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Abstract 

Atomic-scale engineering of catalytic functions of isolated redox sites in confined environments of zeolitic channels is 
proposed as a new approach to the investigation of structure-properties relationship in heterogeneous 'biomimetic' catalysis. 
It is shown that the design of such catalysts, on the base of high-silica zeolites, containing isolated transition-metal cations as 
active redox sites, may present promising opportunities for creation of new types of contacts from a practical point of view. A 
detailed analysis of transition-metal cation incorporation into high-silica zeolites by either conventional or solid-state 
exchange is given. Stabilization of one or several transition-metal ions by matrices of high-silica zeolites (mainly H-ZSM-5) is 
discussed. The influence of different factors on the processes of cationic-species stabilization is analyzed. These data are 
correlated with the results of catalytic testing in reactions of total oxidation of hydrocarbons (HC), direct decomposition of 
NOx, and SCR of NOx by HC. The relationship between catalytic activity and selectivity of cationic sites and their 
coordination and electronic state, regulated by either thermal treatment or introduction of different anionic ligands, is 
analyzed. 

Keywords: High-silica zeolite; Transition metal cation; Solid-state exchange 

I .  Introduction 

The mechanism of activation of reactants on the 
surface of heterogeneous catalysts is determined by 
the nature of  the active site. However, a very complex 
mixture of  clustered and isolated ions, differing in 
both coordination and valence state, normally presents 
itself on the surface of supported heterogeneous cat- 
alysts. Therefore, it is usually impossible to differ- 
entiate between these sites for a correct correlation of 
intrinsic catalytic properties and physical properties of  
the isolated sites. 
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Synthesis of  inorganic 'biomimetic '  catalysts on the 
basis of  high-silica zeolites, containing isolated tran- 
sition-metal cations as active redox sites, opens the 
way for creation of new types of  catalysts. The term 
'biomimetic '  is used to point out that the catalytic 
behavior of  isolated transition-metal cations in a 
specific environment of  zeolitic matrix could be simi- 
lar to the action of active places of  enzymes. Nan- 
ometer-scale engineering of catalytic functions of  
isolated redox sites in the confined environments of  
zeolitic channels is of  great interest. This diluted 
system, with crystalline zeolitic matrix and some 
discrete sites of  cation location, is quite simple for 
characterization by physical methods and permits a 
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correct structure-properties correlation for 'isolated' 
catalytic sites. 

The aim of the present work is to summarize our 
data on the nature and catalytic properties of an 
isolated redox site (transition-metal ion), stabilized 
in the zeolitic matrix (mainly ZSM-5). 

2. Results and discussion 

In our study, electron spin resonance (ESR) is used 
mainly for physical characterization of the samples. 
The intensities of the lines and the parameters of the 
spectra allow the determination of the cation concen- 
tration and the identification of the type of coordina- 
tion for many transition-metal ions (Cu 2+, Mn 2+, 
Cr 3+, Fe 3+, V 4+, Cr 5+ and M05+). The in situ mon- 
itoring of their interaction with different molecules 
gives very important additional information for cor- 
relation with the data of catalytic testing. 

The samples under investigation are tested in cat- 
alytic oxidation of alkanes (CH4, C2H6), N20 catalytic 
decomposition, and NOx selective reduction. 

A conventional ion exchange from solutions 
can be used for introduction of a few bicharged 
ions, but many transition-metal cations could be 
introduced by a solid-state reaction between H-  or 
NH 4 forms of zeolites and different transition-metal 
compounds [1]. 

The simplified schemes illustrate the chemistry of 
the solid-state interaction between metal salts or oxi- 
des (e.g., copper) and isolated protonic sites in the H- 
form zeolite: 

CuC12 + (H +) - zeolite ~ (CuC1 +) - zeolite + HC1 

CuSO4 -1- (H +) - zeolite ~ (CuHSO +) - zeolite 

CuO + (H +) - zeolite ~ (CuOH +) - zeolite 

where (H +) is the strong Broensted acid site of 
zeolite (e.g., H-ZSM-5). The first reaction is in use 
for quantitative determination of the exchange 
degree by the titration of eliminated HC1 (Karge 
et al.). The two other examples show the processes 
without elimination of the side products from the 
H-zeolite. 

The samples prepared by both convenient ion 
exchange from solutions as well as solid-state ion- 
exchange methods were investigated. 

