7 [24.2]  52.3 [24.4]
H-mordenite (100) 28.9 [11.0]  74.0 [40.8]  72.7 [70.5]

Reaction conditions: NO, 1000ppm; C;Hg, 1000ppm; O,, 10%; GHSV 12000h°.
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400° COEHE TEH VWE(LER EZ R L7225, £oM o s iEEG#E To
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B LCET LA, 72, USYDTEHRBBOEA T A MICHNTEL
CIEh o7z BLEDS ZSM-5D{1Zferrierite ASJh W IS im BE 38
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Selective Reduction of Nitric Oxide with Propane
on Gallium lon-exchanged Zeolites

Eiichi KIKUCHI, Michito IHARA, Tatsuya HISHIKI, and Katsunori YOGO
Department of Applied Chemistry, School of Science and Engineering,
Waseda University, 3-4-1 Okubo, Shinjyuku-ku, Tokyo 169 JAPAN

INTRODUCTION

The removal of nitrogen oxides(NOx) is a serious environmental problem. Cu-ZSM-5 is the most
efficient catalyst for this reaction among the catalysts which have been reported.l) However, it is very
difficult to accomplish high selectivity for conversion of NO to Ny on Cu-ZSM-5 if excess oxygen is
present, like in the case of diesel or gas turbine exhaust. It is due to the high ability of Cu-ZSM-5 to
oxidize hydrocarbons in oxygen-rich atmosphere, resulting in the restriction of selectivity for this
conversion. Therefore, it is expected for the practical performance to develop the catalyst having less
selectivity for oxidation of hydrocarbons even under oxygen-rich conditions. In our experimental studies,
it was found that gallium ion-exchanged zeolites showed high activity and selectivity for the reaction of NO
with propane even in high oxygen concentration.

EXPERIMENTAL

Parent zeolites, ZSM-5(molar SiO,/Al7O3 ratio, 23.3), mordenite(19.3), ferrierite(17.8), and
Y(14.5) were supplied by Tosoh Corporation. Gallium ion-exchanged zeolites were prepared by ion-
exchange of the ammonium form zeolites using aqueous solutions of Ga(NO3)3-9H,0 at 95°C for 24 h,
followed by calcination at 500°C. Measurements of catalytic activity were conducted by use of a fixed-bed
flow reactor. A mixture of 1000 ppm NO, 10% O3, 1000 ppm propane was fed on to 0.5g catalyst at a
rate of 100cm3-(STP) min-1. After reaching the steady-state, effluent gases were analyzed by means of
gas chromatography and chemiluminescence detection of NO.

RESULTS AND DISCUSSION

Figure 1 compares the catalytic activities of Ga-ZSM-5, H-ZSM-5 and Cu-ZSM-5 for the reduction
of NO with propane as a function of reaction temperature. Ga-ZSM-5 showed higher catalytic activity than
Cu-ZSM-5 in the temperature range of 300 - 600°C. It is noted that the conversion level of propane was
lower on Ga-ZSM-5 than on Cu-ZSM-5, particularly in the low temperature region, although the
conversion of NO on Ga-ZSM-5 was higher than on Cu-ZSM-5. Propane was almost completely
consumed on Cu-ZSM-5 above 400°C by oxidation. The high oxidation ability limited the reaction of NO
to N in the presence of excess oxygen. The ability of Ga-ZSM-5 catalyst for the oxidation of propane was
moderate, so that high efficiency was attained for the reaction of propane with NO. Recently, Hamada et
al.2) reported that H-form zeolite also showed the catalytic activities for this reaction, and that H-form
zeolites attained high selectivity for the reaction of NO with hydrocarbon. Ga-ZSM-5 was more active than
H-ZSM-5 at all the temperatures, although the amount of reacted propane was smaller on Ga-ZSM-5 than
on H-ZSM-5 in the temperature range 300 - 400°C.

The difference in the catalytic performance of Ga-ZSM-5, H-ZSM-5, and Cu-ZSM-5 became more

remarkable, when the concentration of propane in the reactant mixture was smaller. Figure 2 shows the
effect of propane concentration on the conversion of NO to N at 500°C. Propane was completely
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Fig 1. Variation in the catalytic activities of Fig.2 Selective reduction of NO as a function
various ion-exchanged ZSM-5 as a function of of CsHy concentration over Ga-ZSM-5, H-ZSM-5
reaction temperature. and Cu-ZSM-5.
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0 B, Cu-ZSM-5; open symbol, NO conversion; O, Cu-ZSM-5.
solid symbol, C3Hg conversion. Reaction temperature, 500°C.

consumed on all of these catalysts when the concentration of propane was smaller than 500ppm. The
conversion of NO on Cu-ZSM-5 remarkably decreased and less than 20% conversion was shown when the
concentration of propane was lowered to 333ppm. On the contrary, 65% conversion of NO was
maintained on Ga-ZSM-5 under the same reaction conditions, although almost the same amount of propane
was converted on both of these catalysts. The conversion of NO was lower on H-ZSM-5 than on Ga-
ZSM-5 under all these conditions.

From these results, it is obvious that the loading of gallium enhances the activity and selectivity of
H-ZSM-5 for the reduction of NO with propane, even in the presence of high concentration oxygen. It has
been reported that gallium ions in ZSM-5 are effective for the transformation of propane into aromatic
hydrocarbons via propene.3) This fact leads us to deduce that gallium ions are effective to activate
propane, resulting in the high catalytic activity for the reduction of NO.

CONCLUSION

Although further studies are required to understand the effect of gallium on the catalytic activity, itis .
concluded in this study that NO can more effectively be reduced into nitrogen on gallium ion-exchanged
zeolites with smaller amounts of propane than on Cu-ZSM-5 and on proton type zeolites, and that the
gallium ion-exchanged zeolites are the candidate for practical catalysts to remove nitrogen oxides under
excess oxygen condition.
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RERIECACLFe-Y Yy~ bz, RESELECLIDER LA, COFe-2 Y 4 —
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L7co XPSHEIZIZIPS-9000(JEOL) %A L, XBMBITIEMgK e EE B V7,

R R EEERE AR KRG %E + B ¥, NOx,1000ppm;C3Hs,300-1000ppm;02,
2-10% (He/NT Y R) DEFNAFALHVTEWELI00cm? min"!, MEER0.5g, K
JGERBE300-600"CTHToreo EBAADHMICR AR 0w b 25 78 & U{L 2555
NOxG#Hatx Hv 7z,
3ERLES

Table. ICEFETH VAFe-2 Vs — FOMBERL /2o Si/Fe=80DFe-3 1 4 — 1
TiENal FeDBAIIIZ—F L 7225, Si/Fel DN XL 4240 LidEo T, NadD B3 L
TFed B CHFET B2 ENDhID, SO LRSS, Si/FelkD/AE VFe-v 1 4 — b |3
EBRINDFe B (HFEELTVWABEHELLN %, NH3-TPDOEEH 5 (Fig.1),Si/Fes=
2SORREIESI/Felb=50L 1ZI2—F L, BHFIIH) XA TN FeD BIR AL O T 1T
EIZERELEZAOND, FRXPSHEDHEED S, Si/Felb /% Wb DiEFe2p D ¥ —
CTOBEZINF-@IZT a Vs - -2 NTELEL, BRI DFeOFENEE SN,

Table. 1. Chemical compositions of metallosilicates.

