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Abstract

ZSM-5 containing Zr in the lattice was prepared following the procedure for ZSM-5 using ZsClirconium precursor.
Zr was substituted for Si in the ZSM-5 lattice and then this zeolite was loaded with Cu. Loading these catalysts with Cu
was carried out following lwamoto’s procedure. An increase in Zr results in a decrease in Cu loading, although the exchange
solutions were the same. The increased Zr loading and, hence, decreased Cu loading resulted in a decreased NO decomposition
activity relative to the Zr-free ZSM-5 loaded with Cu. NO conversions, obtained on Cu-ZSM-5 zeolites in which zirconium
replaced Si, were below 40%, which is about 30% lower than those recorded on Cu-exchanged pure zeolites. The amount of
NO; detected in the reaction products proved that, for total conversions lower than 20%, the reaction of NO takes place almost
exclusively without decomposition toJ\Nand G. The catalysts were characterized by DRIFTS and NO-DRIFTS, Raman
spectroscopy, ©— TPD and XPS. The OH region observed in DRIFTS changed with an increase in Zr loading and, hence,
Cu(I1)-O—Cu(l) species cannot be formed. This may play a role in the decreased activity. Raman spectra showed that increased
Zr also results in increased CuO which may lead to the decreased activity. Although the exposure of the samples with high
Zr content to NO results in the apparent redispersion of CuO to isolated sites within the ZSM-5, the Cu moves to locations
which are inactive and/or inaccessible to NO and, hence, the activity does not increase even though the Cu is dispersed. The
formation of NG follows the mechanism proposed by Shelef. ©1999 Elsevier Science B.V. All rights reserved.
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of evidence obtained, two questions have not yet been cause of the different distribution of Al, and mainly

answered: why do only Cu and ZSM-5 allow a better
conversion in NO decomposition?

Comparative studies performed by Iwamoto et al.
[3,4] using various zeolites: faujasite, Y, morden-
ite or ZSM-5, and other supports, such as®@d
or Si0,-Al0O3 indicated that the superiority of
the ZSM-5 support was evident when comparing
materials with the same copper content or, in the
case of zeolites, for the same percentage of cop-
per exchanged. Irrespective of the reaction con-
ditions, the order was always the same, namely
ZSM-5> Y = mordenites> faujasite. Moreover, the
modification of the Si/Al ratio in ZSM-5 also resulted
in a change in activity. lwamoto et al. [4] reported that
an Si/Al ratio of 40-100 corresponds to the highest
activity. Li and Hall [5] and Moretti [6] found a de-
crease in the activity per copper atom when the Si/Al

of ‘Al pairs’.

The consequence is that the structure of the MFI
zeolites offers a good environment for the formation
of dispersed Cu active species, and the charge local-
ized on these species can, in principle, be ‘tuned’ by
modifying the charge associated to the exchangeable
zeolite sites. In this context, one of the solutions pro-
posed by Centi and Perathoner [8] for increasing the
catalyst performance was to substitute the species con-
stituting the zeolite framework with others. Replac-
ing one element with another in the synthesis of the
zeolite materials is restricted by the atomic ratio of the
elements. Therefore, few combinations can be envis-
aged. Centi and Perathoner [8] reported that replacing
Al with B gives a positive effect and they proposed
this way as a possibility to improve the behavior of
these catalysts. In order to verify such a hypothesis

ratio ranged between 12 and 27. Other experiments and possibly to identify some effects due to the sup-

made by Parvulescu et al. [7] using over-exchanged
Cu-ZSM-5 with Si/Al ratios between 15 and 60 in-

dicated that an increase of the Si/Al ratio up to 25
led to an increase in the conversion, and the activity
started to decrease at ratios >30. XPS studies of all

port upon the catalytic behavior of Cu in NO decom-
position, we worked with Cu-ZSM-5 in which some
silicon was progressively replaced by Zr.

these catalysts suggested a surprising redispersion of2. Experimental
the copper-containing species at the surface and/or a

migration to the inside of the zeolite. In this way, part
of Cu moves to locations which are inactive and/or
inaccessible to NO.