3. Physical properties of transition-metal cations 
stabilized by H-ZSM-5 matrix 

3.1. Copper  ions 

The introduction of copper in H-ZSM-5 samples of 
different SIO2/A1203 ratio gives Cu(II) ESR signals 
which were identical in hyperfine structure (hfs), but 
differed in the signal intensities. A linear correlation 
between maximum intensity of Cu(ll) ESR signal and 
A13+ content in ZSM-5 framework was established 
[2], demonstrating clearly that the number of cationic 
vacancies for Cu(II) ions (protonic sites) is determined 
by the A1 content in ZSM-5. 

The Cu/H-ZSM-5 samples, calcined at 550°C, con- 
tain two types of isolated Cu 2+ cations located in a 
square-planar environment (g11= 2.27; All = 175 Oe) 
andafive-coordinatedone (gll = 2.31; All = 155 Oe) 

~ ' DPPH 

(a) 
I 

2.5 31.0 KOe 
t t  /Oe 

I I 1 I I ,~ 

Fig. 1. ESR spectra at 20°C, for Cu-ZSM-5: (a) calcined at 550°C 
and evacuated and (b) calcined at 800°C and evacuated [2]. 
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(Fig. 1). The spectra of the samples, calcined at 
800°C, show the preservation of the two discrete types 
of Cu2+-ion sites, but distorted with respect to the two 
previous ones. The strong influence of 02 on the hfs of 
Cu(II) ESR spectra is also typical of the exchanged 
sample Cu/H-ZSM-5 [3]. It is concluded that the 
Cu(II) ions, which migrate into H-ZSM-5 from the 
outer surface of the crystals, are coordinated at the 
same positions as the isolated Cu 2+ cations introduced 
by conventional ion exchange. Upon calcination, the 
number of isolated Cu 2+ ions in H-ZSM-5 reaches a 
maximum of 30-40% of the A13+ framework [2]. 

The acid sites in high-silica zeolites may be con- 
sidered as powerful traps for Cu(II) ions which 
migrate into the zeolitic channels upon calcination. 
Fomially, the process may be considered as the reac- 
tion of copper compounds with a strong acid (protonic 
sites in high-silica zeolites). 

In H-ZSM-5, Cu(II) compensates one elemental 
charge of the lattice and has an additional link to 
an extra-lattice ligand (Cu(OH) +) [3]. The study of the 
interaction of H-ZSM-5 with CuF2, CuCI2, Cu3(PO4) 2 
[3], and CuSO4 [4] demonstrated the influence of the 
anion (extra-lattice ligand). Differences in the types of 
Cu(II) coordination due to the presence of different 
anions were clearly seen [3,4], and it was concluded 
that a considerable part of the isolated Cu 2+ cations in 
zeolite channels interact with extra-lattice ligands, 
such as F -  or (PO4) 3-. 

There is only one XRD work [5] on the location of 
Ni 2+ in H-ZSM-5. Two sites were detected: the first 
site is near the wall of the straight elliptical channel, 
and the second one is inside the element, T1402o, 
composed entirely of five-membered rings. The cation 
in the main channel is linked with three lattice oxy- 
gens and must be coordinated with extra-lattice 
ligands. The second site with six lattice-oxygen 
ligands is recessed from the main channels of ZSM- 
5, and its geometry is presented in Fig. 2. In [6] it was 
assumed that Cu 2+ cations are located in the same 
sites of ZSM-5 as Ni 2+ cations, and the properties of 
such a location (Fig. 2) were analyzed by means of 
quantum-chemical calculations. It was shown that 
calculated components of the g-tensor agree well with 
the experimental ones. At the same time, quantum- 
chemical calculations showed that a small geometric 
displacement of the Cu E+ ion in its chelate site may 
result in a drastic change in the g-factor values. A 

y 

x 

Fig. 2. Cluster model of an isolated Cu(II) ion inside a H-ZSM-5 
structural fragment composed of five-membered rings (taken from 
X-ray data [5,6]). 

noticeable change in g-components accompanied even 
a negligible Cu 2+ ion displacement (Z = 0.01 A). The 
aforementioned INDO calculations confirmed the sur- 
prising effect of measurable changes in the hfs of the 
Cu 2+ ESR signal upon the physisorption of Xe or n- 
hexane inside Cu/H-ZSM-5 channels [7]. 

