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Abstract

The influence of the metal in Ni-containing zeolites used as catalysts for the reduction of NO with propane and propene was studied. In the
fresh catalysts, Niis located in ion exchange positions fgM@R, Ni/ZSM-5, and NYMCM-22. The formation of carbonaceous deposits,
the removal of Al from framework positions, and the migration of Ni ions to nonaccessible positions were identified as primary reasons for
the changes in the activity of the catalysts during the reduction of NO with hydrocarbons. Changes in the chemical state of Ni, i.e., isolated
Ni2t species being converted intodNi on the surface of small Ni oxide clusters, affect the activity to a less significant extent compared to
the changes in the location of Ni within the zeolite framework.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction reported the influence of the location of Co cations in zeo-
lites on the catalytic activity for the reduction of NO with
The reduction of nitric oxide with hydrocarbons using methane. In generad-type Co ions, bound to framework
transition metal-exchanged zeolites represents an alternativeoxygens of the wall of the main channel, were found to be
for the use of NH as reducing agent in the selective cata- the most active Co ions in mordenite and ferrierite, while
lytic reduction of NQ.. Typically, transition metals such as in ZSM-5 B-type Co ions, coordinated to the deformed six-
Co [1-4], Fe [5-9], and Ni [2,3,10] supported on zeolites are membered ring at the intersection of straight and sinusoidal
investigated as potential catalysts for the reduction of NO us- channels, possess the highest activity. It is suggested that
ing hydrocarbons as reductant [11]. the stabilization of isolated metal cations at short distances
Ni-exchanged zeolites have been found active for the re- within the zeolite structure might be the reason for the high
duction of NO with methane [2,3,10]. Witzel et al. prepared SCR activity of metal-exchanged zeolites [13]. In the case
Ni catalysts by ion exchanging the sodium form of ZSM-5 of FeZSM-5 a binuclear iron complex has been proposed

with nickel acetate. Maximum NO conversions tg &f 90 as the active site for the reduction of NO with hydrocar-
and 75% were found during the reduction of NO with isobu- hons [7,8,16].
tane and methane, respectively [10]. The deactivation of catalysts during the reduction of NO

Several authors have pointed out that the coordination with hydrocarbons might result either from the formation of
of the metal ions at different cationic sites of the zeolites carbonaceous deposits' which block the active sites [9,17’
[12,13] may affect the relative diffusivities of the reactants 18] or from changes in the catalyst structure. The formation
or the activation of the hydrocarbon molecules [13-15]. Li of carbonaceous species was found to be more severe when
and Armor [12] suggested that on ferrierite Co ions located ynsaturated reducing agents (e.g., olefins) are used [17] and
in 8-membered rings are less active for NO reduction with ¢4, highly acidic catalysts [18]. For alumina-supported Pt
methane than sites in 10-membered rings. Kaucky et al. [13] catalysts, metal sintering during NO reduction in the pres-

ence of excess oxygen at temperatures below &008,19]
* Corresponding author. was observed. The metal particles in Cu- [20-22] and Ag-
E-mail address: johannes.lercher@ch.tum.de (J.A. Lercher). exchanged zeolite catalysts [23] are known to sinter under
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the flow of the reaction mixture due to the presence of steam. Table 1
In addition, deactivation of the zeolite-based catalysts due to Chemical composition of Ni-exchanged samples determined by AAS and
removal of APt from framework positions (dealumination) ~cid site concentration measured by TPD [26]

during the NO reduction with methane was observed for H- Sample SIAI - Ni/Al Na/Al  Niloading Acid site
mordenite [24] and for Cu-ZSM-5 in the presence oftH (wt%)  concentration
due to the formation of inactive species such as copper alu-— (mmol/g)
minate [25]. Petunchi and Hall [22] reported for Cu-ZSM-5 Ni/MOR 89 02 06 19 04
Ni/ZSM-5 164 04 03 20 07

at temperatures above 350 a severe deactivation of the
catalysts resulting from dealumination.