. Surf.
Catalyst Si/Fe  Si/Fe Si/Fe Na Fe Si ‘;r;fe
Y (ttsdhA)y  (ACP) (XPS) 1107%molg  /10molrg /10" molrg =
25 23.6 T 398 2.64 6.10 1.44 339
Fe-silicate
50 48.9 74.9 2.93 3.11 1.52 303
80 80.2 124.5 2.00 1.92 1.54 373
HCl-treat./ 25 47.8 3.14 1.50
Fe-silicate

SO0l cHDPHLPL - ELBbrvnn
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< 60F <
0 2=
SifFe=50 2 50[ SiFes80
o SifFe=25 e ot ,
= VFe=25(HCLreat) % SifFe=25(HC! veat.
Z 5 307
2 5 Si/Fe=25
£ 5 20f
2 g
A g 10f
o
100 200 300 400 0 200 400 600 800 1000 1200
Temperature / °C Concentration of C3Hg / ppm
Fig.1. NH;-TPD spectra of various Fe-silicates. Fig.2. Catalytic activities of H-Fe-silicates as a function

of C3Hg concentration. -

Reaction temperature, 300°C; NO, 1000ppm; O, , 10%;
total flow rate,100cm’ min!; catalyst weight, 0.5g.

0, SifFe = 80; A, Si/Fe = 50; O, Si/Fe= 25;

®, Si/Fe=25(HCl-treat.).

Fig. 3l 2N 5 DSi/Felbk DR % BFe-Y U —F AWV 2 DCIHeREE NORALE
DEHEYFT . C3HeEIE VWH A (s600ppm) KIESi/Felto#ME & bITNOELE
KM L7 EREE&ETTCRVWTALOMBICIBWVWTHCIHsDIEALEIRIO0% TH o 2.
L7z 5T, NOEBILEOFEFIECiHeDBREFEHIC LB DEFEX b N D, Si/FelbA5/h
X \VFRe-Y Y r— b REBRNCSECLEETA2Fe N RICKEORBERICEEEL, KED
BREFPETIELDEELLND, TR LT, Si/Fe=80DFe-¥ ) ¥— M1 FH
Fz i3 L A LFe N BEAEET, C3HsDBRBFEENPZLWAD, BHCHBEETHERY
WCOXWEIETL, REFBICIVETE LA, FITERNOFeDEEBERET L
BDIZSi/Fe=25DFe-Y Yo — b DBEHENADOFen BELRRE A7, 0. INODERTRET L
EIE DFeD BIESi/Fe=S0LEARECTI TRILAY, BECREBLACREFALN
B oTlr, o T, BHENOCFeD AVPREFENZSDEFEZ LN L, TDFe-¥ Yo — 1}
PRIBICHMLZES S, Si/Fe=50DFe-Y Uy~ P RABEONOEMAENFEL N, &
72, Si/Fe=50MDFe-> Y4 — FDEBRMEASI/Fe=80L N D EVOREHRPIIRIZT N
FFeBOBMICE D VW REEENEAKLALZDOTCR2VRLEELLRLLIFSEMRIRE
P TH D,

CRLDTEML, C3Hell LANOBETRIGIC B TFe-T ) 7 — FEBBIICFeAHF
ETAERINMAELBEORGYBEL, REOBERELZEBETEIELIINDEZZLND,
ZOE, Si/Fel D/ S WFe-Y Y &r— P TENOGALEINETTHAIDEHERL 2,

R

1) R, AB, BFE, #E. KEF., BE. 32, 430 (1990).

2) H.Hamada, Y.Kintaichi, M.Sasaki, T.Itoh, Appl.Catal., 64, L1 (1990).
3) M.Misono, K.Kondo, Chem.Lett., 1001 (1991).

4) E.Kikuchi, K.Yogo, S.Tanaka, M.Abe, Chem.Lett., 1063 (1991).

5) T.Inui et al., Proc. 8th Intern. Conger. Catal., [-568(1984).
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BE. PFA-CNVZ VI VAT ASOBRERIAZERATLBT ANOXOREICHWH
LHEBELRTED, Cu-ZSM-5%D ¥4 54 MEEIPRMUKFZECLIANOETCAHYT
LZILNBEEATVLY, RARBRZAMNEHAAT TOCIHsIL L ZNOETT KT I
Fe— VY r— PO EEELRL. MESTFLCRAE LAREEINOBIREILHFSF LT
VBRI ERHELAED, FITCAFATRBELEE*AWIREBEORATED, K
EHEEII VW TRERIT o2,

2.ER

Kﬁ)f%ﬂ:m\ﬂf:}?e—“/‘)&~}w‘i\ AEESIEDCEIVAEELL, TDFe—¥Y T —
FAWEBT Y ES Y AKBHETA A YRBLAGERERL, F0 Y EE L TR
Lt:e EWIRBREEIEESCSERERRCEBETH W/, NO,1000ppm ; C3Hs,3500-
1000ppm ; 02,1-10% (He/XT ¥ A) DRETN A ® v, £ E100cm3 - min. b, ARME
gﬁmwmjg,&mﬁ&wotvﬁotoi&ﬁxwﬁﬁu@ﬁxamvby57£;
CILERERXNOxDHEE B i,
LR EEE
FQAKNQmHmmwﬁ%ﬁx%mwfﬁm%ﬁw\Noﬁﬂﬁﬁiﬁﬁ%ﬁbt&
(Reaction-A), NO, 02D RE X XYY
¥ x 7o L & (Reaction-B) DNz&EREED
BEHEATFRLL, YHBRIKCOxDE
el bITN2AYER LA, 607%ICIE
FITEEL., COxDERDITLEALRD
LNl o, Reaction-All B » T

—
n

Reaction (A) Reaction (B)

s

ot
o

EEEHLCREMRBLTVE I 2, Z 57
72NO, 02D 247V THEN2 SR L %
wWIkdb, MERELICHELLRE 0 o-0-0-0

Formation rate of N, {10 motmin.

fﬁﬁ‘NOiﬁﬁﬁm@:ﬁ%Lf\/‘%t#iB 0 10 20 30 40 50 60 70 80 90

na Time / min,
o .

2T, NODBRIEAMEREBROE Fig.1. Transient response of the formation of Np
BB LETHETAD B0 w TR on H-Fe-silicate when feed composition was changed.
= e . - . . Reaction (A): NO, 1000ppm; C3Hg, 1000ppm; O, 10%.
AEAT oo Table LIK/RT &9 IKC3Hs Reaction (B): NO, 1000ppm; O, 10%.
OHEMEB LB (Reaction-A)IZ. NO& Total flow rate, 100cm>-min.”}; catalyst weight, 0.5g;
Oz %M AL 72 &S B(Reaction-B). #7 reaction temperature, 300°C.

trponh - BoErL BB ITEL - EL(brwvndn

- 103 -



L7 EBRCHT A2N204

Table. 1. Effect of feed gas composition on the formation of
carbonaceous material and nitrogen.

