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The effect of amount and strength of acid sites on the activity and selectivity for the selec-
tive reduction of NO with C3Hg in the presence of excess oxygen over H-form and ion-
exchanged zeolites has been investigated. The activity was found to be proportional to the acid
amount determined by NH;-temperature programmed desorption, but independent of the
acid strength of the zeolites. The selectivity, i.e., the ratio of the reduction of NO with C;Hg to
the oxidation of C3Hg by O,, was independent of the amount and strength of acid sites.
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1. Introduction

Much attention has been paid to the removal of NOx from the exhaust, espe-
cially to the selective reduction of NO with hydrocarbons by using ion-exchanged
zeolites, such as Cu-ZSM-5[1,2], Ce/ZSM-5 [3,4], Ga/ZSM-5 [5,6], Co/ ZSM-5 [7]
and so on. Since the loaded cations can be regarded as the active species of the
reduction of NO, there are many investigations focused on the role of loaded metal
cations, especially redox properties [8-13], and on the reaction mechanism over
those exchanged ions [14—-19]. On the other hand, acid sites of parent zeolites are
expected to play an important role for the reaction. Hamada and co-workers
[20,21] reported the high activity of mixed oxides and solid superacid catalysts on
the reduction of NO with hydrocarbons, and claimed that the amount of acid sites
is the essential factor for the reaction. Li and Armor [22] pointed out that as well
as in the oxide catalysts Bronsted acid sites in Ga-HZSM-5 are also essential for the
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reaction. Yogo et al. [23] reported the selectivity of NO reduction with CHy
depends on the amount of acid sites of H-form zeolites. However, the knowledge of
the role of acid sites is still limited, i.e., the amount and strength of acid sites have
not been quantitatively correlated to the activity and selectivity.

The aim of this study is to reveal the quantitative correlation between the acid
sites of H-form and ion-exchanged zeolites and the activity and selectivity for the
reduction of NO with C;Hg in the presence of excess oxygen. In order to eliminate
redox properties of the loaded cations, exchanged cations have been restricted to
alkalineearth, Gaand La.

2. Experimental

The profile of the catalysts examined in the present study is summarized in
table 1. H-mordenites, HM(10), HM(15) and HM(20), and HZSM-5(76) were sup-
plied from the Committee on Reference Catalyst of Catalysis Society of Japan.
Norton 100H was commercially supplied and HZSM(42) was prepared by a
method described in the Mobil patent. Numbers in parentheses in the catalyst sym-
bols represent the Si0,/Al, 03 ratio. Ion-exchanged mordenites were prepared by
ion-exchange of HM(15) at 353 K for 24 h using an aqueous solution of acetate or
nitrate. The amount and strength of acid sites were determined from NH3;-TPD
spectra by using a conventional apparatus [24]. After the evacuationat 773 K for 30

Table 1
List of catalysts
Catalyst Parent zeolite Si0,/Al1,04 Ionexchange
ratio

degree of exchange (%) source material
HM(60) Norton100H 59.5 - HCl®
HM(20) JRC-Z-HM20¢ 19.9 - -b
HM(15) JRC-Z-HM15¢ 14.9 - -b
HM(10) JRC-Z-HM10¢ 9.9 - ~b
HZSM-5(76) JRC-Z5-70H 76.4 - ~b
HZSM-5(42) prepared ° 41.8 - -~
LaHM JRC-Z-HM1514 14.9 41.8 La(CH3;CO00);
GaHM JRC-Z-HM15¢ 14.9 54.2 Ga(NO3);
BaHM JRC-Z-HM15¢ 14.9 44.5 Ba(CH3COO),
SrtHM JRC-Z-HM15¢ 14.9 44.0 Sr(CH3COO),
CaHM JRC-Z-HM15¢ 14.9 45.8 Ca(CH;CO0);,

2 Dealuminated with aqueous solution of HCIL.

b Protonated before supply.

® Prepared by a method described in the Mobil patent.

d Reference catalysts supplied from Catalysis Society of Japan.



A. Satsuma et al. / Dependence of NO reduction on acidity of zeolites 369

min, the catalyst was exposed to 13 kPa of NH; at 373 K, followed by evacuation
at 373 K for 5 h. Then, the measurement was made from 373 K with a heating rate
of 10 K min~! and with He as a carrier gas having a flow rate of 60 cm? min~! until
ammonia was desorbed completely [25].

The NO-C;HgO; reaction was carried out in a conventional continuous-flow
apparatus at atmospheric pressure. A mixture of 940 ppm NO, 288 ppm C;H¢ and
6.6% O, diluted with He was fed to 0.5 g of catalyst at a rate of 42.2 cm? min~?, cor-
responding to a space velocity equal to 3600 h~1. Effluent gases were analyzed
after reaching steady state by means of gas chromatography, and a good carbon
balance was achieved without HZSM-5 and HM(60).

