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In this letter we present a simple model useful to understand the relationship between the 
turnover frequency for NO decomposition over Cu-ZSM-5 catalysts (Nc~), the number of A1 
atoms per unit cell of the ZSM-5 zeolite (p), and the copper loading expressed as percent of 
exchange (E). Our simple model is able to explain the literature data. We show that: (1) on 
catalysts with the highest activity (Cu exchange levels E>90%), Ncu increases with p (i.e. 
decreasing the Si/A1 ratio) indicating that the most active sites may contain two close copper 
ions; (2) at low Cu exchange levels (E < 80%) the catalysts have lower activity and, moreover, 
Ncu decreases withp, according to previous results of Iwamoto et al. (1986). The present results 
are also in agreement with the evidence that the redox couple Cu2+/Cu + play a key role in the 
reactionmechanism. 
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1. Introduction 

Iwamoto  and co-workers [1-3] and Held  and co-workers [4] discovered that  cop- 
per ion-exchanged zeolites, in particular Cu-ZSM-5 zeolites, are active for the 
catalytic decomposi t ion of  NO.  It is evident that  a deeper insight into the reaction 
mechanism is important  to develop superior catalysts which could find practical 
applications in the near future [2]. The problems involved in the clarification of  the 
react ion mechanism have been reviewed recently by Hall  and Valyon [5] which 
also have given a comprehensive list of  the aspects to be further investigated. 

Hall  and Vaylon [5] in their reviews of  literature results considered of  general 
validity the conclusion reported by Iwamoto  et al. in 1986 [1] about  the influence of  

r Some of the ideas discussed in this letter were presented at the 2nd Italian national meeting on 
Science and Technology of Zeolites held in Modena, Italy, 6-8 October 1993. 
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the Si/A1 ratio on the turnover frequency (Ncu), expressed as twice the number of 
N2 molecules produced per copper atom per second. 

We recall that Iwamoto et al. [1] reported that the catalytic activity per cupric 
ion over Cu-ZSM-5 were linearly correlated to the silica-alumina molar ratio of 
ZSM-5 zeolite (fig. 4 or ref. [1]). This result was based on data obtained at 673 K 
and with a reaction mixture NO 4% in He. Iwamoto et al. studied catalysts at 40- 
50% exchange levels to keep conversions low and to treat the system as a differen- 
tial reactor (by definition 100% of exchange level corresponds to 1 Cu 2+ per 2 A1 
atoms). This result was considered correct also for catalysts with exchange levels 
> 90% (the catalysts with the highest turnover frequencies reported up to now) by 
Shelef [6], by Hall and co-workers [5,7-9], by Spoto et al. [10] and by Giamello et al. 
[11]. These authors suggested an active site consisting of isolated copper species. 

In a previous contribution we have investigated the dependence of NO decompo- 
sition activity on Cu loading of Cu-ZSM-5 catalysts [12]. It was found that the 
very first addition of copper species to ZSM-5 is inactive, then increasing the 
exchange level up to about 80% leads to catalysts with rather low activity. Conver- 
sely the activity of Cu-ZSM-5 catalysts increases by roughly 100-fold when the 
extent of copper exchange increases from 80 to 100%. We concluded that not all Cu 
sites are equivalent in their decomposition activity and that 20% is an upper limit 
for the fraction of Cu which is the most active [11]. It is clear that the Cu active sites 
with the highest turnover frequency should have a very special configuration. 
These conclusions are in agreement with experimental results obtained by Hall and 
co-workers [7,8,13] and Iwamoto and co-workers [1-3]. However, we considered 
again the effect of the Si/A1 ratio on the catalytic activity per site for catalysts with 
exchange levels > 90% [14] and arrived at a conclusion opposite to that reported 
by Iwamoto et al. [1]. We showed that the most active catalysts, those with copper 
loadings close to 100% of exchange level or higher, have the lower Si/AI ratios 
[14]. Several experimental results in agreement with the trend reported in ref. [14] 
were obtained by Li and Hall [8]. 