BEIIL Lo o, %72 Reaction (A) Reaction (B)
P o o Composition Deposited Carbon Composition N, N, /C N,/ COx

C3Hse O2 2 HHB/LHE po / 10-5mol /104mol | / 102mol/mol | / 10 ?mol/mol
LA ERNEL R, C,H¢=1000ppm 423 151 3.57 8.20
chicH LT, C3He ENO
D2RGEEBLICHEEICE C’H(g‘;?ggfpm 97.1 3.51 161 6.58
N:2DAEBREMNE AL, & NO=1000ppm

. . GH=1000ppm 56.4 0,=10% 106 18.8 28.1
DT EPL, NOMWEFTS NO=1000ppm
Z LI EDNODET KIG I C;Hg=1000ppm

NO=1000ppm 106.4 6.40 6.02 12.5

EHh b REBEBIFTERT A 0;=10%.

EHNRBEND,
D EIZ, C3He bk NODH

Total flow rate, 100cm?-min."!; catalyst weight, 0.5g; reaction temperature, 300°C.

Table. 2. Effect of feed gas composition on the reduction of nitric oxide to nitrogen.

Ll LRE L Reaction (A) Reaction (B)
0B LU 028 @ ) . |Deposited Carbon . N N /C Ny /COx
N ) : R Composition J10%mol | COMPOSEOM | o smot | 710 mol/mot | 7 10-2mol/mol
WTHRETTVW, FORER a)
% Table. 210 L7 58.1 NO=1000ppm |  1.42 2.44 -
. ~ /Iy - 0
Reaction-BT, NO®D &, C;gf‘lmi“ 50.1 0,=10% 147 2.93 8.03
b L<ido2n A #EALT oo
ppm
N2 EREERAD VW, & 56.4 0,=10% 10.6 18.8 28.1

iz LT, NOk O2m 3
FHFAEHEALLHEIIHE
SEON2DERL, TO
ZEdb, CaHsENODEFILED
ERLEZREEFN2DERICHFFT
ABHICE, NOLO2OEENFLET
Horerbdhol,

% TReaction-BTOBESTED
BB OWTHFT 21T o7z Fig.2
KERT LI, BESEVOET L L
LbIZCOxDERENBAL L. HBK
EFNOBTWERMICHEHR S, &£
BL7aN2bCOxD A0 5T L
o THOTEDPLBTESNANOLER
FTRIGICER XS NZCIHeDRFEDE
FHiZ. N:C=1:1TH 5B &VRR
SN b,

nEAS, M, 32, 430 (1990)

a) : COx was undetectable.

g 0.8 0.8
=
S
i3]
g o067 40.6
a
5
5 o ]
g o 0.4
Q
2
= 02t 10.2
8
=
o
£

0.0 0.0

0 5 10

O, concentration in the reaction (B)

Total flow rate, 100cm? - min."}; catalyst weight, 0.5g; reaction temperature, 300°C,

! Deposited carbon in the reaction (A)

Produced COx in the reaction (B)

Fig. 2. Effect of oxygen concentration on the selectivity
for NO reduction in the reaction (B).

Reaction (A): NO, 1000ppm; C3Hg, 500ppm.
Reaction (B): NO, 1000ppm.
Total flow rate, 100cm>.min”
reaction temperature, 300°C.

L catalyst weight, 0.25g;

2)E.Kikuchi et al., Chem. Lett., 1063 (1991)
3)T.Inui et al., Proc. 8th Intern.Conger. Catal., M-568 (1984)
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FA—VN IV EORBFEAHMECECIERNT AL ONOxO LR E LT, Ik
AKEZEIZLIDINODBIEMEB XN T WS, TORIWICHCU-ZSM-58 DY 4 5 4 + AM
WEEHTHE2I N BEEINRTVWAEN2), Re T coWET, BETHELT
CIHSDBLUCIH4D T HVAHE, Gal i BHBE XX I 4 F 4 I TIHHRESR LSS
A PRBEIDOSEVELEREERTCEWNOEBALR R RY I L2HRELALZ, #F2T, A
T, GaHEBERESLIUVHEAODEBIZODWVWTHAR, GaONOBILTHEBILE LIz 1%
iz oW THRE L 7,

2. EER

ZSM-5 (Y — %, Si02/A1203=23.3) "D GaDHFIZ, MEELrYHV I A 4 Xk
FBICEDdT o/l £72, Cu-ZSM-SHERLD FEIL W, BEBREKEETHAVWTHER L
oo ARLAAMEBOEEHEBEEICPICEID RS, A F VERBBE(%)ELTOWICGa,
Na®DJHFE TR LA, RN HEEEZEREBARXCKE *H v, NOEE1000ppm, O:2
BHE10%, CiHsiM 167-1000ppm (He/S3 Y R) OEFNVFALH T, 2H &
100cm?/min, M ERO0.5g, RIWIRAE300-600"COEMGETIT o/, LT A D HITIC
WA A9 M7 BLUTIEERERANOXAHE T H 2,

3. BREER ‘

Fig. 1l2Ga/H-ZSM-55 & U'H-ZSM-5DCaHsDNOBIE IS 122 4 2 @INPE L i) o
Ga/H-ZSM-5, H-ZSM-5& L IZC3Hs i@

BT W T . CaHs o kM KD AT Klﬂ
ITL, NOBTTRG~NOERMIRE M, L Nga&
ML, CoHsMENBETT 3 & & b c@R 2|2
WiEmEL, BT SRANOE £ L é%aﬁ
COxONECORFUEHMN: C=1:11E FIB g4
WH L 7S, 72, HECGa%BH TS 8|8
ERED, LORGEREKSCTS., R (T oo
BAEET A2 h o,

kAo o - IV 0.0 —r——
R, GanHHAEPFL AT L0, 0 200 400 600 800 1000 1200
Bl ABEOEEBIIODWTHRF L, 08
REFig 2R ¥o Na-ZSM-52 6 B L
. ) ) } LS A b OB Fig.1  Ratio in conversion of NO to C in propane on
Ca/Na-ZSM-SHNH4-ZSM-S2 BB 5 /4 79M.5(79)(open symbol) and H-ZSM-5 (solid
L7:CGa/H-ZSM-5IZ L XNOHEALHAE A symbol). NO, 1000ppm; O,.10%; total flow rate,

. - . TN At 100cm” -min™; catalyst weight, 0.5g;
D2, INLOMED GaiBIFHEIL Gad', reaction temperature, 300°C(0), 400°C(A), 500°C(O).