3. Results and discussion

Fig. 1 shows a typical result of the NO-C3Hg—O, reaction as a function of the
reaction temperature. Conversion of NO into N, increased with the reaction tem-
perature, showed the maximum at 673 K, and then decreased with further increase
in temperature. The conversion of C3Hg was complete above 673 K. Similar results
have been observed on the other ion-exchanged zeolites [10, 26-28] and oxide cat-
alysts [21]: N, yield decreased at high temperature. In these cases, since the conver-
sion of hydrocarbon was complete at high temperature, the decrease in N yield at
high temperature can be attributed to the selective oxidation of hydrocarbon with
O, in comparison with the reaction of hydrocarbon with NO.

As shown in the figure, a good carbon balance was achieved. Although similar
results were obtained for most catalysts, the carbon balance was only around 60%
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Fig. 1. Temperature dependence of catalytic activity on reduction of NO with C;H with excess
oxygen over HM(15). N; yield (O), C3Hg conversion (A), CO, yield (0), CO yield (&) and carbon
balance (V).
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below 573 K over high silica zeolites, i.e., HZSM-5(76), HZSM-5(42) and
HM(60). In separate experiments, formation of aromatic compounds, such as ben-
zene, toluene, naphthalene, was observed below 673 K, indicating C;Hg was con-
sumed over these high silica zeolites through other reactions such as aromatization
and oligomerization. Another remark on the catalytic run is the change in color of
the catalyst sample during the reaction. All the samples of HM were darkened
after the catalytic run, indicating the deposition of carbonaceous materials. While,
in the case of HZSM-5 and ion-exchanged HM, noticeable color change was not
observed.

Fig. 2 compares the activities of various zeolites for the reduction of NO.
Ion-exchanged zeolites showed higher activity than H-form mordenites, and
siliceous zeolites showed only poor activity. The activity at 573 K was in the follow-
ing order; CaHM >SrHM = BaHM >LaHM = GaHM >HZSM(42) = HM(10)
= HM(20) = HM(15) >HZSM(76) >HM(60). The decrease in the activity of
ion-exchanged mordenites and H-form mordenites above 673 K can be attributed
to the consumption of C3Hg, as shown in fig. 1. It should be noted that Ga-
exchanged zeolite was the most active catalyst at higher temperature (673 K),
although C3Hg was completely consumed, similarly to the results reported by Yogo
etal.[5,6]and Armoret al. [22].

Fig. 3 shows the NH3;-TPD profiles on HM(15) and CaHM before and after
the NO-C3H¢—0O; reaction. Solid lines in the figure represent the profiles before the
NO-C;3Hg—O; reaction. In the case of HM(15), two peak maxima were observed
at 470 and 780 K. When the time of evacuation after the adsorption of NH; was
varied from 1 to 5 h, only the peak at 470 K was remarkably decreased, but that at
high temperature remained unchanged. Niwa et al. also reported that the amount
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Fig. 2. Comparison of activity of NO-C3;H¢—O, reaction over H-form and ion-exchanged zeolites.
HM(10) (O), HM(60) (@), HZSM(76) (O), CaHM (1), StHM (), BaHM (@), GaHM (A), LaHM (V).
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Fig. 3. NH3-TPD profiles of HM(15) and CaHM before (——) and after (- - -) the NO-C3;Hg-0,
reaction.

of the peak at lower temperature varies with the contact time W /F [27]. Thus, the
peak around 470 K should arise from weakly adsorbed NH3, and the peak at higher
temperature can be regarded as NHj strongly chemisorbed on strong acid sites of
zeolites. In order to reduce the low temperature peak in TPD profiles, the adsorbed
NH; was evacuated for 5 hat 373 K hereafter. In the case of CaHM, two peak max-
ima were observed at 530 and 675 K, even after the elimination of the low tempera-
ture peak by evacuation for 5 h. The peak at 530 K indicates the existence of acid
sites having moderate strength, which may be generated by the effect of exchanged
Ca-ion. According to the results of NH3-TPD, summarized in table 2, zeolite sam-
ples used in the present study can be classified into three groups: (1) HM, LaHM
and GaHM having only strong acid sites, (2) HZSM-5 also having only one kind of
acid sites which are slightly weaker than those of group 1 zeolites, and (3) alkaline
earth ion-exchanged mordenites having moderate and strong acid sites.

Dashed lines in fig. 3 show the NH3-TPD profiles of HM(15) and CaHM after
the NO-C;Hg-O; reaction. The amount of desorbed NH; was significantly
decreased in the case of HM(15). Similar results were observed on the other H-mor-
denites which changed their colors during the reaction due to coke deposition. In
the case of CaHM which changed its color only slightly, however, the TPD-profile
after the reaction agreed well with that of fresh catalysts, as shownin fig. 3.