In the present contribution we present a simple model useful to explain the rela- 
tionship between the turnover frequency (Ncu), the % of copper exchange level (E) 
and the number of A1 atoms per unit cell (p) of the ZSM-5 zeolite. We show that: 
(1) on catalysts with the highest activity (Cu exchange levels > 90%), Ncu increases 
withp (i.e. decreasing the Si/A1 ratio) indicating that the most active sites may con- 
tain two close copper ions; (2) at low Cu exchange levels (<  80%) the catalysts 
have lower activity and, moreover, Ncu decreases with p, according to previous 
results of Iwamoto et al. [1]. The present results are also in agreement with the evi- 
dence that the redox couple Cu2+/Cu + play a key role in the reaction mechanism. 

2. Results  and discussion 

In table 1 we report literature data (see also ref. [14]) on the catalytic decomposi- 
tion of NO over Cu-ZSM-5 catalysts with exchange levels > 90%, obtained in the 
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Table 1 
Literature data for nitric oxide decomposition at 773 K over Cu-ZSM-5 catalysts. The rates were ob- 
tained under the differential region (conversion to nitrogen normally under 10%) and normalized to 
NO 4~ of  an atmosphere. The reaction order in NO is considered to be 1.0 [8]. Rg is the activity per 
gram of catalyst expressed as twice the number of N2 molecules produced per gram of catalyst per 
second; Ncu is the turnover frequency of NO decomposition expressed as twice the number of N2 mo- 
lecules produced per Cu atoms per second. The ZSM-5 zeolites are characterized by the Si/A1 atomic 
ratio and by the number of A1 atoms per unit cell (/9). Copper loading in wt% and as % of exchange 
(100% corresponds to 1 Cuion per 2 A1 atoms) are also reported. Cu-S represents a catalyst prepared 
exchanging Cu in silicalite (see ref. [15] for details about the preparation) 

Si/A1 p/Alperu.c.  Cu(wt%) E , % o f  Rg • 10 -17 Ncu x 103 Ref. 
exchange 

11.7 7.56 5.69 152 75.4 14.0 [3] 
12.3 7.22 5.04 140 69.7 14.1 [8] 
14 6.40 3.12 96 30.9 10.1 [8] 
21 4.36 2.54 114 27.1 10.7 [8] 
26.4 3.50 2.96 166 19.6 6.65 [8] 
77 1.23 1.62 255 8.2 5.34 [15] 

Cu-S (silicalite) 0.00 2.03 - <0.02 <0.01 [15] 
Cu/SiO2 (0.00) 0.86 - 0.0164 0.02 [16] 

differential region at 773 K and normalized to NO 4% of an atmosphere. Accord- 
ing to Li and Hall [8] a reaction order in NO equal to 1.0 was found. Details about 
the Cu-ZSM-5 catalysts, i.e. Si/A1 atomic ratio, number of A1 atoms per unit cell 
(p), Cu loading expressed both as wt% and as % of exchange level (E) are also 
reported in table 1. To cover a wider range ofp values we have investigated a Cu- 
ZSM-5 catalyst with Si/A1 = 77, p = 1.23, and with a copper loading of 1.62 wt% 
(255% of exchange level), and a Cu-silicalite (Cu-S) sample which had essentially 
no A1 (p = 0, Cu 2.03 wt%). Experimental details about the preparation of Cu- 
ZSM-5 catalysts were reported in refs. [12,13]. More details about the preparation 
and characterization of the new catalysts used in the present work will be reported 
in a forthcoming paper [15]. The exchange of copper ions in ZSM-5 (Si/A1 = 77) 
and in silicalite was performed in a copper acetate solution 0.1 M at room tempera- 
ture for 24 h, adjusting the pH of the solution at about 6.5. 