C3Hg concentration / ppm

LI oDl - wiEbLbE - THB3EWE - EdBbivnnb
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Selective reduction of NO on various ion-exchanged zeolites as a function of C3Hg

Catalysts: O, Ga/H-ZSM-5(94); @, H—ZSM-S; A, Ga/Na-ZSM-5(105, 37

01, Na-Ga/Na-ZSM-5(95, 69).
NO, 1000ppm; C3Hg, 1000ppm; 0,, 10%;

Gt LTA AV RBRLEERET DL
H100% LEEEADRZ DO 7mH%, Na#
P OFBL - ARETIEA FvEHBRYTAMFO
%‘940%®Navbf9§»’§bf\n5:tﬁfﬂ:"q—‘ﬁ}
WFicbhymRaio C »Ga/Na-ZSM-5%
KL INaTAF v RBLLESD, Nag
L40% D HT70%~NEHML NOER{LH X
ELCET L. T2, C3HsPNOBTK
EE\&:&M'Z;iiwi"r&cicama-zsm-sci
Ga/H-ZSM-5& Na-Ga/Na-ZSM-5i3H-
ZSM-SEEIZFALTH o7, Fig. 3R T
S %zswse:ﬁwa%ﬁ{ﬂuow&é:
n;tH>c;a/n>Ga/Na>Na-Ga/Na@Jﬂﬁfa&
HUTe L7zdto T, Ga/H-ZSM-5O®&
NOSE (b & B PNH Gak B2 D ARFES
Behsb EEBELT.

Desorbed NH; / a.u.

total flow rate, 100em® .min’!: catalyst weight;.0.5g.

.-, HZSMS3S
: \ Gu/H-ZSM-5(94)

Na-Ga/Na-ZSM-5
. (95,69

i

0

5% LI

1) B4 G, M, 32, 430 (1990).

2) H. Hamada et al., Appl.

3) K. Yogo et al., Chem. Lett., 1025 (1992).

4) EiEn, W1 MOH AT RNV F-
5) E. Kikuchi et al., Proc.
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Fig.3 NH;-TPD spectra on various cation
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Fig. 1. Effect of reactant components on NO conversion to Ns.
(Fe-silicate catalyst, 300°C)
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%5, 72, SchemellZ NO + Q2 N2+ COx
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ON2~NDFBIZ LT Scheme 1. Reaction mechanism of NO reduction
CudAF v XB|_Y¥A T4 with C3Hs on Fe-silicate catalyst.
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Fig.2. Relationships between NO conversion
and C4Hjg conversion on:

0, Ga-ZSM-5(79); A, Al-ZSM-5(53);

¥, In-ZSM-5(65); @, Sn-ZSM-5(104);

A, Ti-ZSM-5(11); ©, Zn-ZSM-5(97);

O, H-ZSM-5; &, Cu-ZSM-5(111).

Catalyst weight, 0.5g; NO,1000ppm; 02, 10%;
C;Hjg, 1000ppm, total flow rate, 100cm>min’!;
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Fig.3. Relationships between NO conversion
and C;Hy conversion on Ga- and H-zeolites.
0, Ga-ZSM-5(79); ®, H-ZSM-5;

A, Ga-ferrierite(91); A, H-ferrierite;

01, Ga-mordenite(103); ®, H-mordenite;

©, Ga-USY(106). Catalyst weight, 0.5g;
NO,1000ppm; O,, 10%; C3Hg, 1000ppm;
total flow rate, 100cm>min’’;

reaction temperature, 300-600°C; reaction temperature, 300 - 600°C.

Values in parentheses are ion-exchanged level.
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ANO + C3Hs + kO2 = 3/2N2 + mCO +nCO2 + 4H20 ....... (1
{k=1/2(m+2n+1), m+n=3}

COBIUH2CRINLDAMELTNONDBEREREI LRI LPS
BAAZSFOCHNOBT LN BRWICEDLATVELEERLILLTE
%o
1.3, NOBRET KT 2 RAKFEOHBEOIN R

K BTHOEBCOoOV TR 2T o7, Fig. 4ICBTAICC2H4T AV
7% % OGa-ZSM-5 EH-ZSM-5S ONOEAL R D BERFEOEREIRT 6
Ga-ZSM-5HC2H4IC L ANODBRERE KBV THEVRGERERTEE
MARL, NOBTRGOBREIED TH(, ERLAN2EEIELR
{bATED TNV HILITIZ1:1TH o 72 (Fig.5)o C2H4IT X AENODEILEIGIZ
LFToQ)ORBKXOERTRIND,

INO + C2H4 + kO2 = N2 + mCO + nCO2 + 2H20 ....... (2)
{k=1/2(m+2n), m+n=2]}

kicBTH & L TCHaB & FC2Hs 60
oW T AR R o7z, BEF LE
H20) 2 Cu-ZSM-5 R FAL203 L TD
NOBTRRIGY #~<, RILAEZER
#(C2Hs, C3He, C3Hs, C4HH)RT
JEEIR B (H2, CO, CHs, C2He)Z &
TFMEICHHELTVW S, TNET

CHs4, C2H¢THNOBRETH L &\fﬁ~gfﬁd
LERIBEVEZE XL TE 2,

Al2031XC3HsIT & B NOR T KB 12 4 000 300 400 500 600 700
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0 e HY), CHeTHRMBREHES .
g . 1g.4. ariation in conversion on

L, NORTRIGAERE mﬁ_ © f E Gag-ZSM-S, H-ZSM-5, and Cu-ZSM-5

vo LA L, Gad d ¥R BEATA as a function of reaction temperature.

PR EHWD ECHeB X TFC2H6TD o, Ga-ZSM-5(92); A, H-ZSM-5(100);

NOZBIRBTATEE & % 5 (Figs.6,7)o O, Cu-ZSM-5(111). Catalyst weight, 0.5g;

CTHLOREONOBTORRNMIID NO, 1000ppm; C2Ha, 250ppm; Oz, 10%;
WThHDE total flow rate, 100cm® - min’,

B
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Q
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E
K
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o

NO conversion to N / %

Temperature / °C
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Fig.5. NO reduction on Ga-ZSM-5(92) as a function of C;H, concentration.
NO, 1000ppm; O, 10%; total flow rate, 100cm’ min’}; catalyst weight; 0.5g;
reaction temperature, 500°C.
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Fig.6. Variation in NO conversion and CHy Fig.7. Variation in NO conversion and C,Hg
conversion on Ga-ZSM-5(open symbol) and conversion on Ga-ZSM-5 as a function of
Al,O5(solid symbol) as a function of reaction reaction temperature.
temperature. 0, NO conversion to No;
O @, NO conversion 1o Ny; A, CyHg conversion to COx.
A A, CH,4 conversion to COx. NO, 1000ppm; C;Hg, 1000ppm; Oy, 10%;
NO, 1000ppm; CHs, 1000ppm; Oz, 10%; total flow rate, 100cm’ - min’";
total flow rate, 100cm’ . min’; catalyst weight, 0.5g.

catalyst weight, 0.5g.
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Fig.8. Ratio in conversion of NO on Fig.9. Variation in NO conversion and CH, conversion
Ga/H-ZSM-5 to C in hydorogarbon.  on H-ZSM-5 as a function of reaction temperature.

0, CHy; 4, CoHg O, C3Hg. 0, NO conversion (NO, 1000ppm; CHy, 1000ppm; O,, 10%);
NO, 1000ppm; Oy, 10%; 4, CH, conversion (NO, 1000ppm; CHy, 1000ppm; O, 10%);
total flow rate, 100cm® min™; 0, CH, conversion (NO, 0 ppm; CHy, 1000ppm; O, 10%);
catalyst weight, 0.5g; total flow rate, 100cm>.min’}; catalyst weight, 0.5g.

reaction temperature, 500°C.