Several explanations have been proposed for this
behavior. Centi and Perathoner [8] consider that two

ZSM-5 containing Zr was prepared following a
procedure well known in MFI, using Zr@ds zirco-
nium precursor [12]. A series of zeolites was prepared
starting from an Si@Al,O3 molar ratio of 15 and
different ZrQ,/Al 03 ratios, namely: 0, 0.5, 1.0, 1.5

factors make the MFI structure of ZSM-5 more ade- and 2.0, respectively. The MFI structure was verified
guate than the other structures investigated: one ge-using XRD by recording the patterns of the samples
ometrical and one electronic. For the first one, these in a step-scanning mode (step 0Pt the region of
authors speculate that, in all the other zeolites, part interest for MFI, namely 26 26 <29 (Fig. 1). The

of the copper is implanted in hidden positions where Zr-containing samples showed a tendency to adopt an
the shielding effects of the lattice oxygen prevent or orthorhombic symmetry as a sign of the presence of
limit the possibility of interaction with the reactant Zr*t in the zeolite framework. The presence of the
molecules. In addition, the small pore diameter of framework Zf* is detected from the evolution of the
ZSM-5 prevents the formation of large Cu aggregates 313 and 313 planes [13,14]. An increase of the unit
such as in other oxide supports. The second effect is cell volume was also detected. Copper exchanged
related to the covalency of the bond between the metal zeolites were prepared from copper () acetate mono-
and the zeolite lattice, this decreasing in the order hydrate (purity>98%) using a one-step exchange
MFI>mordenite > faujasite. Because of this, the lo- procedure [15]. According to this procedure, 15§l

cal charge ‘sensed’ by molecules coordinating the Cu of the parent H-ZSM-5 was suspended in 300 ml
ions differs considerably from one zeolite to another. distilled water. The suspension was sonicated for
In addition, Wichterlova et al., [9-11] have shown 30min, then 162moll~lcopper acetate was added.
that four typical Cu sites exist in these zeolites be- An exception is the sample Z-0-220, for which the
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pled plasma atomization (ICP-AES) after drying of
the samples overnight at 373K (Table 1). ICP-AES
analysis of the resulting samples corresponded to a
(Si+Zr)/Al atomic ratio of ca. 30 and ZrfdAl,03
Zr:Al=0 ratios ranging from 0.01 to 0.89. An important de-
crease was observed in the Cu exchange degree when
- the Zr content in the zeolites increased, namely from
) over-exchanged zeolites (220 and 241% Cu exchange)
to less-exchanged ones (85% Cu exchange) (Table 1).
P — The basis for the calculation of the exchanged Cu was
' 1Cu/2Al=100%. Before the catalytic tests the zeolites
, ! were heated from room temperature to 823 K under
=l Zr:Al=0.20 helium at a rate of 1 Kmin! and maintained at this
i R temperature for 6 h. For pre-treatments, 0.5 g catalysts
8 were subjected to a helium flow of 30 mlmih
Samples were characterized by elemental analysis,
S W "*-'*'M"'x..\ adsorption of N at 77 K, temperature-programmed
; N desorption of @ (O2-TPD), diffuse reflectance in-
Zr:A1;0.44 frared Fourier transform spectroscopy (DRIFTS), Ra-
man spectroscopy and XPS.

Adsorption and desorption curves of; it 77 K
were obtained with a Micromeritics ASAP 2000 ap-
A paratus after degassing the samples at 423K for 12 h
L under vacuum. This permitted determination of the
surface area and the pore volume of the samples.
Zr:Al=1.11 Micropore measurements performed using the same
ol device were carried out at low JNpressures using
o the Dubinin—Raduskevitch and Horvath—Kawazove
formalisms.

The TPD measurements with@ere carried out in
M the same fixed-bed quartz microreactor as that used for
. : the catalytic testing. Four hundred milligrams of the