The effect of the type and concentration of acid sites on
the activity of Ni-exchanged MOR, ZSM-5, and MCM-22 1 x 10~3 to 1 mbar. To directly compare the spectra of the
zeolites was discussed in the first part of this study [26] and catalysts after the different pretreatment cycles all spectra
in Ref. [27]. It was shown that the higher activity of Ni- were normalized by the intensity of the structural vibrations
exchanged ZSM-5 is related to the high concentration and of the zeolite around 2000 crh.
strength of the acid sites present in this material compared 2’Al-MAS-NMR spectra were measured on a Bruker
to MOR and MCM-22. The rate-limiting step was assigned MSL-300 NMR spectrometer at a field strength of 7.5 T
to the activation of the alkane and to the subsequent forma-and a spinning frequency of 15 kHz at a frequency of
tion of olefins by dehydrogenation on SiOHAI groups and 78.205 MHz with 1.0 ps excitation pulses and recycle times
on the Nf* ions. Oligomerization of hydrocarbons led to 0f 0.1 s. The samples were pressed into 4 mmaZrgors.
the formation of carbonaceous deposits on the three mate-The 2’Al chemical shifts were referenced to 1 M aqueous
rials being more severe for the NO reduction with propene. solution of AI(NGz)3 (6 = 0.0 ppm).

A high concentration of acid sites was found to promote the ~ X-ray absorption spectra were measured at HASYLAB,
formation of carbonaceous deposits, which resulted in a par-DESY (Hamburg, Germany) on beam line X1 using the Si
tial blocking of the pores. The material with the largest pore (111) monochromator. The intensity of higher order reflec-
diameter (MOR) was deactivated to a lesser extent by coketions was minimized by detuning the second crystal of the
formation compared to the other zeolite supports. monochromator to 60% of the maximum intensity. The sam-

In this part, the role of Ni and of structural changes of the ples were prepared as self-supporting wafers having a to-
metal and the zeolite support on the catalytic properties of tal absorption of 2.5 to optimize the signal to noise ratio.
Ni-exchanged zeolites for NO reduction are discussed. Fresh samples were activated in situ at 80C0for 1 h in a

stainless-steel cell. X-ray absorption spectra were recorded
at the Ni edge (8333 eV) and analyzed with WINXAS97

Ni/MCM-22 123 0.2 0.0 18 0.8

2. Experimental software [28]. The local environment of the Ni atoms was
determined from EXAFS using phase-shift and amplitude
2.1. Preparation of samples functions for Ni—O and Ni-Ni calculated assuming multiple

scattering processes (FEFF Version 8.10) [29].

Ni-exchanged MOR, ZSM-5, and MCM-22 were pre-
pared by liquid phase ion exchange of the sodium form of the 2.3. Catalytic measurements
zeolites carried out from an agueous solution of NigtO
at 80°C under continuous stirring for 24 h. Subsequently,  The catalytic activity of the samples was studied in a con-
the zeolite was separated from the ion exchange solution bytinuous flow system with a fixed bed quartz reactor of 4 mm
centrifugation, washed thoroughly with deionized water, and inner diameter containing 0.1 g of catalyst (particle size
dried overnight at 100C. The effect of the type and concen- 300 pm). The reactant gas feed contained 1000 ppm of NO,
tration of acid sites of these samples is described in Ref. [26]. 1000 ppm of GHg or CzHg, 5% O, and He as the carrier
Composition and acid site concentration of the samples aregas. A total flow of 50 mimin, resulting in a space velocity

summarized in Table 1. of 20,000 i1, was used. The reaction products were ana-
lyzed by a chemiluminescence analyzer (TEI 42C) and a gas
2.2. Characterization chromatograph (HP) equipped with a TCD detector using a

mol sieve column for separation of,NO,, and CO and a

The adsorption of CO was followed by IR spectroscopy, Porapak column for pO, GsHg, C3Hg, and CQ analysis.
using a Bruker IFS-88 spectrometer equipped with a vac- Before the reaction, the catalysts were pretreated in situ un-
uum cell. Samples were pressed into self-supported wafersder helium flow at 600C for 1 h.
and activated at 500 for 60 min. The increase in tempera- The activity and the deactivation of the catalysts during
ture during the activation was done in steps at 150, 250, andthe reaction were investigated by an extended procedure con-
300°C for 30 min using a ramp of 1UC/min. Spectra of sisting of three cycles. In the first cycle the activity was fol-
activated samples were recorded af60and CO was ad-  lowed at temperatures between 150 and 8D@n intervals
sorbed at the same temperature using partial pressures fronof 25°C (cycle 1). This cycle was followed immediately by
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cycle 2, where the activity was measured during the decrease 100

of the temperature between 600 and 160at intervals of
25°C. Subsequently, the samples were treated in oxygen at
600°C for 1 h followed by a third cycle between 150 and