"2NO + CH4 + kO2 = N2 + COx + 2H20 ....... 3)
ANO + C2He6 + kO2 = 3/2N2 + 2COx + 3H20 ....... 4)

DEjb, Tbb, RIGOBREIRMKEORERS NS (2D
RN IINONDBRNRI o T A I Ld bR b (Fig.8)e T, 70
FYBEFSA P ETHCHAC L ANOBTERIB AT I H VERETE
74 B(Fig.9)o ARGEBETTHE IO P VEHEFT A FO{LEERIES)
ARTREN D,

NO + CH4 + kO2 = 1/2N2 + COx + 2H20 ....... (5)

Ga-ZSM-STIENO:CH4=2:1TH HD I L, H-ZSM-5ETHIIIT
NO:CH4=1:1L 7% b, T4 bbCGanHFEKL Y NOBTOERENFHLL
TVBEIENDD D, ARBKRBECFENFATRTHLI L, RU
H-ZSM-5F TitS00CU T CRCHDRERIE & B IO R VI &5,
CH4HENO2EDRIBIC L h it sh 3 eEFExbN D, T/2Ga-ZSM-5T
b H-ZSM-5& FREICS00C LT TIRCH D BBEIE M ZIZ L ALRBL 2V,
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Fig.10. NO conversion and Hydorocarbon conversion on H-ZSM-5(A) and
Ga/H-ZSM-5(0) as a function of reaction temperature.

NO, 1000ppm; C;H,(solid symbol) or C,Hg(open symbol), 250ppm; O, 10%;
total flow rate, 100cm® min’; catalyst weight, 0.5g.
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11. NOBELRBICE T 36a Ao XTHREF S 1 bORIRES
(BABT) OFRERH - #HEBA - FHBE - k-

1. #8

FA NIV VEOBMEYBRCEUCHERN AL ONOXDBREH
e LTHRAAKZECLIANONDERBIEFEE SN T 5, ORI
CmmMJ%m%ia4r%%ﬁ#ﬁ%f%a:aﬁﬁ%énfwabmo
Ll ERERETCERUAELBREOREFESRL, BRHZNO
DETRFERLERIIEVD D, FITHRAINOBTRICO EREZS
WAHIERZEMELT, BAeDhFF v RBEFTA P OBRREICOVT
DRI AT o, BEME LTCIHs B tHE, Gaf A VRBESF T
4 FAEHWNOE(RERL, NOETRLENBREFBOTH NI LER
W L72500), AFRTIEGaS F YRBEEA T A P ONORTLITICA T
ZEE SRR, GaDHMBIC O WTHRE 21T 2 72,
2. EEB

FA5 4 PADOEBEOERE, BWEBE (Ga,AlLZn) & 2\ ILEAD
(Ti,In,Sn) X AWV, AFVEBEICLIDNITo R, AFFRTIIES S AT
13 7ZSM-5® 4 |2 ferrierite, mordenite, USY (ELL, HY—H) tonT
B L7z, &4DSi02/Al203k1x 23.3, 17.8, 19.3, 14.5 Thbd, 1T

Table 1. Catalytic activities of various ion-exchanged ZSM-3.

Catalyst Conv. of NO to N2/ % [ C3Hs to COx / %]
(lon-exchange level %) 300°C 400°C 500°C 600°C
H-ZSM-5 69.6 38.5]  86.6 [722]  732[865] 427 [92.1]
Cu(lI1)Na(7)-ZSM-5  60.5 [921]  46.1[100] 469 [100] 452 [100]
Ga(79)/H-ZSM-5 719 (20.5] 9L1[538] 872[91.9] 859 [97.6]
Al(53)/H-ZSM-5 628 (28.1] 850 [55.4] 748 (73.1]  43.4 [90.0]
Ti(11)/H-ZSM-5 602 [275] 853 [56.5] 72716621  37.8 [86.3]
Zn(97)/H-ZSM-5 1810 7.1] 453 (1861  93.0 (88.0]  56.5 [96.0]
In(65)/H-ZSM-5 76.0 [30.9] 858 [99.9] 5381100}  57.7[100]
Sn(104)/H-ZSM-5 548 (238] 430 [(47.0]  25910[697] 164 [97.1]
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Fig.1. Variation in NO conversion on various Fig.2. Ratio in conversion of NO to C in propane.
gallium ion-exchanged zeolites as a function of Catalysts: 4, Ga(79)/H-ZSM-5; O, H-ZSM-5;
reaction temperature. o, Ga(91)/H-ferrierite; O, H-ferrierite.
Catalysts: reaction temperature, 500°C.

o, Ga(79)/H-ZSM-5; &, Ga(106)/H-mordenite;

0, Ga(91)/H-ferrierite; O, Ga(103)/H-USY.
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Fig.3. NO reduction on the most selective catalyst(Ga(91)/I~f—fcrrieritc) as a function of
C;Hg concentration.
Reaction temperature, 300°C(0), 400°C(a), 500°C(0).
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Fig.5. NH;-TPD spectra on various cation

Fig.4. Selective reduction of NO on various exchanged ZSM-5.
ion-exchanged zeolites as a function of C3Hg

concentration.

Catalysts: O, Ga/H-ZSM-5(94); @, H-ZSM-5;
A, Ga/Na-ZSM-5(105, 37);

0, Na-Ga/Na-ZSM-5(95, 69).

A0%BIINadBFLTV BT EFEEFHICLIYRENL, TDGa/Na-
ZSM-5% ELIINaTA F VB LAET S, NaEIZ40% P HT0% N &1
ML, NOELEEEL(ETFLA, THFig.5ItRT LT, £ZSM-5
OEERMOBEIIH>Ga/H>Ga/Na>Na-Ga/NaDETHRI L Twa, L
2o T, Ga/H-ZSM-SOBWNOERILE L BRE L Cat READHRED R
THHEEBL =,

BEIXK
1) &F&, A&, BF, F®E, KT, ME, 32, 430 (1990).
2) H.Hamada, Y.Kintaichi, M.Sasaki, T.Itoh, and M.Tabata,
Appl. Catal., 64, L1 (1990). ‘
3) E.Kikuchi, K.Yogo, S.Tanaka, M. Abe, Chem. Lett., 1063 (1991).
4) M.Misono, K.Kondo, Chem. Lett., 1001, (19591).
5) K.Yogo, S.Tanaka, M.Ihara, T.Hishiki, and K.Kikuchi,
Chem. Lett., 1025 (1992).
6) E. Kikuchi, M.Thara, T.Hishiki, and K.Yogo, Proc. 9th Intern.
Zeol. Conf., RP-40 (1992).