26 27 28 29 sample were heated from room temperature to 773K
590 at a rate of 1 Kmin? in a diluted flow of Q (40%Q

in He at 27 mImin!) and kept at 773K for 8h. Af-
Fig. 1. XRD pattern of ZSM-5 containing Zr compared with pure  ter cooling under an &low to room temperature, the
ZSM-5 in the range 2620<29". sample was purged with He (15 mImiH for 3h. The

temperature was then increased at a rate of 5 Ktin
amount of copper acetate added to the suspension wasip to 773K under the same He flow. The Oes-
8.5x 10-3moll~1. After stirring for 24 h, the pHwas  orbed was analyzed by a Balzers Quadrupole QMG
raised to neutrality with ammonia and the suspension 311 mass spectrometer.
stirred for 1.5h. The sample was then centrifuged DRIFTS spectra were recorded by using a
and redispersed in distilled water until the conduc- controlled-temperature-and-environment diffuse re-
tivity of the washing water was below 7 mSch flectance DRIFTS chamber (Spectra-Tech 0030-103)
The solid was then dried overnight under vacuum, with ZnSe windows in a Brucker IFS88 infrared
at room temperature, prior to pre-treatment. Elemen- spectrometer with KBr optics and using a DTGS de-
tal analysis of Si, Al, Zr, and Cu was performed by tector. The samples were placed inside the chamber
atomic emission spectroscopy with inductively cou- without packing or dilution. Before NO adsorption,
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Table 1
Chemical composition and surface area of the investigated catalysts
MFI-Sample Chemical composition Exchanged Langmuir surface Pore volume
0, —1 —1
Al Wto)  Si(wte%)  zr wt%)  Cu (wow) U (0 area (g™ (cm?g™)
Z-0-240 0.33 9.95 0 3.72 240 432 0.16
Z-0.02-241 0.33 10.26 0.02 3.74 241 431 0.15
Z-0-220 0.32 9.91 0 331 220 435 0.16
Z-0.21-220 0.31 9.58 0.21 3.20 220 430 0.16
Z-0.32-197 0.30 9.23 0.32 2.77 197 435 0.16
Z-0.49-167 0.33 10.11 0.49 2.59 167 431 0.16
Z-0.78-145 0.32 9.71 0.78 2.18 145 436 0.16
Z-1.94-85 0.33 9.06 1.94 1.24 85 434 0.16

the samples were activated for 1h at 773K under contained 4400 ppm of NO with He as carrier gas. The
30mImin? of He flow. They were subsequently total flow was 30 mimin' (W/F=2gsmt?). Each
cooled at room temperature in He and the flow rate catalyst was tested between 623 and 873K and the
was switched to 30 mI mint of 5%NO—He flow. Af- products of the reaction were analyzed with an on-line
ter that, the temperature was increased, and a DRIFTSBalzers Quadrupole QMG 311 spectrometer, scanning
spectrum was recorded each 100K after 30 min of the masses from 28 to U&he calibration of the appa-
stabilization. The spectra were collected for 200 ratus was done using pure gases (Belgair). The anal-
scans at a 4 ciitresolution. The Raman spectra were yses accounted for the cracking of nitrogen oxides in
recorded on a Dilor-Jobin Yvon-SPEX spectrome- the mass spectrometer. The activity of the catalysts
ter equipped with an optical multichannel analyzer. was expressed in terms of NO total conversion and
The Raman spectra were excited with the 488 nm NO conversion to M.

line of an Ar™-ion laser. Self-supporting wafers were

used. These were prepared from powder samples3 Results

pre-activated for 6 h at 823 K.

The XPS spectra were recorded using an SSI X 3.1. Implantation of Cu in the zeolite
probe FISONS spectrometer (SSX -100/206) with
monochromated Al radiation. The spectrometer ~ Data presented in Table 1 shows that starting from
energy scale was calibrated using the Ay /4fpeak the same content of copper in the solution and from
(binding energy 84.0eV). The samples were mod- the same liquid—solid ratio, the degree of copper
erately heated by a quartz lamp in the introduction €xchange is different. Diagram 1 illustrates
chamber of the spectrometer to promote degassing,
thus improving the vacuum in the analysis chamber. N
For the calculation of the binding energies, the Cls \
peak of the C—(C,H) component at 284.8eV was
used as an internal standard. The composite peaks
were decomposed by a fitting routine included in the
ESCA 8,3 D software. The superficial composition
of the investigated samples was determined using
the same software. It used the bands assigned to
Cuppz,Clbp1,Zr3ds, Zr3gs, Alos, Orsand Spp, respec-
tively.