80

<
z
600°C with intervals of 25C (cycle 3). During all cycles «3 60
the activity was followed at each temperature for 2 h. 2
S 40
=}
3
3. Results % 20
3.1. Changesin activity after NO reduction 0
100

As reported in Part | [26], the catalytic activities of
the three Ni-containing catalysts decreased in the order
Ni/ZSM-5 > Ni/MOR > Ni/MCM-22 for NO reduction
with propane and NIMOR > Ni/ZSM-5 > Ni/MCM-22
for NO reduction with propene. The activities of the cata-
lysts for the reduction of NO with propane during the three
temperature cycles are compared in Fig. 1. For all cata-
lysts, the temperature at which the maximum NO conver-
sion was reached increased after the first cycle, while the
variations of the activity with the reaction temperature dur-
ing the second and third cycle was nearly identical. For
Ni/MOR and NiyZSM-5 the same level of NO conversion
was reached in all cycles, i.e., 69 and 80%, respectively, 100
while for Ni/MCM-22 a significant decrease from 51 to 39% C
in the maximum conversion was observed after the first cy- 80
cle. In the case of NMOR, changes in the activity were
apparent at temperatures above 325while for Ni/ZSM-5
and Ni/MCM-22 the differences in NO conversion were al-
ready noted above 17&. The smallest differences between
the first and the second temperature cycle were observed
for Ni/MOR. The selectivity to nitrogen-containing prod-
ucts was, however, not affected by the temperature cycles.

When propene was used as the reducing agent, marked
coke formation occurred with MEZSM-5 and NyMCM- 0 . . :
22 [26]. With these catalysts, the variations of the activ- 150 250 350 450 550
ity during the second and third temperature cycle during Temperature [°C]
the reduction of NO with propene, as shown in Fig. 2, are
tentatively attributed to this pronounced coke formation. In Fig. 1. NO conversion to Nduring NO reduction with propanet) ramp
contrast, the changes in the activity with/MOR were ~ upward 1, @) ramp downward 1,@) ramp upward 2 on (A) NiMOR,

. . . (B) Ni/ZSM-5, and (C) N{MCM-22.

independent of the type of reducing agent and similar to

those during the reduction with propane. Thus, the activity

of Ni/MOR during the second and third cycle was identi- during this time. After increasing the temperature to 800

cal at temperatures above 40D during the reduction with  NO conversion decreased to 42% and finally reached 59%
propene. during a period of 10 h. Initially, small concentrations of

The differences in the activity observed between the first NO, were observed; however, after 10 h the selectivity im-
and the subsequent cycles indicate that irreversible changegroved and N was the only nitrogen-containing product.
took place in the materials during the first temperature in- The formation of CQ decreased with time on stream and
crease in the presence of reactive substrates. In order to dethat of CH, increased. After 48 h of reaction at 600, the
termine the temperature at which structural changes occur,temperature was reverted to 475. Then, the conversions of
the NO reduction with propane was studied foy MOR and NO and propane were much lower than those obtained with
Ni/ZSM-5 during extended time at constant temperature asthe fresh sample, i.e., 60 and 45%, respectively, while the se-
shown in Fig. 3. For NiZSM-5 (Fig. 3A) the conversion of  lectivity to CO was much higher. Conversion and selectivity
NO at 475°C increased from 83% at 1 h to 88% after 48 h, were stable during the following 24 h at 476. After a sub-
while the selectivities of nitrogen products did not change sequent temperature increase to 80dhe same conversion

NO conversion to Ny [ % ]

60

40

NO conversion to N [ % ]

20
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In addition, the selectivity of the carbon-containing prod-

ucts changed significantly during this period. Similarly to

Fig. 2. NO conversion to Nduring NO reduction with propeneH) ramp Ni/ZSM-5, the amount of C&formed decreased with time,

upward 1, @) ramp downward 1,®) ramp upward 2 on (A) NiMOR, while the amount of Chl formed increased. However, the

(B) Ni/ZSM-5, and (C) NfMCM-22. changes observed for JMOR were less pronounced than

those reported for NZSM-5 above. After 48 h of reaction at

and selectivity was observed as during the first experiments600°C, the temperature was lowered to 475and the NO

at 600°C. conversion reached 54%, which was slightly lower than the
For Ni/MOR (Fig. 3B) only small variations in the con-  conversion of the fresh catalyst (68%), and remained con-

versions and selectivities were observed for the fresh cat-stant for the following 24 h. After an increase to 6@the

alyst for the reaction of NO with propane at 4% for conversions and selectivities reached the same levels as dur-