All the catalysts reported in table 1 were prepared by ion-exchange in an aque- 
ous Cu(II) acetate. For comparison we also include the result obtained by Hamada 
et al. [16] on the catalysts Cu/SiO2 prepared by ion-exchange of silica with an aque- 
ous Cu(II) acetate solution. 

Literature data for Cu-ZSM-5 catalysts with exchange levels <90% were 
reported by Iwamoto et al. [1 ]. As recalled in the Introduction, Iwamoto et al. stud- 
ied catalysts at 40-50% exchange levels to keep conversions low and to treat the sys- 
tem as a differential reactor. They found that at these exchange levels the 
following relationship between the turnover frequency and the number of Al atoms 
per unit cell: 
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Ncu ~ ko - kip (1) 

with kl <<k0 (see the data reported in fig. 4 of ref. [1] and consider that SiO2/ 
A1203 = 2Si/A1 = 2(96 - p ) / p ;  Ncu is in arbitrary units (a.u.), k0 = 2.6 a.u. and 
kl = 0.18 a.u x no. unit cells / A1 atom). 

In contrast the results reported in table 1 show that for Cu-ZSM-5 catalysts 
with exchange levels > 90% Ncu increases with p, i.e. decreasing the Si/A1 ratio. 
This result is also shown in fig. 1, where we can see that a plot of Ncu as a function of 
p is, to a good approximation, linear: 

Nc u '~k2p .  (2) 

We also see that the catalysts Cu/SiO2 and Cu-S are practically inactive and this 
confirms the importance of the unique electronic and geometrical structure of the 
copper sites in Cu-ZSM-5. 

As already noted the catalysts reported in table 1 were prepared by ion- 
exchange in an aqueous Cu(II) acetate solution. It has been shown that both transi- 
tion metal ion loading and ion-exchange solution pH are critical in determining 
the specific activity of zeolite catalysts [13,17,18]. This influence has been attribu- 
ted to the formation of catalytically active metal oxygen bridge species within the 
zeolite cavities (i.e. M '+ - O- M "+ species, where the O corresponds to extralattice 
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Fig. 1. Turnover frequency (Ncu) for NO decomposition (NO 4% in He) at 773 K of Cu-ZSM-5 cata- 
lysts (twice the number of N2 molecules produced per copper atom per second) as a function of p, 
the number of A1 atom per u.c. of ZSM-5 zeolite. Note that the catalysts have exchange levels > 90% 

(see table 1). 
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oxide ions). The formation of such species would be expected to be facilitated by 
high metal loadings and hydrolysis conditions during ion exchange, as is observed 
experimentally [12,13,17,18]. We also note that these conditions would favour the 
presence in solution of Cu(OH) + species which could lead, theoretically, to 200% 
of exchange level. We note that high values of exchange level (> 100%) could also 
be explained considering the following possibilities: (1) exchange of polymeric 
Cux(OH)  (2x-y)+ species; (2) precipitation of Cu(OH)2 within the zeolite channels; 
and (3) exchange of copper species by silanol groups. The points (2) and (3), in par- 
ticular, are important to explain the exchange of copper ions into silicalite and 
will be discussed in more detail in a forthcoming paper [15]. 

The result shown in fig. 1 has a direct relationship with the recent results 
reported by Iwamoto et al. [19]. These authors used IR spectroscopy combined 
with an isotopic tracer method, ESR and phosphorescence measurements, to study 
the adsorption of NO over Cu-ZSM-5 catalysts (with exchange levels close to 
100% or higher) to elucidate the mechanism of catalytic decomposition of NO. Iwa- 
moto et al. observed that the intensities of the infrared bands related to the species 
(NO) e- and (NO)e2 - decreased at ambient temperature with reaction time, while 
the intensity of the band related to the species (NO) e+ increased, according to a sec- 
ond-order rate equation [19]. On the basis of these results Iwamoto et al. suggested 
that dimeric Cu + ions could be the active centers, (NO) e- and (NO)~- the inter- 
mediates for the decomposition of NO over Cu-ZSM-5 catalysts, and that the 
catalytic reaction cycle may proceed at high temperature (at least above 573 K), at 
which oxygen generated through the decomposition can desorb. We note that the 
result presented in fig. 1 clearly supports dimeric copper sites as the most active in 
the NO decomposition. 