Interaction of different molecules with Cu(II) ions 
in Cu-ZSM-5 was studied in [6,8-10]. It was shown 
that factors other than the possibility of coordinative 
complex formation in zeolitic channels must also be 
taken into account when analyzing the mechanism of 
Cu(II) interaction with the sorbed molecules [6]. A 
small change in donor-acceptor properties of Cu(II) 
ligand environment and/or a slight geometric displa- 
cement of Cu(II) ion may result in a noticeable change 
in hfs of the ESR signal. In situ ESR monitoring of the 
coordination and oxidation states of copper in Cu- 
ZSM-5 up to 500°C demonstrated that the Cu(II) state 
is stable upon treatment in vacuum or in pure He [8]. 
At 20-300°C, formation of adsorption complexes with 
NO, NO2, and H20 alters the coordination of Cu(II) 
cations. Selective reduction of the most reactive 
square-planar Cu(II) ions to Cu(I) by methane at 
500°C was detected [9]. It was shown that at 20°C, 
in propene flow, the formation of an oligomeric mate- 
rial was accompanied by reduction of a significant part 
of the Cu(II) cations [10], and heating to 200-300°C 
led to quantitative reduction of the cupric ions. Etha- 
nol sorption at 20°C resulted only in a coordination 
change of the Cu(II) by octahedral complex formation 
[10]. 
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3.2. Mo(V) cations in high-silica zeolites 

The solid-state interaction between mordenite or 
ZSM-5 and MoO3 does not result in an ESR signal for 
Mo(V) ions after calcination in air or in vacuum [11]. 
Reduction of both uncalcined and pre-calcined mix- 
tures by H2 at 300--400°C produced identical, weak 
Mo(V) ESR signals. MoO3 forms polymer fragments 
in vapor phase, but not cationic species. Therefore, 
Mo(VI) ions cannot enter into zeolitic channels, 
despite the high volatility of MOO3. 

After heating at 150°C, the ampule with the mixture 
H-ZSM-5+MoCI5 in vacuum, a strong ESR signal 
was generated (Fig. 3). Calcination of the ampule at 
350°C resulted in the sublimation of excess MoC15 
(Tmelt=268°C), but the intensity of the ESR signal did 
not decrease. Air was introduced at 20°C and this 
resulted in considerable broadening of the ESR signal 
(Fig. 3). However, evacuation of the sample at 20°C 
for 1 min led to a complete restoration of the spectrum 
(Fig. 3). After calcination of the mixture at 550°C for 
30 rain, the ESR signal retained 70% of its initial 
intensity. Calcination of H-mordenite (HM) with MoCI5 
in vacuum produced intensive Mo(V) ESR signal, but 
the interaction of NaM with MoC15 did not result in 
any noticeable formation of isolated Mo(V) ions. 
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Fig. 3. ESR spectra at 20°C, of the mixture H-ZSM-5+MoC15 
calcined in vacuum at 140°C: (a) in vacuum; and (b) after the 
introduction of air [11]. 

Calcination of the mixture (amorphous SiO2- 
AI203+MoC15) at 150°C, as in the case of H-ZSM- 
5, led to a considerable Mo(V) signal. However, 
calcination of the sample under more severe condi- 
tions resulted in a continuous decrease in the signal 
intensity. The signal disappeared completely when the 
sample was calcined at 550°C for 30 min. So, Mo(V) 
in the cationic positions of zeolites was more strongly 
bonded than on the surface of SIO2-A1203. 

Mo(V) is not stable in H-ZSM-5 upon oxidative 
treatment [ 11 ]. The calcination of the Mo(V)/H-ZSM-5 
sample in air at 300°C resulted in irreversible disap- 
pearance of Mo(V) ESR. The subsequent reduction by 
H2 produced only a very weak Mo(V) ESR signal. 

3.3. Cr(V) stabilized by H-ZSM-5 matrix 

The thermal treatment of mixtures of high-silica H- 
zeolites and chromium oxides resulted in the appear- 
ance of an ESR spectra from isolated Cr(V) ions [11- 
13]. Calcination of the different mixtures under severe 
conditions produced Cr(V) ESR signals, the maxi- 
mum intensities of which were determined by the 
number of acid sites in the zeolites. 