48 h, i.e., NO and propane conversion decreased from 70ing the first cycle at 600C.

to 68% and from 64 to 60%, respectively. After the temper-

ature was increased to 600 the NO conversion initially ~ 3.2. Characterization

decreased to 41% and reached during the subsequent 30 h

39%, passing through a minimum of 37%. After the stepwise ~ The 2’Al-NMR spectra of the freshly activated catalysts

change in temperature small concentrations of;N@re and of the catalysts after NO reduction with propane and

formed during the first hours, while after a longer time on propene are shown in Fig. 4. For all samples a signal at

stream N became the only nitrogen product being detected. 52 ppm, assigned to Al located in tetrahedral positions, was
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observed [6,24]. For NMCM-22 an unresolved asymmet-  Table 2
ric doublet, which corresponds to different framework sites, Fraction of Al present in octahedral position

was observed [30—-32]. For \WMCM-22 and for all samples  sample Fraction of Al in octahedral position (%)
after catalytic reduction of NO with propane and propene, ni/MOR fresh 0.0
a signal was observed near O ppm, which is assigned toNi/MOR (propené) 4.6
Al in octahedral positions. This indicates the presence of Ni/MOR (propané) 2.4
extraframework Al-oxide species [6,24] formed during the Ni/ZSM-5fresh 0.7
. Ni/ZSM-5 (propené) 2.4
calcination of the sample (NMCM-22) [30-33] and dur- Ni/ZSM-5 (propand) 25
ing NO reduction. In addition, the change in the shape of \; mcm-22 fresh 4.7
the doublet at approximately 50 ppm for MCM-22 is asso- Ni/MCM-22 (propené) 5.6
ciated with the dealumination of the zeolite [33]. Table 2 Ni/MCM-22 (propané) 6.1

summarizes the fraction of Al present in octahedral posi-  a after the reduction with propene.

tions in fresh samples and samples after the reduction of NO P After the reduction with propane.

with propane and propene. The level of dealumination seems

to be directly related to the catalyst activity. For/NIOR, The IR spectra (region of the hydroxyl groups) of the ac-
which was slightly more active for the reduction of NO tivated catalysts and after NO reduction with propane and
with propene compared to propane, a larger fraction of Al propene are shown in Fig. 5. The bands observed at 3745,
in octahedral positions was found for the samples after the 3680, and 3610 cmt correspond to terminal Si—-OH groups,
NO reduction with propene. In contrast, for/MSM-5and  AI-OH groups on extraframework Al-oxide species, and
Ni/MCM-22 a higher activity and a higher fraction of Alin  bridging SiOHAI groups (Bragnsted acid sites), respectively
octahedral positions was observed for the NO reduction with [34—37]. In general, the intensity of the band at 3610¢m
propane. decreased after the reaction for all samples. The integral in-

©

Fig. 4.27Al NMR spectra of fresh (a) and used samples collected after third reaction cycle, i.e., after reduction of NO with propene (b) and with propane (c)
for Ni/MOR (A), Ni/ZSM-5 (B), and NfMCM-22 (C).
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Fig. 5. Infrared spectra after activation of fresh (a) and used samples collected after third reaction cycle, i.e., after reduction of NO wi{tpamlenéh
propane (c) for NIMOR (A), Ni/ZSM-5 (B), and NyMCM-22 (C).
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vibrations of dicarbonyl species on Nions, Nit—(CO),
[38—41]. At a CO partial pressure of 0.1 mbar the inten-
sities of the bands at 2220, 2213, 2136, and 2092%cm
decreased. In addition, a new band at 2109 £nwhich
was assigned to monocarbonyl speciest MO [38-41],
was observed. This band reached a maximum in intensity
at a CO partial pressure of 1® mbar and decreased at
103 mbar. At this partial pressure the bands at 2092 and
2136 cnt! were not observed. This indicates that with de-
creasing CO partial pressure Ni dicarbonyl species are re-
placed by monocarbonyl species followed by the desorption
of CO. The presence of Ni-CO and N —(CO), species is

in line with the reduction of Nit to Ni* by dehydration in
vacuum at temperatures above 3@0as previously reported
[41,42]. When the temperature is increased very slowly [43],
water removed from the sample reduces Ni, according to