61~

- 119 -



Fuy®m LA R BEEFTAPETO
NOBE RIS B 3 RIEKEDOEBEODR

(2x®IT) OmiE A - JeOEE A - AR E - MR~

1. #38
Miﬁ%%%ﬁfwﬁ%mim;%No%%&mmﬂufmkde%
n¥ATA F;’ﬁ%&ﬁ%fﬁﬁﬁjfﬁ)%l&fﬁﬁ’(%‘éﬂfu\él)o T S E S (0
s coMR T, Gad A ¥ RB|EATA LA 4 o ALK FEC X ANOERTT
FElca L THERERL, Noiﬁﬁ@@m'maﬁ@&bf%w:t%%&%b
L 2)  zrCAWRTEGaA A Y RELA T A bR TOHONORIR G E
4)&'&‘&1;&:)&013“5%%7](?2@fi&ﬁ@ﬁ*})%u:omf%ﬁ%ﬁ'%ﬁof:o
2. ER
de(iV~%,MOHMNMﬂ&3)N@mm%ﬁVQ&@,%
miEE BV TIT 2 1o fimti%ﬂ:‘t@%%ﬁ@ﬁfim%*ﬁ%ﬁﬁm, N O K
1WMWmJn%§W%,ﬁ%ﬂ%%EHOAMOWm(MﬂﬁyX)
@%?Wﬁz%mmf,@ﬁ%mmmwmm,mﬁiimn,ﬁmﬁﬁ-
400-600°C ® %t TIT2 Lo éﬁﬁzw%#ﬁc:ziﬁxamvk/fv7735
itﬁﬁt%%j&’:ﬁNOxﬁifﬁ%&%ﬁﬁwto
3. BB CER
Fig.HZGa/H-ZSM-Sb:J:5N05§ﬁliﬁﬁb:ﬁ’9“é;‘p‘é{tﬂ(ﬁo)@iﬁ@ﬁ]
BxFTo ﬁ)‘z?&%ﬂbﬁ‘d\é<7::6L:oﬂfﬁzﬁtﬂﬁ%@}iﬁﬁ’l‘é&fﬁf&?L, & &
% T ONOBEILFITET L, 400CLH Lo BERTHRARIEEMHTT
mwfn%gﬁmﬁ%%bto:ﬂ%@ﬁm@No%ﬁ@@%%wgw%
Fig. 210 R 7T o B L 7z R AL K 15 F %7 PN2~BTEENENOD T
T oK IENO:C3He=3:1, NO:C2H6=3:1, NO:CHa=2:1E% 1Y, KFE
*séﬁlfﬁ'ﬁ/}‘L’C%%E?RB@KNOEﬁﬁS@ﬁ?‘%Cé:fﬁb‘/)‘%o RALKFED
ﬁ&@%km%m,cun,&Wan@%%KuNo%ﬁmﬁm%@ﬁT
T AN, CHsaTRIBIZ—EMHEERL Lo CH+HERmHmMEERLZL C,
%%ﬁmuXEW%wT?wﬁ:6&wtbu@ﬁ%m%%ﬁﬁ&h5&
whokEZLOLN Ao
it,cnutc&um%%%mﬁbt@%ngmﬁﬁo3%@&&@
&R B T A Lo 4 v o AREEFEC, = WNOMEILEE IR L LA,

Oii#o@b-w@%&%t-T%é3w<i-§<%iww%
-120-



Hydrocarbon conversion to COx / %
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INTRODUCTION

The reduction of nitrogen oxides(NOXx) to molecular nitrogen is an important task
for environmental chemistry. Iwamoto et al. [1] and Hamada et al. [2] have studied the
reduction of NO by various types of hydrocarbons in the presence of oxygen on Cu-
ZSM-5 and Al,O3 catalysts, respectively. It has been reported by these authors [3] that
CHy is not effective for this reaction. As hydrocarbon species found in exhaust from the
gas-cogeneration system should mainly be CHa, however, it has been expected to
develop a catalyst being active for the reduction by CHa.

Meanwhile, we studied the selectivity of zeolites which were ion-exchanged with
various types of cations, and found that gallium ion-exchanged ZSM-5 and ferrierite were
highly active and seléctive for NO reduction when C3Hg or CoHy was used as a reducing
agent [4]. In the recent study, we have found that Ga-ZSM-5 shows high catalytic
activity and extremely high selectivity for NO reduction by CHg [5], and also found that
this reaction is moderately promoted even by H-form zeolites [61.

EXPERIMENTAL

Na form ZSM-5 having a molar SiO2/A1203 ratio of 23.3 was supplied by Tosoh
Corp., and it was converted NHy-form by a conventional method. Gallium ion-
exchanged ZSM-5 was prepared by ion-exchange of the NH4-ZSM-5 at 95 °C for 24 h
using an aqueous solution of Ga(NO3)3-9H70, being followed by calcination at 500 °C.

The solution was compounded to give a concentration of gallium cations equal to one
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Fig.1. Reduction of NO by CH, on various catalysts: Fig.2. Selectivity expressed by the ratio of reacted
O, Ga/H-ZSM-5(92); A, H-ZSM-5; 11,A1,04. NO to consumed CH,4 as a function of temperature.
0, Ga/H-ZSM-5(92); A, H-ZSM-5; O, Al,0;.

third of Al in ZSM-5, meaning a 100% ion-exchange level as Ga3+. The value in
parenthesis for the expression of catalysts represents the exchange level of gallium
determined by ICP. Alumina, used as a reference catalyst, was obtained from Catalysts
& Chemical Ind. Co.

Measurements of catalytic activity were conducted by use of a fixed-bed flow
reactor. Unless otherwise mentioned, a mixture of 1000 ppm NO( or NO»), 10% O3,
1000 ppm CHy4 and He was fed to 0.5 g catalyst at a rate of 100 cm3(STP)-min-1,
corresponding to SV equal to 7200 h-1. After reaching steady-state, effluent gases were
analyzed by gas chromatography and chemiluminescence NOx analyzer. The catalytic
activity was evaluated by the level of NO conversion to Na.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of catalytic activity of Ga-ZSM-5 for
NO reduction by CHg4 in a comparison with H-ZSM-5 and Al;03. Ga-ZSM-5 showed
high catalytic activity at temperatures higher than 400 °C. H-ZSM-5 was also active for
this reaction. On the other hand, the catalytic activity of Al;03 was extremely low

compared with those of Ga- and H-ZSM-5. Although it has been shown that Al;O3
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exhibits high selectivity for NO reduction by C3Hg [2], combustion of CH4 preferentially
took place and the selectivity was extremely low as shown in Fig.2. H-ZSM-5 was less
selective than Ga-ZSM-5.

As shown in Fig.3, NO(1000 ppm)-CH4(1000 ppm) reaction hardly proceeded in
the absence of O, showing that Oy is a necessary component for NO reduction.
Furthermore, CH4(1000 ppm)-O2(10%) reaction also did not take place below 500°C in
the absence of NO. In comparison with the results on NO;-CHy4-07 reaction, it is
deduced that NO- should be concerned in the selective reduction. It has similarly been
reported by Hamada and co-workers [7] that selective reduction by C3Hg on AlrO3 and
H-form zeolites proceeds via NO; intermediate.

Figure 4 shows the catalytic activities and selectivities of GapO3 unsupported and
supported on Alp0O3, and those of Al,03. The selectivity was low when Alz03 was used
as a support of gallium, and the selectivity of unsupported Gaz03 was likewise low.
From these results, it is considered that ion-exchange onto zeolite is needed to attain high
selectivity of gallium. Gallium cations in zeolite should have higher degree of

coordinative unsaturation than GazO3, even supported on AlxOs.
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The high selectivity of gallium cations in ZSM-5 can be attributed to their high
affinity to NOx and alkyl species. Gallium oxide is used for NOx sensor materials with

“high sensitivity [8], meaning the selective adsorption of these molecules. Furthermore,

Ga3* cation is also known to form alkyl complexes [9]. We thus deduce that extremely

high selectivity of gallium ion-exchanged ZSM-5 is achieved by efficient coordination of

NO7 and hydrocarbon species at unsaturated gallium cations in zeolite.