To explain this result as well as the previous result obtained by Iwamoto et al. 
[1] we consider the following simple model. We write the general equation of the 
mass balance for copper species (the concentrations of the copper species are 
referred to a unit cell (u.c.) of ZSM-5 zeolite) 

[Cult = [Cu0] q-[Cull -q- 2[Cu2] + [Cue0] + [Cue1] + 2[Cu~21. (3) 

In eq. (3) the copper species Cu0 represent inactive species; the species CUl repre- 
sent active isolated copper ions; the species Cu2 represent active dimeric copper 
ions. The subscript e represents excessively exchanged species (species present at 
exchange level > 100%, by definition). It should be noted that at very high 
exchange levels in eq. (3) we should include the concentration of the copper species 
with nuclearity higher than 2, possibly present as polymeric species and as 
Cu(OH)2. This fact, however, does not change the conclusion of our model because 
the copper species with high nuclearity dispersed in the zeolite channels are inac- 
tive, as demonstrated in ref. [12]. (From the mathematical point of view the concen- 
tration of these copper species can be included in [Cu0]). 

Note also that the total concentration of copper in the zeolite is related to the % 
of exchange level (E) and to the number of A1 atoms per u.c. (p) by the equation 
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[Cult = f i E / 2 0 0 .  (4) 

According to refs. [1-4,7,8,12,13,15] we can write the following activity order for 
the turnover frequencies of the several copper species: 

N2 ~ Ne2 >>N1 ~ Nel >>No ~ Ne0 = 0, (5) 

where N2 and Ne2 represent the turnover frequencies for NO decomposition of the 
active sites consisting of two close copper ions: N1 and Nel represent the turnover 
frequencies of isolated copper ions; and No and Ne0 represent the turnover frequen- 
cies of inactive copper species (no matter the nuclearity and location of the copper 
ions in the zeolite). 

Now consider first catalysts with exchange levels << 100%. In this case we 
have 

[Cult ~,~ [Cu0] -[-[CUl] , (6) 

N1 = N c u [ f U ] t / [ f u l  ] , (7) 

where Ncu is the measured turnover frequency. Considering eqs. (4) and (6) and cat- 
alysts with about the same E values (<<  100%) we can write 

Ncu -- NI{ (Ep/200) -[Cuo]} 200/Ep ,,~ N1 - N1 [Cuo] 200/Ep.  (8) 

Note that eq. (8) can be in agreement with the results obtained by Iwamoto et al. 
[1] (see eq. (1)) if we assume that: (i) E is a constant; (ii) [Cuo] is proportional topZ; 
and (iii) [Cuo] is always much less than [Cu]t. In fact assuming that 

[Cu0] =Up 2 (9) 

and E = constant, we see that eq. (8) becomes 

Ncu = ko - kip (1 O) 

with kl << k0 according to assumption (iii) above. 
Actually Iwamoto et al. [1] studied catalysts with highp values (3.69 <p < 7.50) 