2300 2200 2100 2000 Eq. (1) [41].
Wavenumber [ cm' | 2NiZ* 4 Hp0 5 2Nit + 2H* + 0, (1)

Absorbance

Fig. 6. Infrared spectra of CO adsorption on fresliZ8M-5 at 50°C, at The IR spectra during the adsorption of CO atdenbar
1 mbar (@), 1 10! mbar (b), 1x 10~ mbar (), and k 10-3mbar (). g the fresh catalysts and on the catalysts after reduction
of NO with propene and propane are shown in Fig. 7. For
tensity of the band of the bridged hydroxyl groups decreasedthe fresh N'MOR (Fig. 7A) the intensity of the band at
between 32 and 93% after reaction in comparison with 2108 cnt! (Nit—CO) was lower compared to KESM-5
the spectra of the fresh samples. The band at 3680'cm and Ni/MCM-22 and was not present in the spectra after
however, was more intense compared to the fresh samplesthe reaction. For the fresh NiSM-5 (Fig. 7B), two dif-
Changes in the intensity of the band at 3745 émvere not ferent NPT—CO species at 2220 and 2213 thwere ob-
observed. served, while for the samples after reaction only the band
The IR spectra during adsorption of CO at partial pres- at 2213 cm! was present. In addition, Ni-CO species
sures between 1 and 1®mbar on NyZSM-5 are shown in  were clearly observed for the fresh /ZISM-5, while after
Fig. 6. At a CO partial pressure of 1 mbar bands at 2213, NO reduction with propene the intensity of the correspond-
2136, and 2092 cmt and a shoulder at 2220 cthwere ob- ing bands was very weak and the bands were absent for
served. The IR bands at 2220 and 2213 éwere assigned  the sample after NO reduction with propane. In the spec-
to Ni—CO species [38]. The bands at 2136 and 2092%cm  tra for Ni/MCM-22 after NO reduction with propane and
were assigned to the symmetric and asymmetric stretchingpropene (Fig. 7C) the intensity of the bands at 2113 and
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Fig. 7. Infrared spectra of CO adsorption akL0~1 mbar on fresh (a) and used samples collected after the third reaction cycle, i.e., after reduction of NO
with propene (b) and with propane (c) for MOR (A), Ni/ZSM-5 (B), and NYMCM-22 (C).
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the same, when comparing fresh and used samples, while

Decrease of the area of the bands of adsorbed CO at 0.1 mbar for sample3R bands resulting from the adsorption of CO on"Nvere

after the reduction of NO with propane and propene in comparison with
fresh samples

Sample Decrease of accessibility of isolated Ni ions (%)

Ni/MOR (propené} 34
Ni/MOR (propané) 31
Ni/ZSM-5 (propené) 57
Ni/ZSM-5 (propand) 72
Ni/MCM-22 (propené)} 66
Ni/MCM-22 (propane} 67

a After the reduction with propene.
b After the reduction with propane.

Table 4
Energy position of the NK -edge of Ni samples

Sample Edge position half-height
eV AeV
Ni foil 8339.5
NiO 8342.2 2.7
Ni/MOR fresh 8342.1 2.6
Ni/MOR (propené} 8343.2 3.7
Ni/MOR (propané) 8343.2 3.7
Ni/ZSM-5 fresh 8342.2 2.7
Ni/ZSM-5 (propenéd) 8343.2 3.7
Ni/ZSM-5 (propand) 8343.3 3.8
Ni/MCM-22 fresh 8342.3 2.8
Ni/MCM-22 (propené)} 8343.5 4.0
Ni/MCM-22 (propanel3 8343.2 3.7

a After the reduction with propene.

b After the reduction with propane.

¢ The energy corresponds to the absorption at half-height of the edge;
i.e., absorbance: 0.5 in the normalized spectra.

2095 cnt!, corresponding to CO interacting with Niwas
much lower in comparison with the fresh sample, while the
band at 2213 cm* was not affected by the state of the sam-
ple. In general, for all samples studied the intensity of the
bands assigned to CO interacting wittfNions was almost

much lower for the catalyst studied after the NO reduction.
The area of the bands of CO adsorbed o Bihd N at

0.1 mbar in the samples after reaction was integrated. We as-
sumed that the molar extinction coefficients of these species
are comparable and calculated the percentage of decreased
area in comparison with fresh samples. The results are sum-
marized in Table 3.