All samples were tested for the decomposition of
NO to N, and ©@. The tests were carried out in a con-
tinuous flow system with a fixed-bed quartz microre-
actor containing 0.5 g of catalyst. The reactant gas feed 1 W% Al 0

wt.% Si
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Table 2

the relation between the chemical composition of the
p Amount of & released from the catalysts studied in-TPD

zeolites and the ‘exchanged’ copper. In this diagram,

the chemical composition was normalized considering Cu- Zeolite O-to-metal atom ratio

only three components: Si, Zr and Al. The increase in from the peak from the peak
the content of Zr in the zeolite results in a decrease centered at 641K centered at 832K
in the Cu loading. It is r_10teworthy that this behavior 012 0.019

occurs for samples having nearly the same content of 220 0.12 0.014
aluminum, namely for nearly the same content of ex- 197 0.10 0.015
changeable sites and for almost identical (Si+ Zr)/Al 167 0.07 0.011

ratios. Using a typical ZSM-5 without Zr, the amount ~ *%° 8'83 g'gig

of Cu in the solution corresponds to a Cu exchange of
ca. 240%, a value which is very close to that obtained
using a zeolite containing ca. 0.02wt.% Zr.

The number of oxygen atoms assigned to be released
from the species containing extra-lattice oxygen de-
creases with the decrease of the exchanged Cu. On the
. . ) contrary, the number of oxygen atoms corresponding
Fig. 2 shows the @TPD profiles corresponding g the peak centered around 832 K does not depend on
to zeolites with different Cu loadings. These curves ihe copper exchanged.
exhibit a first prominent maximum centered at about  symmarizing these results, one can notice that the
641K and a second one around 832K. The position monitoring of the oxygen released during TPD is

of these maxima does not depend on the copper con-mainly sensitive to extra-lattice oxygen species.
tent or on the chemical composition of the zeolites,

but the areas of the peaks are in direct dependence
The peak located above 641K corresponds to a col-
lective property of copper and the zeolite and results . , .
from the formation of species containing extra-lattice Fig. 3 shows DRIFTS specira of zeolites after acti-

oxygen (ELO) [16,17]. The additional release centered vation in_ si_tu in He at 773K for 1 h_. All the spectra
around 832K results solely from the contribution of have a similar structure. They contain bands due to the

isolated Cu species. Table 2 gives the area of thesezeOlite framework (580, 620, 1200-1370Th alu-

peaks normalized as an O atom-to-metal atom ratio. minosilicate I:i\ttice (8,00’ 1030-1070ch) and ELO
(960-970cm™). Besides these, another band near

690cnT! has also been detected. This band could

3.2. O-TPD

3.3. DRIFTS

280 — be assigned to the, stretching vibrations modes of
a . 20 the Cu-O bond [18]. The increase of the Cu content
2607 . s 19 shows some parallel with an increase of the intensity
240 - % . of the band assigned to ELO species and a decrease
o g5 of the intensity of the band located around 690¢m

20 which is assigned to isolated Cu oxide species. The
bands corresponding to ELO species exhibit an ob-
servable intensity starting from a Cu content corre-
sponding to a 145% exchange. One also should note
that, due to the presence of Zr in the zeolite frame-
work, the structure of the OH bands is different from
those corresponding to pure silica—alumina ZSM-5.
M0 0 200 300 400 500 600 700 Three different OH groups located at 3722, 3680, and
3594 cnrlcan be observed.

The DRIFTS spectra collected on zeolites with
Fig. 2. &-TPD profiles of the investigated Cu-ZSM-5 zeolites.  different Cu contents in the presence of NO and for

200

MS signals, a.u.

160

Temperature,”C
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Fig. 3. DRIFTS spectra of the in situ He activated Cu-ZSM-5 zeolites.