and 40-50% of exchange levels for which it can be easily assumed that the small 
fraction of sites in the ZSM-5 structure that lead to inactive copper species are all 
filled by copper ions. According to our recent EPR and redox cycles studies [20] as 
well as from our study of NO decomposition as a function of the copper loading 
[12], this small fraction of inactive sites is estimated to be of the order of 20% of 
exchange level for a ZSM-5 zeolite wi thp ~ 6 (even lower ~ Of inactive sites are 
expected for higher p values). These sites may consist of isolated Cu 2+ ions that are 
very difficult to reduce to Cu + probably due to stabilization by a special configura- 
tion of the framework oxide ions. These copper species could also be unable to 
interact with NO and reductants like CO for steric reasons. Considering the ZSM-5 
structure we may suggest that the occupation by A1 atoms ofT12 and T2 sites [21] 
could be related to the stabilization of the small fraction of inactive Cu 2+ species. 
This explains the assumption of eq. (9) because the occupation of two close T2 and 
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T12 sites, considering a random distribution of A1 in the ZSM-5 zeolite, should be 
proportional to p2. (Note that the results obtained by Iwamoto et al. and eqs. (9) 
and (10) lead to [Cu0] values in the range of 13-26% of exchange levels (0.24--0.97 
copper atoms per u.c.) whenp is in the range 7.5-3.7 A1 atoms per u.c., in agreement 
with the results of refs. [12,20].) 

The mechanism of NO decomposition on isolated copper species in ZSM-5 has 
been discussed by several authors [5,6,8-11]. The reduced Cu + species play a key 
role in the formation of mono- and dinitrosyl complexes which evolve towards 
Cu 2+ - - - O-  species by elimination of N20. It has been suggested [9] that the transi- 
ent Cu2+---O - species leads to the catalytic intermediate [Cu(NO)(NO2)] + 
(where the copper is in the oxidized Cu 2+ form) potentially capable to decompose 
giving nitrogen and oxygen. Note that according to this hypothesis the cyclic reduc- 
tion of Cu 2+ to Cu + upon evolution of oxygen, by decomposition of the transient 
Cu 2+ - - - O-  species, is not necessary (which is a difficult process to be explained on 
ZSM-5 where the catalytic sites are far apart from each other). 

Now we consider catalysts with exchange levels > 100%. In this case according 
to eq. (5) we can write 

N2 ~ Ne2 = Ncu[Cu]t/{[Cu2] + [Cue2]} �9 (11) 

Assuming that the exchange of Cu(OH) + species is responsible for the excessive 
exchange and considering that a random distribution of A1 in the ZSM-5 zeolite 
implies that 

[Cu2] =k"p 2 , [Cth2] = k"p 2 , (12) 

we can write 

Ncu = Nz2k"p  2 2 0 0 / e p  ~ Nz2k"p 200/E. (13) 

Note that eqs. (11) and (12) can explain the experimental results reported in fig. 1 
suggesting that the active sites with the highest turnover frequency may contain 
two close copper ions. In fact for catalysts with E ~ 100% ([Cue2] ~ 0, ([Cu2] 
+ [Cue2]) ~ k'p 2) we have 

Ncu = N2k"p2 200 / l OOp ,-~ N22k"p --- k2p . (14) 

A catalyst with E ,,~ 200% ([Cu2] + [Cue2])~ 2k"p 2) according to this simple 
model should have the same activity because 

Ncu = N22k"p 2 200/200p ~ N22k"p = k w . (15) 

This last result explains the experimental results reported in ref. [12]. Note, how- 
ever, that some results reported by Valyon and Hall [13] seem to suggest that in cer- 
tain cases the excessively exchanged ZSM-5 catalysts could be more active with 
respect to catalysts with exchange levels close to 100%: i.e. it could be that 
Ne2 > N2. 