The energies of the NK X-ray absorption edge, which
can be related to the average charge of the Ni atoms in the
samples, are summarized in Table 4. For the fresh samples
and for NiO a shift in the edge position af2.7 eV with re-
spect to metallic Ni was observed. After the reaction, the en-
ergy of the NiK -edge of the samples increased-+$.8 eV.

The magnitude of the Fourier transformed EXAFS
(weighted withk?) of the samples before and after the reduc-
tion of NO with propane and propene are compared in Fig. 8
and the results of the analysis of the EXAFS are summa-
rized in Table 5. In principle, two contributions of Ni-oxide
species at 1.6 and 2.5 A, assigned to Ni-O and to Ni-Ni,
were observed in all samples. In the fresh samples mainly
Ni—O contributions were present and the low number of O
neighbors(Nni—o ~ 3), the absence of Ni—Ni contributions
(Nni—i < 0.8), and the slightly shorter distance between Ni
and O compared to Ni-oxide indicates that the Ni ions are
mainly located on ion exchange positions. After the NO re-
duction a significant increase in the Ni-Ni and to a lesser
extent in the Ni—O contributions was observed, which points
to the formation of larger Ni-oxide species on/NIOR and
Ni/ZSM-5 during the reaction. In contrast, for MICM-

22 only Ni—O contributions, similar to the fresh samples,
were observed after the reaction. Table 6 summarizes the
size of the NiO clusters formed after the reduction of NO
with propane and propene. The size of the clusters was esti-
mated from the coordination numbers using a series of NiO
model clusters of different sizes with bulk phase geome-
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Fig. 8. Magnitude of the Fourier transformed oscillatiaR (eighted) of fresh (a) and used samples collected after third reaction cycle, i.e., after reduction of

NO with propene (b) and with propane (c) for/MOR (A), Ni/ZSM-5 (B), and

NyMCM-22 (C). NiO included as reference (d).
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Table 5
Coordination parameters for Ni-exchanged zeolites determined by X-ray
absorption spectroscopy

Sample Ni—O Ni—Ni
N R@A) ac?2(R% N R@A) Ac?(A?
Ni foil 12 2.488
NiO 6 2084 12 2947
Ni/MOR fresh 295 2020 Q0072 079 2958 Q0034
Ni/MOR (propené) 4.63 2052 Q0043 481 2951 Q0062
Ni/MOR (propand) 451 2052 Q0026 418 2935 Q0053
Ni/ZSM-5 fresh 281 2005 Q0072 073 2958 Q0074
Ni/ZSM-5 (propend) 4.22 2054 Q0025 445 2945 Q0039
Ni/ZSM-5 (propand) 4.67 2056 Q0044 391 2954 Q0038
Ni/MCM-22 fresh 316 2024 Q0072 068 2843 Q0034
Ni/MCM-22 391 2036 Q0022  — - -
(propene}
Ni/MCM-22 334 2043 Q0013  — - -
(propaney

@ After the reduction with propene.
b After the reduction with propane.

Table 6
Size of NiO clusters in samples after the reduction of NO with propane and
propene

Sample Size of cluster (A)
Ni/MOR fresh 0

Ni/MOR (propené) 8.0
Ni/MOR (propan€) 7.0
Ni/ZSM-5 fresh 0
Ni/ZSM-5 (propené) 7.4
Ni/ZSM-5 (propand) 6.5
Ni/MCM-22 fresh 0
Ni/MCM-22 (propené) 0
Ni/MCM-22 (propan€) 0

@ After the reduction with propene.
b After the reduction with propane.

try. From these model clusters the average Ni—O and Ni—Ni
coordination numbers were calculated as a function of the

cluster size and used to estimate the size of the NiO clus-

ters on the zeolite samples. The size of the clusters of NiO
formed in Ni/MOR and NyZSM-5 after the reduction of
NO with propane and propene ranges from 6.5 to 8 A.

4. Discussion

In principle two reasons, i.e., the deposition of carbona-
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During the reduction of NO with propane a decrease in
the activity of the catalysts after the first cycle (from 150 to
600°C) was observed for all three materials studied, while
the activity between the second (600 to 280) and the third
cycle (150 to 600C) did not change. The intermediate oxi-
dation of the catalysts at 60C in Oy, carried out between
cycle 2 and 3, sufficiently removes coke species formed
[17,22]. The treatment should, therefore, restore the initial
activity of the catalysts, if coke formation is the main rea-
son for the deactivation. The activity of the catalysts during
cycle 3, however, remained at the level of the second cycle,
which indicates that irreversible changes of the catalyst (and
not only carbon deposition) are the main reason for the cat-
alyst deactivation after high temperature reactions.