various temperatures indicated a different interaction. with the increase of the temperature in the NO atmo-
Fig. 4, as indicated in the figures, corresponds to sphere. Also, the position of the ELO band changes
a subtraction of the spectra collected at successivewith the temperature to lower wave numbers, namely
temperatures. These subtractions were made after ao the positions corresponding to €l species [24].
background in He was acquired at each temperature Another modification in the spectra recorded in the
and these backgrounds were used to correct the specpresence of NO at different temperatures occurred in
tra recorded at each temperature. This allows to fol- the region of OH groups. The increase in temperature
low the evolution of the various chemisorbed species leads to the formation of new bands (at 3726¢m
during the investigated steps. In the spectra recordedat 373K, and at 3726, 3693 and 3610¢chat higher

at room temperature, the subtraction indicates bandstemperatures). Simultaneously, the bands in the
located at 1889-1904 cmh(assigned tonoys fre- 3600-3400 cm'range disappear, indicating that the
quencies), 1854-1856 cri(assigned t0 v(,04)5+ presence of NO is responsible for these changes.
frequencies), 1673-1700 criassigned tonoy),s+

frequencies), and lower than 1604chassigned to  3.4. Raman spectra

nitrate—nitrite species) [19-21]. One should note that,

in the conditions of continuous NO—-He mixture flow, Raman spectra recorded for the fresh catalysts (Fig.
no bands assigned to gem-dinitrosyl species were de-5) showed, in addition to typical bands of ZSM-5 lat-
tectable. The increase of the contact time to 12 h (Fig. tice, additional bands at 660 and at 635¢nwhich
4(c)) made that the bands assigned to nitrate-nitrite correspond ta4 andv1, stretching vibrations modes
species became more distinct, indicating even at this of Cu—O bonds [18]. A similar band was not evi-
temperature a slow decomposition process that is in denced in the case of 240 and 220% Cu exchanged
total agreement with numerous papers on this subject pure ZSM-5. These data could suggest that in the cata-
[22,23]. The increase of the temperature to 773K lysts in which silicon was replaced by zirconium, even
causes a continuous decrease of the bands located afor the same concentration of copper as with simi-
ca. 1894, 1856 and 1673-1700chindicating that lar pure ZSM-5 catalysts, an agglomeration of copper
these species are actually involved in the reaction takes place. Raman spectra recorded after NO decom-
pathway, as we had indicated previously [21]. One position tests do not contain this band. According to
should also remark that both the band assigned to ELO the arguments presented in Section 1, we interpret this
and the one assigned to isolated Cu species diminishas indicating a redispersion of copper (Fig. 6).



V.I. Parvulescu et al./Catalysis Today 54 (1999) 507-519 513

| | | | | ! | 1 | 1 1 I | 1

1 @
- I~
o He (300 K) — He (573 K) N
o
g N
=1
[+
e} —
£ -
< NOy;, (300 K) — He (300 K) -
i NO (373 K) - NO (300 K) ‘A N
Xl
|
i NO (473 K) - NO (373 K) w;‘
7 INO (573 K) - NO (473 K) NO I
. NO (673 K) - NO (573 K)
NO (773 K) — NO (673 K) , M‘
-
)
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
Wavenumber, cm’!
| 1 1 Il 1 1 | 1 | 1 I 1 | 1 l_
(b)
3 L
«
g | L
g
£ He (300 K) - He (573 K) L
B
2 L
- NOu, (300 K) — He (300 K) s
] NO (373 K) - NO (300 K) A
) NO (473 K) - NO (373 K) i
i NO (573 K) - NO (473 K)
] NO (673 K) — NO (373 K)
T N——
. NO (773 K) - NO (673 K) B
[ ——
T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

Wavenumber, cm’!