Fig. 4 shows the ESR spectra at 20 °, for the Cr/H- 
ZSM-5 sample, calcined in air or in vacuum. Cooling 
the sample to -196°C resulted in an increase in the 
ESR-signal intensity (g=1.98; AH=50 Oe). Introduc- 
tion of air at 20°C gave rise to a considerable but 
reversible line broadening (Fig. 4c) [11]. Such a 
change in the ESR spectrum in 02, caused by the 
dipole-dipole broadening of all components of hfs, 
demonstrated the accessibility of Cr(V) cations to 02. 
Chemisorption of ammonia or pyridine at 20°C pro- 
duced new ESR signals (superposition of two or three 
anisotropic signals from Cr(V) with no hfs structure) 
[11]. 

In ZSM-5, the average distance between A1 atoms 
in the framework is large. Therefore, it is difficult to 
imagine a site capable of polyvalent cation coordina- 
tion without additional ligands. It is suggested [11-13] 
that isolated complex cation species (CrO2) +, and not 
isolated Cr 5+ ions, are coordinated in cation positions. 

The presence of hfs in the ESR spectra from Cr(V) 
cations located in H-ZSM-5 (Fig. 4) is an unusual 
property of these samples. This splitting demonstrates 
the interaction between the unpaired electron of Cr(V) 
and the nuclear spin (I = 5/2) of lattice A13+ ions. 
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Fig. 4. ESR spectra at 20°C, of the mixture H-ZSM-5+CrO3: (a) 
calcined in air at 550°C and evacuated; (b) calcined at 800°C and 
evacuated; and (c) after the introduction of air [11]. 

The spectra from Cr(V) in ZSM-5 are very well 
resolved in Q-band (Fig. 5) [14]. It was supposed that 
the AI 3+ ion is situated in the second coordination 
sphere of the ( 0 0 2 )  + species. 

3.4. V(IV) cations in high-silica zeolites 

V(IV) is put in cationic positions via a solid-state 
reaction of V205 with H-ZSM-5 [11,15,16]. 

AI; I7 ,5 /2  [ " ~  

Fig. 5. ESR spectra in Q-band at 20°C, of Cr(V) cations introduced 
into (a) H-ZSM-5; and (b) H-[Ga]ZSM-5 [14]. 

Calcination of mechanical mixtures of V205 with 
H-ZSM-5 at 550-800°C resulted in the appearance of 
V(IV) ESR spectra (Fig. 6), which are typical of the 
isolated vanadyl species (gn=l .93;  g±=2.00; 
A11=198 Oe; A±=85 Oe) [11,15]. Calcination of 
the mixture in air, vacuum or H2 (60 mmHg) led to 
spectra, identical to that shown in Fig. 6a. The intro- 
duction of air at 20°C led to drastic but reversible line 
broadening. An hfs of 7 0 e  was detected by recording 
the ESR spectra at 200°C (Fig. 6) [16]. This is an 
experimental evidence of electronic interaction 
between the vanadyl cation and the lattice Al 3+ ion 
of ZSM-5 [16]. 

The interaction of isolated V(IV) cations in H- 
ZSM-5 with different molecules (ammonia, pyridine, 
2,4,6-trimethylpyridine (TMPy), p-xylene, nitroben- 
zene) was also studied by ESR spectroscopy [15]. It 
was shown that the initial ESR spectrum is split into 
two spectra upon adsorption of all the molecules 
studied, except for TMPy. Since adsorption of steri- 
cally hindered molecules like TMPy did not affect the 
parameters of the ESR spectrum, it was concluded that 
both the V(IV) species are localized within the struc- 
ture of the zeolite and not on the outer surface [15]. 

Adsorption of NH3, pyridine or nitrobenzene is 
accompanied by a significant change in the parameters 
of the V(IV) ESR spectrum, due to incorporation of 
the strong ligands in the coordination sphere [15]. It 
was assumed that adsorption of ammonia or pyridine 
results in an increase in the covalency of the bonds due 
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Fig. 6. ESR spectrum of isolated vanadyl cations introduced into 
H-ZSM-5 by a solid-state exchange with V205: (a) at 20°C; (b) and 
(c) are fragments of spectrum of (a) taken at 200°C [16]. 

to delocalization of the unpaired electron to the orbi- 
tals of the ligands. On the contrary, in adsorption of 
nitrobenzene, it was noted that delocalization of the 
electron decreases and the V-O bonds become more 
polar [15]. 

The valence state of V(IV) in the H-ZSM-5 chan- 
nels is extremely stable upon redox treatment: the 
cation is not oxidized to V(V) even after heating in air 
at 800°C [11,15]. 