The effect of the formation of carbonaceous species is
demonstrated in the NO reduction experiments carried out
for an extended time at 475 and 6UD. After exposing
Ni/ZSM-5 and NYMOR to the reaction mixture at 47&
immediately after the activation, NO conversion levels of 88
and 68% were obtained. For NESSM-5 the NO conversion
was higher compared to that obtained at 4Z5during the
experiment performed by varying the temperature between
150 and 600C, i.e., 65%, (see Fig. 1B), which indicates
that a partial deactivation (most likely through deposition of
carbonaceous species) during such temperature variations is
taking place. In contrast, for IMOR the same NO con-
version was observed in both experiments (see Figs. 1A
and 3B), which confirms that the formation of carbonaceous
species in NIMOR is lower compared to NZSM-5, due to
the lower concentration of acid sites [26]. After 50 h of re-
action at 475C the temperature was increased to 60Gor
50 h and the NO conversion decreased for both catalysts. Itis
interesting to note that for N£ZSM-5 an induction period of
10 h was observed at 60C, during which the NO conver-
sion increased from 42 to 59%. After changing the reaction
temperature back to 47& both catalysts showed a lower
activity compared to the first part of the experiment. For
Ni/ZSM-5 the NO conversion decreased from 88 to 60%,
due to a severe and irreversible deactivation of the catalysts.
For Ni/MOR the NO conversion decreased only from 68 to
54% indicating that changes of the catalyst structure result-
ing from the reaction at 60TC were smaller in comparison
with Ni/ZSM-5.

During the NO reduction with propene the difference in
activity during all three cycles was very small for the three
catalysts investigated. Having already shown that the pres-
ence of carbonaceous species is the main reason for the

ceous species on the catalyst and structural changes of théower activity of the catalysts compared to the NO reduction
material, might account for the deactivation of the catalysts with propane [26], reversible formation of coke during the
during the reduction of NO with propane and propene. As al- reaction is proposed. The oxidation treatment between cy-
ready described in Ref. [27] the formation of carbonaceous cle 2 and 3 is concluded to remove the coke species formed.
deposits depends markedly on the type of reducing agent andDuring the third reaction cycle, however, the formation of
the reaction temperature. Generally, a higher concentrationcarbonaceous species occurs in a similar extent as during
of carbonaceous deposits is formed with propene than with the first cycle and, therefore, the activity of the catalysts dur-
propane, which leads to a lower activity of the Ni-containing ing the first and third cycle is the same for/XSM-5 and
catalysts for the reduction of NO with propene. Ni/MCM-22. For Ni/MOR the activity during the second
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and third cycle was the same, but it decreased after the firsttion at 600°C results from a decrease in the availability of
cycle, which indicates that structural changes of the catalystsisolated Ni ions.
already occurred during the first reaction cycle. The migration of Ni from isolated ion exchange positions
As shown in Ref. [26] the type and strength of the acid into larger Ni-oxide species was followed by EXAFS. In the
sites significantly influence the activity of the catalyst for fresh catalysts Ni was present as’Niat ion exchange po-
the NO reduction with propane. Therefore, the decrease insitions as indicated by the number of O neighbors of around
the activity observed during the reaction at high tempera- 3 and the minor Ni—-Ni contributionsMyi—i ~ 0.7). The
tures is attributed partly to the removal of Brgnsted acid sites minor extent of Ni—Ni contributions might indicate the pres-
resulting from the partial dealumination of the zeolites. In ence of N¥* ions on cation sites next to each other sur-
addition, AP* located in the zeolite framework acts as an- rounded by oxygen atoms of the zeolite framework. Similar
chor for the Ni-ions. Thus, dealumination additionally leads structures have been observed previously for Ni-exchanged
to enhanced formation of Ni-oxide clusters within the zeolite Y zeolite prepared by solid-state ion exchange [44]. Note

pores. that the contributions of the closest oxygen neighbors are
For all samples, the formation of extraframework Al- only weakly affected by the formation of Ni-oxide species.
oxide species was detected by IR spectroscopy arfdAly Itis not possible to differentiate between the contributions to