CONCLUSION

Summarizing the present work, it is concluded as follows:

1) Gallium ion-exchanged ZSM-5 exhibits high selectivity for NO reduction by CHy, and
that CHy can be a selective reducing agent for NO reduction.

2) NO; seems to be concerned with the selective reduction.

3) The high selectivity of gallium ion-exchanged ZSM-5 is brought about by the reaction
between NO; and CHy proceeding efficiently on coordinatively unsaturated gallium
sites.
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INTRODUCTION

The reduction of nitrogen oxides(NOx) to molecular nitrogen is an important task for
environmental chemistry. Iwamotol) and Hamada?2) have studied the reduction of NO with
hydrocarbons in the presence of oxygen on Cu-ZSM-5 and Al203 catalysts, respectively. It has been
mentioned by these authors3) that CH4 is not effective for this reaction. As hydrocarbon species
found in the exhaust from gas-cogeneration system is mainly CHg4, however, it has been expected to
develop a catalyst being active for selective reduction of NO by CH4 in oxygen-rich atmosphere.

In the recent study, we have found that Ga- and In-ZSM-5 show high catalytic activity and
extremely high selectivity for this reduction, and also that various H-form zeolite catalysts are active
and considerably selective. As both NO-CH4 and 02-CH4 reactions hardly proceed on H- and Ga-
7ZSM-5, it seems that NO7 plays an important role for this catalytic reaction.

EXPERIMENTAL

Na form ZSM-5 having a molar Si02/Al203 ratio of 23.3 was supplied by Tosoh Corp.
Gallium ion- and indium ion-exchanged ZSM-5 catalysts were prepared by ion-exchange of NHg-
7SM-5 at 95 °C for 24 h using aqueous solutions of Ga(N03)3-9H20 and InCl3, respectively,
being followed by calcination at 500 °C. The solution was compounded to give a concentration of
gallium or indium cations equal to one third of Al in ZSM-5, meaning an 100% ion-exchange level as
Ga3* or In3*. The value in parenthesis for the expression of catalysts represents the level of gallium
or indium exchange determined by ICP. Alumina, as a reference catalyst, was obtained from
Catalysts & Chemical Ind. Co.

Measurements of catalytic activity were conducted by use of a fixed-bed flow reactor. A
mixture of 1000 ppm NO( or NO?2), 10% 07, and 1000 ppm CH4 was fed to 0.5 g catalyst at a rate
of 100 em3(STP)-min-1, corresponding to SV equal to 7200 h-1. After reaching steady-state,

effluent gases were analyzed by gas chromatography and chemiluminescence detection of NO. The
catalytic activity was evaluated by the level of NO conversion to N2.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the catalytic activity of Ga- and In-ZSM-5 for,
NO reduction by CH4 in a comparison with Al203. NO was selectively reduced to N2 on Ga-ZSM-
5 and In-ZSM-5. Hamada and co-workers2) reported that reduction of NO with CHg4 slightly
proceeded on Al203 catalyst only when reaction temperature was higher than 500°C. As shown in
Fig.1, the catalytic activity of Al2O3 was extremely low compared with those of Ga- and In-ZSM-5,
and CH4 was mainly consumed by reaction with O2 on AlpO3 catalyst, resulting in low levels of NO

conversion.
-207—
- 128 -



100 100 100 100
N R Q 1SS
T sof 18 % ¥ sof 180 >
(%
< g = S
S 60r 160 2 2 601 160 2
g L. g g 5
z £ g ‘@
g 401 140 8 3 407 140 8
= =z = >
8 S 3 g
9 20f 120 & © 20t 120 3
Z 5 . Lm)
0 : ' 0 0 i l r 0
200 300 400 500 600 700 200 300 400 500 600 700
Temperature / °C Reaction temperature / °C
Fig.1. Variation in NO conversion(open symbol) Fig.2. Variation in NO conversion and CH,
and CHy4 conversion(solid symbol) on conversion on H-ZSM-5 as a function of
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Al,O4(01, W) as a function of reaction temperature. O, NO conversion in NO-CHjy-O, reaction;

A, CH, conversion in NO-CH,-0O, reaction;
®, NO conversion in NO-CH, reaction;

A, CH,4 conversion in NO-CH, reaction;

®, CH, conversion in CH4-O; reaction.

Figure 2 shows the catalytic activities of H-ZSM-5 for conversions of NO to N2 and CH4 to
COx at various reaction temperatures. H-form zeolites were also active and fairly selective for this
reaction. NO-CHg4 reaction hardly proceeded at these temperatures in the absence of 07, showing
that NO reduction was promoted by O2. Furthermore, oxidation of CH4 reaction did not proceed
below 500°C in the absence of NO. Since NO reduction occurred under the conditions where CH4-
02 reaction did not proceeded, NO72 should be concerned in selective reduction. This is in
accordance with an observation by Hamada and co-workers4) that selective reduction of NO by
C3Hg on Al203 and H-form zeolites proceeds via NO2-C3Hg reaction. All the H-form zeolites and
Ga-ZSM-5 used in this study were inactive for reduction of NO with CH4 in the absence of O7 and
also for oxidation of CH4 in the absence of NO. Thus, we deduce that the selective reduction of NO
by CH4 proceeds on these catalysts with NO2 as an intermediate.
CONCLUSION

We found that reduction of NO proceeded on Ga-ZSM-5, In-ZSM-5, and H-ZSM-5 even
when CH4 was used as a reductant, and that CH4 was an effective reductant for selective reduction
of NO. It seems that NO7 is an intermediate for this reaction.
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on Ga/H-ZSM-5. on Ga/H-ZSM-5 when reactant component was changed.
Reaction (A): NO, 2000ppm; CHs, 1000ppm; Oz, 5% (®); Reaction (A): NO, 2000ppm; CHs, 1000ppm; Oz, 5%;
Reaction (B): NO, 2000ppm (0); Reaction (B): NO, 2000ppm;
none [balance gas (He) only] (3); ©,8: N2 A,4:CO; O,@: COz

total flow rate, 100cm>.min’"; catalyst weight, 0.2g;

total flow rate, 100cm>.min’’; catalyst weight, 0.2g;
reaction temperature, 500°C,

reaction temperature, 500°C.
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Scheme. 1. Reaction mechanism of NO reduction by CH4 on Ga/H-ZSM-5.

‘1) K. Yogo, M. lhara, 1. Terasaki, and E. Kikuchi, Chem. Lett., 1993, 229.
2) REE, IR, MEWR, SR, 9Bl b, ARG, 35, 126 (1993).
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Fig. 1 Effect of water addition on NOx reduction by CH4 on Ga/ and In/H-ZSM-5
as a function of water level.