Fig. 4. NO-DRIFTS subtracted spectra of the spectra collected at different temperatures. (a) (Z-0.21-220); (b) (Z2-0.32-197); and (c)
(Z-0.78-145).
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3.5. XPS spectra ratio with the decrease of the Cu loading, which is in
a perfect concordance with DRIFTS and Raman data
Figs. 7 and 8 give the XPS characteristics of the (Fig. 8). The analysis of the catalysts before, and after,
investigated zeolites. No shift in the binding energies the catalytic tests give comparable results indicating
of the analyzed elements were determined as a consethat most of the Cu remains in a (ll)-oxidized state.
guence of the modification of the chemical composi- An exception is the (241) catalyst for which, similarly
tion of the zeolites. Freshly prepared samples exhibit a to the use of Cu exchanged pure ZSM-5 zeolites, the
higher superficial concentration of Cu compared with XPS Cu(l)-to-Cu(ll) ratio after the catalytic tests still
the results obtained from chemical analysis (Fig. 7). indicates about 33% Cu in Cu(l) state.
The same Fig. 7 shows that exposing the samples for
6h to NO at 823K leads to a diminution of the Cu 3.6. Catalytic tests
signal. All samples show a lower Cu/Si ratio after cat-
alytic tests relative to the data from the elemental anal-  Figs. 9 and 10 show the catalytic performances of
ysis results. This is also interpreted as corresponding the investigated catalysts. Data presented in these fig-
to a migration of Cu inside the zeolite channels and ures were recorded after 3 h of reaction, namely when
in such conditions, except for the sample with 85% the reaction reached stationarity. Data obtained on
exchange, the Cu/Si ratio becomes slightly lower than Cu-zeolites containing Zr with given (Si+ Zr)-to-Al
that determined from chemical analysis. Another piece ratios were compared with those exhibited by 240 and
of information obtained from XPS analysis concerns 220% Cu exchanged pure ZSM-5 with a correspond-
the Cu(l)-to-Cu(ll) ratio [25]. In both, the fresh and ing Si-to-Al ratio. NO conversions to Nobtained
tested catalysts there is a tendency to a decrease of thisn Cu-zZSM-5 zeolites in which zirconium replaced
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Fig. 5. Raman spectra of the fresh catalysts.

Si were below 40%, which is about 30% lower than tration (Fig. 9) correspond to an important release of

those recorded on Cu-exchanged pure zeolites. The to-NO,, which actually contains the silent oxygen (Fig.

tal conversion of NO was also smaller than that on the 10).

Cu-pure ZSM-5 while the conversion of NO to NO Concerning the effect of the temperature, we ob-

was more important on Cu-implanted in ZSM-5 con- served the typical behavior for the Cu-zeolite catalysts.

taining Zr. However, a small amount of Zr, such as The conversion increased from 623 to 823K, where

0.02 wt.%, has no influence upon the catalytic behav- a maximum was determined for all the catalysts and

ior of this catalyst. after that, namely between 823 and 873K, a decrease
Differences in behavior as a function of the degree occurred.

of Cu exchange were also observed. The increase of

the copper content up to an exchange value corre-

sponding to 197% has no significant influence on the 4. Discussion

catalytic behavior of these catalysts. But, an additional

increase of the copper loading above this value causes The modification of the Zr/Al ratio in the investi-

an increase both, in the total conversion and in the gated zeolites influences the copper loading. This be-

conversion to M. havior occurred in spite of an identical copper content
One should notice that the very lowp@o-N; ratios in the exchange solution and, what is more impor-

on almost all the investigated ranges of copper concen-tant, for nearly the same content of Al in the zeolites,
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Fig. 6. Raman spectra of the tested catalysts.

namely for nearly the same content of exchangeable
sites. Therefore, one can interpret the observed behav-
ior more as a modification of the superficial properties
of the zeolites than as an electronic effect of Zr upon
the properties of the lattice Al. It seems that the effect [ Cu/Sichem

of Zr is only to modify the properties of the OH func- 70 B Cu/SiXPS (before tests)
. . . £ O Cu/Si XPS (after tests)
tion. This becomes more basic. Actually, the structure 7 60 -

of the OH bands determined from DRIFTS for Zr con- £ 5 |

taining zeolites is totally different from those corre- ¢ 04

sponding to pure ZSM-5. Neither XRD nor textural £

characterization give us any argument in favor of a 530 )