NMR. After the reaction an intense IR band assigned to the EXAFS from oxygen atoms from the zeolite lattice and
OH groups on extra-framework Al-oxide species was ob- from Ni-oxide clusters, while the presence of next nearest
served, which was only weakly intense in the fresh samples. Ni neighbors unequivocally demonstrates the existence of
Note that a small fraction of Al present in octahedral posi- Ni-oxide species. For the IMOR and Ny ZSM-5 catalysts
tions in the fresh NIMCM-22 and NYMOR was detected the increase in the Ni—O and Ni—Ni coordination numbers
by 2’Al-NMR, while for Ni/ZSM-5 the signal at 0 ppm  suggests the formation of Ni-oxide particles. However, for
was not observed. After the reaction, octahedral Al speciesNi/MCM-22, which did not show such an increase, it is
were detected in all catalysts (see Table 2). The highest con-concluded that the Ni ions remain on ion exchange posi-
centration was observed in \MIOR after the reaction with  tions after the NO reduction at 60C. The lower intensity
propene and in NIMCM-22 after the reaction with propene  of the band assigned to CO adsorption off Wi Ni/MCM-
and propane. lon exchange positions in the investigated ze-22 after reaction indicates that changes associated with the
olites are occupied by protons and?Niand Na ions. metal ions occurred, which are tentatively attributed to the
Note that Ni" ions are formed only during the pretreatment migration of Ni ions to exchange positions not accessible
done in vacuum to the samples before the CO adsorptionfor sorption of CO. Therefore, it is speculated that these Ni
experiments, and monovalent ions are not present under resspecies are also not active for the Nf@duction.
action conditions. The intensity of IR band at 3610¢m The position of the X-ray absorption edge depends on
(attributed SIOHAI groups) in the fresh sample decreased the effective charge density of the adsorbing atom and re-
between 32 and 93% by catalysis at high temperatures. Com+lects the tendency of an atom to bind the electrons [45].
paring this decrease with the appearance of a small peakThe position of the NiK-edge of the fresh and used sam-
associated to octahedral Al in tHéAI-NMR correspond- ples was 2.7 and 3.8 eV higher than that of reduced Ni. For
ing to a fraction of 2.4-A% of the total Al (see Table 2) the fresh samples the same position as for NiO was observed
suggests that the aluminum atoms associated to bridged hyindicating that Ni was in an oxidation state ¢ in the Ni-
droxyl groups are preferentially dealuminated. exchanged zeolites. Conceptually, the further increase in the
The smallest difference in the IR spectra during CO ad- edge energy of the used sample compared to NiO indicates
sorption between fresh and used samples was observed fothe coordination of Nito a strongly electronegative neighbor.
Ni/MOR (see Table 3), which perfectly agrees with the mi- This could either be one of the reactants [46] or, more likely,
nor decrease in activity observed during the NO reduction O atoms in a Ni aluminate phase formed by the reaction
at 600°C. For Ni/ZSM-5 and NYMCM-22 the intensity of of Ni with the extraframework Al-oxide species resulting
the bands assigned to CO adsorption on monovaleht Ni from dealumination. Note that in NiAD4 the binding en-
decreased significantly after reaction compared to the freshergy of the Ni 23> state (857 eV) is 3 eV higher than in
catalysts £ 60%). In general, the presence of CO interacting NiO (854 eV) [46,47]. However, the increase of the Al in
with monovalent Ni proves the existence of isolated Niions octahedral positions observed by NMR and the simultaneous
in the catalysts, because only isolatedNions can be par-  appearance of the Ni—Ni contributions resulting from the for-
tially reduced to Ni" by H,O present in the zeolite structure mation of Ni-oxide clusters in the EXAFS on the NIOR
[41,42]. This reaction can only occur during the activation and Ni/ZSM-5 samples presents only an indirect indication
of the catalysts in vacuum, while the formation of'Ns not of a relation between the dealumination and the Ni-oxide
expected under the reaction conditions of the,N€luction cluster formation.
due to the presence of an excess ef Therefore, the spec- In summary, all experiments indicate that the reduction
tra of CO adsorption showing the disappearance of the bandof NO with propane and with propene in the presence of
corresponding to CO interacting with Nindicates thatthe  an excess of oxygen causes structural changes of the Ni-
deactivation NiZSM-5 and NYyMCM-22 during the reac-  exchanged zeolites. These changes can be differentiated into
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