The exchange of dimeric copper species from the solution in ZSM-5 zeolites 
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should be favoured by the presence in the zeolitic framework of sites of the kind 
A1-O-Si-O-A1. Hunger et al. [22] by means of 1H solid-state N M R  studies 
obtained evidences for such kind of sites at a concentration of 0.2 + 0.5 per u.c. in 
H-ZSM-5 zeolites with Si/A1 = 15 (6 A1 per u.c.). The presence of A1-O-Si-O-A1 
sites in ZSM-5 is also supported by theoretical calculations [21-24], which indicate 
that the preferred sites of A1 substitution are located in the four-membered (T9) 
and in the five-membered (T12 and T2) rings. As discussed above the T2 and T12 
sites seem to play a role in the stabilization of the inactive Cu 2+ species at low E 
values. We suggest that the opposite corners of the four-membered rings (T9 sites) 
in the sinusoidal channels running parallel to the [100] direction of the ZSM-5 
zeolite could be the ideal location of the dimeric copper sites with the highest turn- 
over frequency for NO decomposition. Such T9 sites, after the ion-exchange of cop- 
per ions should favour the formation of (Cu2+-O-Cu 2+) species. At high 
temperature it could be possible to invoke the formation of the transient species 
Cu + - - Cu 2+ - - O-  that in the presence of NO leads to the reaction intermediate 
(Cu+(NO) - - Cu(NO~-) which can decompose in N2 and 02. This hypothesis 
avoids the step of oxygen desorption from two Cu + - - Cu 2+ - - O- sites, which is a 
difficult process to be explained on ZSM-5 where the catalytic sites are far apart 
from each other. 

The result of fig. 1 shows that superior catalysts could be prepared starting 
with ZSM-5 zeolites with the lower Si/A1 ratios (higher p values) and containing 
the highest degree of Cu2+-O-Cu 2+ sites (maximum amount of A1 in the T9 sites). 

3. Conc lus ions  

A re-examination of literature data shows that the turnover frequency for NO 
decomposition over Cu-ZSM-5 catalysts with exchange levels >90% increases 
with the number of A1 atoms per u.c. (i.e. decreasing the Si/A1 ratio). According to 
our simple model the results presented in fig. 1 suggest that the most active sites of 
Cu-ZSM-5 catalysts (lower Si/A1 ratio, higher number of A1 atoms per u.c., and 
exchange levels > 90%) may consist of two close copper ions. Such an active site 
could serve as a template holding two NO molecules (or at least two nitrogen con- 
taining species) which is a necessary requirement for the formation of the N - N  
bond. 

We have also shown that for Cu-ZSM-5 catalysts with exchange levels < 90%, 
where the active sites can be considered isolated copper ions, the turnover fre- 
quency decreases with the number of A1 per u.c., according to previous results 
obtained by Iwamoto et al. [1]. 

The mechanism of the NO decomposition over Cu-ZSM-5 catalysts with 
exchange levels > 90% is therefore very likely that proposed by Iwamoto et al. [19] 
on the basis of their IR studies of adsorbed NO at room temperature. This is 
further supported by 1H solid-state N M R  [22] and theoretical calculations [21-24] 
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studies of  the ZSM-5 zeolites which bring evidences about the existence of  A1-O-  
Si-O-A1 sites in the zeolitic framework.  Such sites, after the ion-exchange of  cop- 
per ions should favour the formation of  (Cu2+-O-Cu 2+) species. The lower activity 
of  the best Cu-Y catalysts should be related to the absence of  Cu + - - Cu 2+ - - O -  
sites in the supercages, the only place where there is enough room to permit  the for- 
mat ion  of  the reaction intermediate Cu + (NO) - - Cu(NO~-). 

Whether  the mechanism proposed here will be confirmed by more  detailed 
studies is obviously open to question, but it offers a simple explanation of  the result 
shown in fig. 1. We stress that  our ideas represent one interpretation of  the data  
and the result of  fig. 1 is, until now, the only experimental support  for this picture. 
The bridged C u - O - C u  species need to be identified and characterized in more  
detail (location of  the copper species with respect to the zeolitic f ramework,  defi- 
nition of  the local symmetry  of  the copper species and Cu-O bond lengths). 
Moreover ,  a fur ther  point to be investigated is related to the transient species 
Cu+(NO) - -  Cu(NO~) and [Cu(NO)(NO2)] + which, according to the proposed 
mechanisms,  at the reaction temperature must  release 02 and N2 together. 