Fig. 4 shows the dependence of the activity for NO reduction at 573 K on the
acid amount determined by NH3;-TPD method. Except for H-form mordenites, the
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Table2

Results on NH3-temperature programmed desorption

Catalyst Desorbed ammonia (mmol g~1) Tnax ® (K) Alcontent
(mmol g~1)

temperature high + after moderate  high
———————————  moderate  reaction
moderate  high

HM(60) none 0.33 0.33 0.10 none 670 0.51
HM(20) none 0.98 0.98 0.38 none 730 1.34
HM(15) none 1.43 1.43 0.63 none 780 1.73
HM(10) none 1.28  1.28 0.63 none 710 2.43
HZSM-5(76)  none 029 0.29 -b none 610  0.38
HZSM-5(42)  none 047 047 -b none 625 0.63
LaHM(15) none 0.67  0.67 -b none 690 1.73
GaHM(15) none 1.06 1.06 ~b none 725 1.73
BaHM(15) 0.39 0.60 0.99 -b 520 675 1.73
SrHM(15) 0.50 059 1.09 -b 550 685 1.73
CaHM(15) 0.55 065 1.20 1.20 530 675 1.73

2 Temperatureat peak maxima.
b Not measured because of only a little change in the color of samples after the reaction.

activity of NO reduction increased in proportion to the acid amount. In most
cases, colors of the catalysts were changed only slightly after the reaction and TPD-
profiles after the reaction were essentially similar to those before the reaction. On
the other hand, H-form mordenites were highly darkened after the reaction and the
acid amount was remarkably decreased, as shown in fig. 3 and table 2. These
results indicate that lower activities of H-form mordenites are due to the blockage
of acid sites by carbonaceous materials. Solid circles in the figure represent the rela-
tion between the activity and the acid amount of these catalysts after the reaction.
As shown, the solid circles agree well with the solid line correlating the activity and
the acid amount of the other zeolites, although zeolite samples have been classified
into three groups according to their acid strength. Thus, it can be concluded that
the activity for NO reduction with C3Hg simply depends on the amount of acid sites
of zeolites in the working state.

For the discussion of the selectivity of NO reduction, a simple parameter, (con-
version of NO)/(conversion of hydrocarbon), has been used by Yogo et al. [5,6]
and Hall et al. [28]. Liand Armor used a parameter o which was defined as the frac-
tion of the reductant (CHj) that is used up to reduce NO to N [22]. These param-
eters may be useful to know the efficiency of the hydrocarbons for the reduction of
NO, irrespectively of the ratio of CO to CO, formed. The present reaction, how-
ever, can be regarded as competitive oxidation of hydrocarbon by NO and O;. The
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Fig. 4. Catalytic activity of the reduction of NO with C3Hg at 573 K as a function of acid amount
of various zeolites measured by NH;-TPD before (open symbols) and after (closed symbols) the
reaction.

amount of consumed NO is equal to twice of N, formed and that of consumed oxy-
gen atom to 2CO + 3CO,, as can be seen from the following stoichiometry:

C3Hg + 60 —3CO + 3H,0 (1)
CsHg + 90— 3CO; + 3H,0 )
CsHg + 6NO = 3N, + 3CO + 3H,0 (3)
CsHs + 9NO = 2N + 3CO; + 3H,0 4)

Thus, the ratio of 2N,/(2CO + CO,) represents the reactant selectivity of NO in
C;Hg oxidation. In the case of 100% selective oxidation of C3Hg with NO, i.e., only
reactions (3) and (4) occur, the ratio should be equal to unity. When O, is simulta-
neously used, the ratio should be decreased. Fig. 5 shows the rate of formation of
2N, as a function of the rate of formation of 2CO 4+ 3CQ,. The dashed line stands
for the relation: rate(2N,) = rate(2CO + 3CO,), representing 100% reactant selec-
tivity of NO. All the plots are lower than the broken line, indicating that O, is
also used for the oxidation of CsHg.

A linear correlation was observed between the formation of N, and carbon oxi-
des with a few exceptions, suggesting the selectivity is independent of the acid
amount and acid strength of zeolites. HZSM-5(76) and HM(60) showed rather low
selectivity which may be related to the formation of aromatic compounds. On the
other hand, GaHM and CaHM showed rather high selectivity of NO reduction.
The solid line in fig. 5 corresponds to 30% reactant selectivity of NO, or, in other
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Fig. 5. Correlation between the rate of produced 2N; and 2CO + 3CO, at 573 K. Dashed line repre-
sents the 100% selective reduction of NO with C;Hg.

words, the molar ratio of NO/O, consumed is close to unity. In the case of
GaHM and CaHM, the selectivity was improved up to 40-45%, which partly
agreed with previous papers reported by Yogo et al. [5,6] and Armor et al. [22] that
Ga-ZSM-5 shows high selectivity for the reduction of NO with lower alkanes.
Since there was no correlation between the promotion effect on selectivity and the
acid properties, this promotion effect on the selectivity may be due to the function

of exchanged cations.

4. Conclusion

The effect of the acid properties on the activity and selectivity of the reduction
of NO with C3Hg¢ can be summarized as follows:
(1) The activity depends on the acid amount of zeolites, but not on the acid

strength.
(2) The acid properties of zeolites are not major factors determining the selectiv-

ity of the reduction of NO with C3Hg.
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