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Structure-activity relations for Ni-containing zeolites
during NO reduction

I. Influence of acid sites
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Abstract

The influence of the zeolite structure on the catalytic properties for the reduction of NO with propane and propene was studied.
between concentration and strength of acid sites and the activity of Ni-exchanged ZSM-5, MOR, and MCM-22 was found. Ni/ZSM-5, which
contains a high concentration of strong acid sites, is the most active catalyst for the NO reduction with propane. Using propene a
Ni/ZSM-5 and Ni/MCM-22 rapidly deactivate due to the acid site-catalyzed formation of carbonaceous deposits, while Ni/MOR is less
affected by the deposits formed because of its larger pore size.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Transition metal-containing zeolites exhibit high activ
and selectivity in the catalytic reduction of NOx with hydro-
carbons in oxidizing atmosphere. For copper-containing
olites it is known that water inhibits the reaction and cau
deactivation of the catalyst [1], while zeolites exchan
with other transition metals such as CoZSM-5 [2–5] a
FeZSM-5 [6–10] remain active catalysts for the reduct
of NO to N2 also in the presence of H2O or SO2. Ni, Co, Pt,
and Pd supported on ZSM-5 [11], FER [3,11], MOR [12,1
BEA [14,15], and MCM-22 [14] are also known to be effe
tive catalysts for the reduction of NO with hydrocarbons

In general, the activity of transition metal-containing z
olites for NO reduction depends on the type of metal and
the nature of the zeolite with respect to the strength and
centration of acid sites, pore dimensions, and accessibili
acid sites. Several authors suggested that the pore geo
is the main reason for the different activity of zeolite-ba
catalysts in NO reduction [16]. Therefore, the difference
activity between the different zeolites should be more p

* Corresponding author.
E-mail address: johannes.lercher@ch.tum.de (J.A. Lercher).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00145-3
y

nounced, when bulky hydrocarbons are used as redu
agents [11].

We have already described the reduction of NO w
propane and propene on Ni-exchanged mordenite [17].
formation of two Brønsted acid sites for each Ni atom
corporated was observed on the Ni/MOR samples. In the
samples prepared from the sodium form of mordenite
observed an enhanced activity with increasing nickel c
tent, which was directly coupled to the increase in the a
site concentration. As the concentration, strength, and ac
sibility of the acid sites is a function of the zeolite structu
we describe in this contribution the activity of Ni support
on three zeolites (ZSM-5, MOR, and MCM-22) having d
ferent pore geometry and channel diameter, but excha
with the same concentration of Ni, for the reduction of N
with propane and propene.

2. Experimental

2.1. Catalyst preparation

ZSM-5, mordenite, and MCM-22 were used. Morde
ite in the sodium form was supplied by Tosoh, MCM-
in the protonic form was supplied by Shell, and ZSM

http://www.elsevier.com/locate/jcat
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was synthesized in our laboratory according to Ref. [1
MCM-22 and ZSM-5 were exchanged to the sodium form
liquid-phase ion exchange with NaNO3 solution at 50◦C and
loaded with Ni by ion exchange as described in Ref. [17

2.2. Physicochemical characterization and catalytic
activity

The chemical composition of the samples was obtai
by atomic absorption spectroscopy (AAS UNICAM 939
Crystal size of the zeolite samples was examined usin
JEOL 500 scanning electron microscope. The micro-
mesopore distributions were obtained on the basis of
trogen adsorption measurements and the pore volume
calculated by using thet-plot method. The concentratio
type, and strength of acid sites was measured by temp
ture-programmed desorption of NH3 (NH3-TPD) and by
adsorption of pyridine and benzene followed by infra
spectroscopy as described in Ref. [17].

The catalytic activity of the samples was studied in a c
tinuous flow system with a fixed-bed quartz reactor. Det
of the kinetic experiments are described in Ref. [17]. T
catalytic activity reported was measured 120 min after
stepwise change in the temperature.

3. Results

3.1. Physicochemical characterization

The composition and the acid site concentration of
samples studied are summarized in Table 1. The Na/Al ratio
of approximately 1 for NaMOR and NaZSM-5 indicates th
the samples were completely in the sodium form, while
NaMCM-22 with a Na/Al ratio of 0.7 a fraction of protons
remained. All Ni-containing samples had a Ni content of
proximately 2 wt%. Sodium was still present in Ni/MOR
and Ni/ZSM-5 after the ion exchange with Ni. The sca
ning electron micrographs of the three samples are show
Fig. 1. Ni/MOR consisted of crystals with a size within th
range 2–8 µm, while Ni/ZSM-5 had homogeneous crysta
of 3–4 µm size. Ni/MCM-22 consisted of thin platelets o
1 µm size that formed agglomerates of approximately 15