zeolite lattice damage associated with the presence of 3 20 1

Zr. However, we cannot totally exclude the presence 10

of some extra-lattice zirconium species. The modifica- o4 ‘

tion of the Cu content with the chemical composition 241 20 197 167 145 g5

of the zeolites cannot be due to the presence of these Cu exchanged, %

species because the differences in this content are too

high (from 240 to 85% Cu exchange) compared to the Fig. 7. XPS Cu/Si ratio compared to chemical Cu/Si ratio for the
possible maximum content of Zr. investigated catalysts.
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In a previous paper, we suggested [21], in agree- sumption one can suppose that the increase of the Zr
ment with other data published in the literature [26], content should lead to a decrease of the dimer species
that to achieve an over-exchange, a second Cu atompopulation. Indeed, the DRIFTS spectra recorded for
should be bonded onto the silanol species leading to the in situ He-activated samples indicated that a de-
asymmetric diatomic Cu(ll)-O—Cu(l) clusters. This crease of the ELO species occurs when the Zr content
hypothesis was later confirmed by Sayle et al. [27] increases and, as a consequence, the total Cu load-
based on molecular dynamics and computer-aided de-ing decreases. Another piece of information resulting
sign calculae of these structures. Using such an as-from the analysis of the DRIFTS spectra concerns the
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isolated Cu-oxide. The spectra recorded for different Cu-to-Si ratio for the tested catalysts in comparison to
Zr-containing zeolites (Fig. 3) show that the band as- the fresh ones.
signed to these species varies in a direction opposite These copper species, however, migrate to inactive
to that of the ELO species, namely the increase of the positions. A decrease of the conversion with the in-
Zr content made the presence of these species morecrease of the reaction time was observed. After 3h,
evident. This observation is also in perfect concor- the reactions are stationary. Careful analysis of the
dance with the Raman spectra recorded for the fresh numerous data published on this reaction shows that
catalysts, which indicated the presence of the same ELO species can be easily destroyed during the reac-
species (Fig. 5). This data allows us to conclude that tion. But it seems almost impossible, at least for the
an increased Zr content leads to a diminution of the known zeolites, to reform these species during the re-
ELO species, but to an increase of the isolated copperaction. It is even more difficult to create such species
oxide aggregates. Parallel results were obtained from starting from copper in the form of oxide.
O,-TPD analysis. Compared with those determined by ~ Summarizing, the reaction data indicated that the
chemical analysis, higher copper superficial concen- conversions were rather low and also corresponded
trations were also determined from the XPS Cu-to-Si to the low GQ-to-N; ratio in the product, an effect
ratios. which led to the production of a high amount of
An oxidizing atmosphere, like that generated by the NO2.
presence of NO, leads to effects which are interpreted ~ Our results also shed light on the reaction mecha-
as a migration of Cu inside the zeolite channels and/or hism. In situ NO DRIFTS analysis showed that part
a redispersion of the Cu containing species. Several Of the reaction occurs via a pathway we have recently
findings support this conclusion. The first ones result proposed [21]. (NG)* species are directly involved in
from in situ NO DRIFTS analysis which showed a the generation of the active intermediates and succes-
decrease of the ELO band intensity with the increase sive subtraction of the spectra at different temperatures
of the temperature, and also a decrease of the bandbrings arguments in this sense. The presence of the
assigned to isolated Cu species, a conclusion which is (N203)2* as well as the (N@),®+ species leads us to
very interesting. Other evidence was given by Raman suggest that they are also involved as in the same reac-
spectra, which showed no more Cu components after tion pathway. We have no evidence to the presence of
the catalysts were tested for NO decomposition and gem-dinotrosyl species at these temperatures and NO
by XPS which indicated an important decrease of the concentrations, but only that of the dimer (NS
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ones. The @to-N, ratio we have determined makes

us speculate that the reaction also occurs following the
scheme proposed by Shelef in which the silent oxygen

gets incorporated in the released N8].

5. Conclusions

The partial replacement of Si atoms with Zr leads
to ZSM-5 materials which, when loaded with Cu, are
less effective for NO decomposition than pure ZSM-5.
This behavior results from a modification of the su-
perficial properties of the zeolite, which implies that

519
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[6] G. Moretti, Catal. Lett. 23 (1994) 135.

[7]1 V. I. Péarvulescu, P. Oelker, P. Grange, B. Delmon, in
A. Andreev, L. Petrov, Ch. Bonev, K. Kadinov, I. Mitov
(Eds.), Proceedings of the 8th International Symposium on
Heterogeneous Catalysis, Varna, 1996, 1996, 353 pp.

[8] G. Centi, S. Perathoner, Appl. Catal. A: Gen. 132 (1995) 179.

[9] B. Wichterlova, Z. Sobalik, J. Dedecek, A. Vondrova, K.
Klier, J. Catal. 169 (1997) 194.

[10] J. Dedecek, B. Wichterlova, J. Phys. Chem. 98 (1994) 5721.
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erates. Under such conditions these catalysts exhibit a

low NO decomposition activity.

Referring to the conclusions of Centi and Perathoner
mentioned in Section 1, our results here show that

replacing Si by Zr exerts a negative effect.
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