3.5. Iron ions in H-ZSM-5 

Location, coordination and reactivity of Fe(III) 
cations in H-ZSM-5 were studied in comparison with 

those of Fe(III) lattice ions in ferrisilicate H-[Fe]ZSM- 
5 [17]. 

The solid-state interaction of H-ZSM-5 with FeO or 
Fe304 at temperatures up to 800°C is not accompanied 
by the formation of isolated Fe 3+ ions [17]. The use of 
FeC13 (Tmelt=309°C) enabled the registration of Fe 3+ 
ion migration and re-distribution at 250-300°C. 

The formation of the ESR signal with g=4.27 is 
typical of isolated Fe 3+ ions being located in a strong 
crystal field of low symmetry. An anomalous tem- 
perature dependence of the signal intensity was a 
peculiarity of the ESR signal. It was believed that 
cationic species with one elemental charge (FeO ÷, 
FeC1 +) neutralizes one elemental lattice charge 
(A104) [17]. Reversible broadening of Fe 3+ ESR 
lines upon the introduction of oxygen, caused by 
the dipole-dipole interaction with 02, demonstrated 
the accessibility of Fe 3+ ions to gas-phase molecules. 
Interaction of coordinatively unsaturated Fe 3+ ions 
with such strong ligands as ammonia or pyridine 
resulted in an increase in field symmetry, provoking 
the shift of ESR lines to smaller g-values (replacement 
of ESR lines with g=  6.25 and 5.65 by a low-tem- 
perature line with g =  4.27) [17]. 

Fe(III) cations in H-ZSM-5 could not be reduced by 
NH3 at temperatures up to 300°C. The more severe 
treatment of the sample, at 550°C for 30 min, led to the 
complete disappearance of isolated Fe 3+ ions with the 
formation of Fe °. Changes in Fe 3+ ESR spectra, upon 
interaction of Fe-H-ZSM-5 with weak ligands such as 
p-xylene, confirmed the great coordinative unsatura- 
tion of the isolated Fe 3+ cations [17]. 

The properties of Fe 3+ lattice ions in ferrisilicate 
(tetrahedral and distorted tetrahedral environments) 
differed drastically from those of Fe 3+ cations in H- 
ZSM-5. Molecules (e.g., NH3) sorbed in ferrisilicate 
channels did not influence the symmetry of the crystal 
field (opposite Fe 3+ cations), and the Fea+-lattice ions 
were resistant to the reductive treatment [17]. 

3.6. Manganese ions in H-ZSM-5 

The valence state Mn 2+ was identified by ESR for 
the part of isolated Mn cations in Mn/ZSM-5. How- 
ever, these ions were unable to change the valence 
upon redox treatment. Therefore, it is difficult to relate 
the redox catalytic activity of Mn/ZSM-5 with these 
Mn 2+ ions. At the same time, the H2-O 2 titration of 
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Mn/ZSM-5 allows to monitor the change in the 
valence state for another part of Mn cations being 
ESR silent. It seems more likely to correlate the 
redox behavior of Mn/ZSM-5 catalysts with these 
Mn ions. 

3.7. Co-introduction of different ions into cationic 
positions of H-ZSM-5 

The co-introduction of (Cu 2+ + Cr 5+) and (Cu 2+ + 
V 4+) into the zeolite H-ZSM-5 by a solid-state reac- 
tion is possible under different treatment conditions 
[18]. Two different ions can be co-introduced in 
cationic positions inside zeolitic channels or one type 
of cation can substitute the other. The final result 
depends on the rate of migration, redistribution and 
substitution of polyvalent ions in cation sites of high- 
silica zeolites [18]. Different ions can be located at the 
same sites and migration, and re-distribution pro- 
cesses proceed concurrently [18]. 

The ESR spectrum of the calcined mixture of H- 
ZSM-5 and CuCrO4 was the superposition of ESR 
signals from the isolated Cu(II) and Cr(V) ions. These 
ions were located in the same sites as after introduc- 
tion of the individual cations from. CuO or CrO3 
[2,11]. The ratio of the Cu(II) to the Cr(V) ESR signal 
intensities was estimated to be of the range 2-3 [18]. 