We m a y  add that our recent results in the selective reduction of  NO on Cu- 
ZSM-5 [20] demonstrate  that  the most  active sites seem to be isolated copper spe- 
cies and that  these species are also present in Cu-Y. It is evident that  the NO decom- 
position can be considered as a remarkable example of  structure-sensitive 
reaction. 

References  

[1] M. Iwamoto, H. Furukawa and S. Kagawa, in: New Developments in Zeolite Science and 
Technology, Proe. 7th Int. Zeolite Congr., eds. Y. Murikami, A. Ijima and J.W. Ward 
(Kodansha/Elsevier, Tokyo / Amsterdam, 1986) p. 943. 

[2] M. Iwamoto and H. Hamada, Catal. Today 10 (1991) 57. 
[3] M. Iwamoto, H. Yahiro, K. Tanda, N. Mizuno, Y. Mine and S. Kagawa, J. Phys. Chem. 95 

(1991) 3727. 
[4] W. Held and A. K6ning, Ger. Of fen. DE 3,642118 (1989), assigned to Volkswagen, A.G.; 

W. Held, A. K6ning, T. Richter and L. Puppe, SAE Paper 900496 (1990). 
[5] W.K. Hall and J. Valyon, Catal. Lett. 15 (1992) 311. 
[6] M. Shelef, Catal. Lett. 15 (1992) 305. 
[7] Y. Li and W.K. Hall, J. Phys. Chem. 94 (1990) 6145. 
[8] Y. Li andW.K. Hall, J. Catal. 129 (1991) 202. 
[9] J. Valyon and W.K. Hall, J. Phys. Chem. 97 ( 1993) 1204. 

[10] G. Spoto, S. Bordiga, D. Scarano andA. Zecchina, Catal. Lett. 13 (1992) 39; 
G. Spoto, A. Zecchina, S. Bordiga, G. Ricciardi, G. Martra, G. Leofanti and G. Petrini, Appl. 
Catal. B 3 (1994) 151. 

[11] E. Giamello, D. Murphy, G. Magnacca, C. Morterra, Y. Shioya, T. Nomura and M. Anpo, J. 
Catal. 136 (1992) 510. 

[12] M.C. Campa, V. Indovina, G. Minelli, G. Moretti, I. Pettiti, P. Porta and A. Rieeio, Catal. 
Lett. 23 (1994) 141. 

[13] J. Valyon and W.K. Hall, Catal. Lett. 19 (1993) 109. 



152 G. Moretti / NO decomposition over Cu-ZSM-5 catalysts 

[14] G. Moretti, Catal. Lett. 23 (1994) 135. 
[15] G. Moretti et al., to be published. 
[16] H. Hamada, N. Matsubayashi, H. Shimada, Y. Kintaichi, T. Ito and A. Nishijima, Catal. Lett. 

5 (1990) 189. 
[17] J. Valyon and W.K. Hall, J. Phys. Chem. 97 (1993) 7054. 
[18] J. Valyon andW.K. Hall, J. Catal. 143 (1993) 520. 
[19] M. Iwamoto, H. Yahiro, N. Mizuno, W.-X. Zhang, Y. Mine, H. Furukawa and S. Kagawa, J. 

Phys. Chem. 96 (1992) 9360. 
[20] P. Ciambelli, P. Corbo, M. Gambino, V. Indovina, G. Moretti and M.C. Campa, in: 3rd Int. 

Congr. on Catalysis and Automative Pollution Control, eds. A. Frennet and J.-M. Bastin, 
preprints Vol. 2, p. 377, submitted for publication. 

[21] J. Sauer, Chem. Rev. 89 (1989) 199. 
[22] M. Hunger, D. Freude, D. Fenzke and H. Pfeifer, Chem. Phys. Lett. 191 (1992) 391. 
[23] A.E. Alvarado-Swaisgood, M.K. Barr, P.J. Hay and A.J. Redondo, J. Phys. Chem. 95 (1991) 

10031. 
[24] E.G. Derouane and J.G. Fripiat, Zeolites 5 (1985) 165. 