NOx, 1000 ppm; CHa, 2000 ppm; Oz, 10%; total flow rate, 100 cm’. min™;
reaction temperature, 500 °C; catalyst weight, 0.25 g.

® : NO-CH4-02; O : NO2-CH4-02.
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IR LS I A L 7o, Fig. 2 Effect of water vapor on NOx reduction by CHa
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total flow rate, 100 cm3-min'l; catalyst weight, 0.1 g;
reaction temperature, 500 °C.

NOx conversionto N2/ %

1) &g, I, T, Wik, AR(L¥SWeSHBELSTHE, 2F14].
2) kiR, JRBR, HMEMF, M, 9EiD, 3y, MESE, 35, 126 (1993).
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Selective Reduction of NO with Propylenc on Fe-silicate Catalysts

Eitichi KIKUCHI,* Katsunori YOGO, Satoru TANAKA, and Masaki ABE
Department of Applied Chemistry, School of Science and Engineering,
Waseda University, 3-4-1 Okubo, Shinjyuku-ku, Tokyo 169

H-form Fe-silicate catalysts showed high activity and stability for the
reduction of NO with propylenc in the presence of a high concentration

of oxygen. The catalylic activity of Fe-silicate was hardly affected by the
presence of SO,.

The removal of nitrogen oxides (NOy) is a serious environmental problem. Iwamoto et
al.l) reported that copper ion-exchanged ZSM-5 zeolites (Cu-ZSM-5) showed high catalytic
activities for the direct decomposition of NO. And it was shown that these catalysts were also
highly active for the reduction of NO with hydrocarbons in the presence of oxygen,?)
although the role of copper in this reaction was not wholly explained. In practical use, the
catalyst must be active in the exhaust stream including some hydrocarbons and SO,.
Recently, it was reported that H-form zeolites were also active for the reduction of NO with
hydrocarbons.3) In our experimental studies, it was found that H-form metallosilicates
showed catalytic activities for the reduction of NO with propylene, and Fe-silicate was the
most active and stable for this reaction even in the presence of SO;.

Metallosilicates (Fe-, B-, and Ga-silicates) were synthesized according to the rapid
crystallization method reported by Inui et al.¥) Thus synthesized metallosilicates were
converled into the H-form by ion-exchange method using a { M NH4NO3 solution, followed
by calcination at 540 °C. The X-ray diffraction pattems for the metallosilicates were similar
to that of H-ZSM-3, indicating that these metallosilicates had a pentasil pore-opening
structure. A Na-ZSM-5 having an atomic Si/Al ratio of 25 was supplied by Tosoh Corp.

The measurements of calaly\ié activity were conducted by use of a fixed-bed flow
reactor. A mixture of 1000 ppm NO, 10% O, 1000 ppm propylene and balance nitrogen
was fed on to 0.5 g cétalyst at a rate of 92 ¢cm3(STP)+min-!. Effluent gases were analyzed by
means of gas chromatography and chemiluminescence detection of NO.

Figure 1 shows the time-on-stream variation in catalytic activities of various
metallosilicates for the reduction of NO at 300 °C. As shown here, H-Fe-silicates were active
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Fig. 1. Time-on-stream variation in the
activities of various metallosilicates at 300 °C. Fig. 2. Catalytic activities of H-Fe-silicate and

Catalysts: @ , H-Fe-silicate (Si/Fe = 25); H-ZSM-5 as a function of reaction temperature.
A , H-ZSM-5 (Si/Al = 25); O , H-Fe-silicate ~ Catalysts: O , H-Fe-silicate (Si/Fe = 25);
(Si/Fe = 50); ® , H-B-silicate (Si/B = 50); A, H-ZSM-5 (Si/Al = 25).

0, H-Ga-silicate (Si/Ga = 50).

and stable catalysts for this reaction. The activity of either Fe-silicate initially increased
slightly and reached a maximum after 1 h. The initial activities of H-ZSM-5 and Ga-silicate
were comparably high, although they gradually decreased with time on stream and finally
diminished under these reaction conditions.

Figure 2 compares the catalytic activities of H-Fe-silicate and H-ZSM-5 for the
reduction of NO with propylene as a function of reaction temperature. The minimum
temperature for the steady states activity of H-Fe-silicate was 300 °C and that for H-ZSM-5
was 475 °C. Below these temperatures, the activities of these catalysts gradually decreased
and diminished finally. The steady state activities of both catalysts decreased with increasing
reaction temperature. The decrease of catalytic activity at high temperatures is not
attributable to catalyst deactivation, since high activities of the same level with the fresh
catalysts were reproduced when the reaction temperature was decreased after the
measurements of catalytic activity at these high temperatures. Probably it is due to the
increased contribution of catalytic combustion of propylene at high temperatures leading to
the decrease in the conversion of NO.

Figure 3 shows the effect of SO, on the activities of H-Fe-silicate and Cu-ZSM-5. The

steady state catalytic activity of Cu-ZSM-5 was reduced to lower levels at the low temperature
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Fig. 3. The effect of SO, on the catalytic activities of H-Fe-silicate and Cu-ZSM-5.
Reaction cohdilions: S.V., 12000 lfl; feed concentrations, NO = 1000 ppm, O; = 10 %,
C3Hg = 1000 ppm, SO, = 0 ppm (a), and 240 ppm (b).

Catalysts: O , H-Fe-silicate (Si/Fe = 25); A , Cu-ZSM-5 (Si/Al =25).

region by the presence of SO;. On the contrary, SO, hardly gave an influence on the
catalytic activity of H-Fe-silicate. Thus, it is that H-Fe-silicate is less sensitive than Cu-ZSM-5.

At reaction temperatures lower than 300 °C, the activity of H-Fe-silicate decreased with
time on stream. The catalyst changed color from light brown to brown by use in reaction,
and the activity of deactivated catalyst was restored by calcination in air at 500 °C for 1 h
with an evolution of CO;. At the same time, the color of the catalyst became light brown. It
is, therefore, plausible that the catalyst deactivation was caused. by the deposition of
carbonaceous materials on the active sites.

A series of experiments were conducted at 300 °C to observe the effect of carbonaceous
deposits on the activity of H-Fe-silicate. The results are shown in Fig. 4. In these runs, the
catalyst bed was purged for 30 min at the same temperature after each set of reaction. After
an ordinary reaction (a), the feed of propylene in the reactant stream was stopped (b), and it
was found that the conversion of NO.decreased gradually and completely terminated after 50
min with no more formation of CO,. When the feed of propylene was restarted (c), the
activity increased rapidly and reached the same level as that of the experiment (a). This
suggests that carbonaceous deposits play an important role in this reaction. When the supply
of both O and propylene was stopped and only 1000 ppm NO was streamed (d), almost no
reaction was observed with H-Fe-silicate. If O, was admilted to the reactant gas flow,
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Fig. 4. Response of the conversion of NO on H-Fe-silicate when the feed
composition was changed.

however, the activity manifested and it decreased with time on stream similarly to the
experiment (b). Thus, oxygen is a necessary component for this reaction.

Consequently, we conclude that H-Fe-silicate is a highly active and stable catalyst for
the reduction of NO with propylene, and that carbonaceous deposits on the catalyst activated
by oxygen are probably concerned with this reaction.
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