Table 1
Chemical composition of Ni-exchanged samples determined by AAS
acid site concentration determined by NH3-TPD

Sample Si/Al Ni /Al Na/Al Ni loading Acid site
(wt%) concentration

(mmol/g)

NaMOR 8.6 – 1.1 – 0.0
NaZSM-5 15.6 – 1.1 – 0.1
NaMCM-22 12.6 – 0.7 – 0.2
Ni/MOR 8.9 0.2 0.6 1.9 0.4
Ni/ZSM-5 16.4 0.4 0.3 2.0 0.7
Ni/MCM-22 12.3 0.2 0.0 1.8 0.8
s

-

Fig. 1. Scanning electron micrographs of Ni-exchanged zeolites.

The surface area and pore volume of the Ni exchanged
lites are summarized in Table 2. The macro and mesop
surface volume is ascribed to the agglomeration of the
mary zeolite particles.

Table 3 summarizes the distribution of cations on the
change positions for the three Ni-exchanged zeolites.
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Table 2
Textural properties of Ni-exchanged samples

Sample Micropore Macro and mesopore Micropo
surface area surface area volum

(m2/g) (m2/g) (cm3/g)

Ni/MOR 267 106 0.104
Ni/ZSM-5 227 101 0.087
Ni/MCM-22 214 233 0.066

concentration of exchangeable sites and their occupa
by Na+ and the total Ni content were calculated fro
the elemental composition, while the concentration of i
exchange sites occupied by SiOHAl groups and [Ni(OH+
was calculated from the concentration of acid sites de
mined by NH3-TPD. For NaZSM-5, Brønsted acid sit
were observed in the NH3-TPD, although elemental analys
indicated the absence of protons. The concentration of t
sites was subtracted for the site balance for Ni/ZSM-5. The
sites occupied by Ni2+ were calculated from the differenc
of the total exchangeable sites and the sites occupied by+
and acid sites. Note that the calculated fraction of sites o
pied by Ni2+ and the total concentration of Ni was identic
for Ni/MOR and Ni/MCM-22, indicating that most of th
[Ni(OH)]+ groups were not detected by NH3-TPD at 150◦C
due to their weakly acidic character [17].

The strength of the Brønsted acid sites on the three
olites was determined form the shift of the OH-stretch
vibration of the Brønsted acid sites after adsorption of b
zene. The highest shift was observed for ZSM-5 (�νOH =
342 cm−1) followed closely by MOR (�νOH = 335 cm−1),
while MCM-22 had the lowest shift (�νOH = 295 cm−1), in-
dicating the following order with respect to the acid streng
ZSM-5≈ MOR> MCM-22.

The formation of oligomeric species was studied
temperature-programmed desorption of propane and pr
ne (data not shown). In addition to propane, oligome
species with fragments in the range 49–52, 77, 78,
79, among others, were observed. Compounds assoc
to these masses are cyclic and partially aromatic inter
diates, such as benzene and cyclohexadiene, which
gests that oligomerization and dehydrocyclization react
of propane occurred.

3.2. Kinetic measurements

3.2.1. Reduction of NO with propane
The reduction of NO to N2 with propane obtained for th

nickel-exchanged zeolites are shown in Fig. 2. Typical
-

d

-

Fig. 2. NO conversion to N2 (solid lines) and propane conversion (dash
lines) on (�) Ni/MOR, (�) Ni/ZSM-5, and (�) Ni/MCM-22.

rapid change of the activity was observed during the
30 min time on stream after the change of the tempera
A detailed discussion of the time on stream behavior is
cluded in Ref. [19]. The maximum NO conversion follow
the order Ni/ZSM-5> Ni/MOR> Ni/MCM-22. In genera
the NO conversion started at lower temperatures comp
to the propane conversion. The ratio of N2 molecules formed
to propane molecules converted, used to assess the effic
of the reducing agent, is shown in Fig. 3. A ratio of a
proximately 1 was observed at temperatures below 375◦C.
It decreased to 0.2 at higher temperatures, indicating th
low temperatures one molecule of propane reduced s
tively two NO molecules, while at higher temperatures
direct oxidation of the hydrocarbon dominated. The slop
the curves is the same for the three samples at higher tem
atures, indicating a similar efficiency of C3H8 for the three
catalysts.

The distribution of products was similar for the three c
alysts. N2 was the main product of the NO reduction.
temperatures above 400◦C, selectivities to N2 were higher
than 95%. At temperatures below 350◦C, small amounts o
NO2 were formed over the three catalysts. Selectivity to2
increased with increasing temperature, while selectivit
NO2 decreased. Only at low temperatures the formatio
small amounts of N2O was observed.

3.2.2. Reduction of NO with propene
Fig. 4 compares the NO and propene conversions

ing the reduction of NO with propene. The activities
Table 3
Distribution of exchangeable sites of Ni-exchanged zeolites

Sample Exchangeable sites Sites occupied by Na+ Sites occupied by H+ or Sites occupied by Ni2+ Total Ni
(mmol/g) (mmol/g) [Ni(OH)]+ (mmol/g) (mmol/g) (mmol/g)

Ni/MOR 1.7 1.0 0.4 0.3 0.3
Ni/ZSM-5 1.0 0.2 0.6 0.2 0.3
Ni/MCM-22 1.1 0.0 0.8 0.3 0.3
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Fig. 3. Ratio between N2 formed and C3H8 on (♦) Ni/MOR, (�) Ni/
ZSM-5, and (�) Ni/MCM-22 during the reduction of NO with propane.

Fig. 4. NO conversion to N2 (solid lines) and propene conversion (dash
lines) on (�) Ni/MOR, (�) Ni/ZSM-5, and(�) Ni/MCM-22.

Ni/ZSM-5 and Ni/MCM-22 were significantly lower for
the reduction of NO with propene compared to propa
Ni/MOR was found to be the most active catalyst, w
a NO conversion to N2 of 72% at 400◦C. The conver-
sion of propene started increasing almost in parallel to
conversion of NO for Ni/MOR, while for Ni/ZSM-5 and
Ni/MCM-22, 100% conversion of propene was reached
temperatures below the maximum NO conversion. In g
eral, propene was less efficient for the reduction of
than propane. The ratio between N2 molecules formed an
propene molecules converted (not shown) indicated tha
Ni/MOR two molecules of propene are required to red
one molecule of NO at temperatures below the maxim
NO conversion (400◦C) and even lower ratios were obtain
for Ni/ZSM-5 and Ni/MCM-22.

At temperatures above 250◦C, N2 was the main prod
uct. At lower temperatures, more N2O was formed ove
Ni/ZSM-5 and Ni/MOR than in the case of propane. F
propene, NO2 was formed only at high temperatures wh
propene was directly oxidized, in contrast to the reduc
of NO with propane, where NO2 is formed at low tempera
tures. Higher amounts of N2O were observed in the case
Ni/MCM-22, in comparison with Ni/ZSM-5 and Ni/MOR.

4. Discussion

4.1. Acid sites

From the three materials studied the highest NO con
sion with propane was obtained with Ni/ZSM-5, followed
by Ni/MOR and Ni/MCM-22. For the reduction of NO
with propene, Ni/MOR was the most active catalysts fo
lowed by Ni/ZSM-5 and Ni/MCM-22. The NO conversion
with propene was significantly lower compared to prop
for Ni/ZSM-5 and Ni/MCM-22. Note that the activity for
the reduction of NO with propane and propene of Ni/MOR
catalysts has been found to depend on the acid site
centration [17]. For the same type of material a balan
concentration of acid sites is necessary to obtain high
conversion with propane, while a low acid site concen
tion enhances the activity for the reduction of NO w
propene [17].

Brønsted acid sites were formed during the calcina
of the ion-exchanged samples and the concentration of
sites was found to be primarily determined by the Ni c
tent [17]. Since the Ni-exchanged zeolites studied here
the same Ni content a similar acid site concentration
expected. However, acid site concentration of Ni/MCM-22
and Ni/ZSM-5 was higher than that of Ni/MOR, because
Ni/MCM-22 contained an additional fraction of acid sit
already present in the parent material, while the sligh
higher concentration of acid sites in Ni/ZSM-5 is tentatively
attributed to the stronger acidic character of the [Ni(OH+
groups (see Table 3).

All Brønsted acid sites on Ni/ZSM-5 and Ni/MCM-22
were accessible for pyridine, while on Ni/MOR 12% of
the Brønsted acid sites were located in the 8-member
channels (side pockets) and, therefore, not accessed by
dine [20,21]. Brønsted acid sites were formed by hydroly
during calcination and, therefore Ni2+ and SiOHAl groups
should be in close proximity. Therefore, we would like
speculate that a fraction of Ni2+ should also be located i
the side pockets of the zeolite.

4.2. Catalytic activity

The activity of the samples for the reduction of NO w
propane followed the same order as the strength of the B
sted acid sites. This indicates that the rate-limiting step
ing the reduction of NO with propane is primarily related
the strength of the acid sites, and apparently determine
activity of the catalyst.

The concentration of acid sites in Ni/MOR is, however,
lower than in Ni/ZSM-5, while the strength of the aci
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sites is similar for both samples. Therefore, the maxim
NO conversion for the reduction of NO with propane
Ni/MOR is slightly lower than that of Ni/ZSM-5.

It has been proposed frequently that the NO reduction
volves first NO oxidation [16]. Nitrites and nitrates form
from the oxidation of NO [22,23] react with hydrocarbo
forming a nitrogen-containing carbonaceous deposit on
catalyst, which further reacts in an unidentified pathwa
N2 [9,16,24]. The presence of NO2 in the gas phase at th
outlet of the reactor indicates that the activation of prop
is the rate-limiting step at low temperatures [10]. In contr
for propene NO2 was present only at high temperatur
when the reducing agent was directly oxidized. This s
gests that the alkenes are easier added to the NO2 surface
species, but—present in large concentrations—may rea
competing reaction channels such as oligomerization
subsequent oxidation. Alkanes have to be activated (d
drogenated) on the catalyst in a controlled way and th
obviously best met with the relatively slow protolytic deh
drogenation being catalyzed by the strongest Brønsted
sites and the zeolite with the smallest pore size [25]. The
tivation (dehydrogenation) of propane might also occur
the Ni2+ ions shown to act as Lewis acid sites [26,27]. T
same extent of propane dehydrogenation, however, is
expected to occur on the three catalysts since the loadin
Ni is similar.

In contrast to the reduction of NO with propene, t
amount of olefin available on the catalysts surface is lim
during NO reduction with propane and, therefore, it rea
more efficiently with the adsorbed nitrites and nitrates
form N2. From the catalytic results obtained during the N
reduction with propene we concluded that the reaction
not limited by the concentration of acid sites. Conseque
the strength of the acid sites has an important role for the
tivation of propene formed by propane dehydrogenation
ing the reduction of NO with propane. Oligomerization
actions took place during desorption of propane and prop
from the Ni-exchanged samples, occurring to a higher ex
for propene than for propane due to higher concentratio
olefin ions in the channels. The extent of oligomerizat
follows the order Ni/MCM-22 > Ni/ZSM-5 � Ni/MOR
(data not shown), which is identical to the order obser
for the concentration of acid sites, indicating that a hig
concentration of acid sites favors the oligomerization of
hydrocarbons leading to the formation of carbonaceous
posits blocking the active sites [10,28–30].

For the NO reduction with propene the activity follow
the order Ni/MOR > Ni/ZSM-5 > Ni/MCM-22. In con-
trast to the reduction of NO with propane a strong inve
correlation of the activity for the NO reduction with prope
with the concentration of acid sites is deducted from
characterizations and the catalytic results. Ni/MOR, which
contains the lowest concentration of acid sites, was
most active for the reduction of NO with propene, wh
Ni/MCM-22 having the highest concentration of acid si
of the three materials, was the least active. The dif
f

ence in activity of the three catalysts for the reduction
NO with propene is attributed to the formation of carbo
ceous species that deposit on the materials. Ni/ZSM-5 and
Ni/MCM-22 with higher concentrations of acid sites a
smaller pore size are more affected than Ni/MOR.

The Brønsted acid sites are only located in the microp
of the zeolite. The macro and mesopore surface corresp
to the intraparticle void space formed by the agglomera
of particles in the material. A relation between the N2 yield
for the reduction of NO with propane and the micropore v
ume was not found, while a linear correlation was fou
between the maximum N2 yield obtained from the reduc
tion of NO with propene and the micropore volume. T
indicates that for propene the limitation in the activity of t
catalysts is related to the blocking of pores.

5. Conclusions

Ni/ZSM-5 was found to be the most active catalyst
the reduction of NO with propane compared to Ni/MOR and
Ni/MCM-22. The higher activity of Ni/ZSM-5 is related to
the high concentration and strength of the acid sites pre
in the material. At low temperatures, the rate-limiting s
appears to be related to the activation of the alkane a
ciated to the formation of olefins by dehydrogenation
SiOHAl groups and on the Ni2+ ions. The lower concentra
tion of olefins during the NO reduction with propane lea
to a more effective reaction with the adsorbed oxygen
nitrogen species, which is reflected in the higher activity
the lower formation of carbonaceous deposits compare
the reaction with propene.

Oligomerization of hydrocarbons related to the format
of carbonaceous deposits occurs on the three materials
ing more severe in the case of propene. A high concentra
of acid sites promotes the formation of carbonaceous
posits, which led to a partial blocking of the pores. Ni/MOR,
the material with the largest pore diameter and the lar
micropore volume, experiences the least severe deac
tion resulting from the largest pore volume and the low
concentration of acid sites, and it is, therefore, the mos
tive among the three catalysts for the reduction of NO w
propene.
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