Cr(V) ions in the cation positions of the H-ZSM-5 
can be exchanged for Cu(II) ions upon oxidative 
calcination of the binary mixture. The Cu2+/Cr 5+ 
ratio reached 20-30. Reduction of the sample contain- 
ing co-introduced Cu(II) and Cr(V) cations by H2 
resulted in a rapid disappearance of ESR signals from 
both isolated Cu 2+ and Cr 5+ cations [18]. 

An examination of the interaction of H-ZSM-5 with 
V205 and CuO was conducted under different condi- 
tions [18]. In was shown that, in an oxidative atmo- 
sphere, Cu(II) ion was bound more strongly in the 
cationic position than the V(IV) ion, and vanadium 
was displaced from the zeolite channels to the outer 
surface of crystals and oxidized to V(V). Reduction by 
H2 at 400°C resulted in a sharp decrease in Cu(II) 
cation concentration, but no subsequent increase in 
V(IV) ion concentration. This temperature was too 
low to promote the migration of vanadyl ions from the 
outer surface of the crystals. However, the rise in 
temperature to 800°C in H2 led to a quick re-migration 
of V(IV) ions into vacant cationic sites and the inten- 

sity of the V 4+ ESR signal returned to the initial value. 
A new oxidative treatment of the reduced binary 
sample resulted in the repeated replacement of almost 
all V(IV) cations by the Cu(II) ions formed. 

The effect of cation substitution was more pro- 
nounced in the Fe3+/H-ZSM-5+CuO system [17]. 
At least 99% of isolated Fe 3+ cations were replaced 
by Cu(II) cations as a result of high-temperature 
interaction between Fe3+-containing H-ZSM-5 and 
copper oxide. Also, the concentration and coordina- 
tion of Cu(II) ions, introduced into the sample by a 
solid-state exchange, coincided completely with those 
of Cu(II) cations in Cu/H-ZSM-5 [3]. 

However, no replacement of Cu 2+ for Co 3+ was 
detected upon impregnation of Cu-ZSM-5 with 
Co(NO3) 3 solution and subsequent calcination up to 
600°C [19]. 

The solid-state interaction does not permit the 
exchange of Na ÷ cations in H-ZSM-5 for polyvalent 
cations, i.e., the strength of linkage for Na + ion 
exceeds noticeably the bonding strength for all transi- 
tion-metal ions studied. Formally, the strength of 
retention of different ions in cationic positions of 
H-ZSM-5 decreases in the order: Na+>> Cu2+> 
Cr 5÷ > V 4÷, Co 3+, Fe 3+. 

4. Cations of  transition metals as active catalytic 
sites in H-ZSM-5 

The ability of the H-ZSM-5 matrix to stabilize 
transition-metal ions, as isolated cationic species 
being located in unusually low-coordination environ- 
ments (Cu e+, Fe 3+) and non-typical valence states 
(Cr 5+, V4+), is demonstrated above. Such coordina- 
tively unsaturated sites are very reactive toward a 
variety of ligands. Therefore, such systems are inter- 
esting from the catalytic point of view. Moreover, 
thermal treatment of the samples as well as the 
introduction of different anionic ligands (F-, SO 2-, 
PO 3-) permits the local topography of the isolated 
cationic sites to be changed. So, the comparative 
catalytic testing of such systems enables one to elu- 
cidate the influence of local crystal-field symmetry on 
the intrinsic catalytic properties of isolated transition- 
metal ions. 

In spite of the fact that the number of active sites in 
high-silica zeolites is small (1-1.5 wt% of transition- 
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metal oxide may only be located in zeolitic matrix in 
catalytically active form), there are some examples of 
very high intrinsic redox activity in H-ZSM-5. Some 
recent works show that modification of pentasils by 
transition-metal cations permits to prepare active and 
stable catalysts for both total oxidation of alkanes and 
NO decomposition. 

4.1. Cu/H-ZSM-5 zeolite as catalyst for both NO 
decomposition and NO reduction with 
hydrocarbons 

Catalytic decomposition of nitric oxide was studied 
on a number of zeolites containing transition-metal 
cations, but of these, only the Cu 2+ forms showed 
appreciable activity. The conversion of NO showed an 
S-shaped dependence on the exchange level. It was 
assumed that at least two kinds of sites exist in the 
ZSM-5. Pure H-form of ZSM-5 was inactive in stoi- 
chiometric NO decomposition. 

SO3 deactivates Cu/H-ZSM-5 for NO decomposi- 
tion due to the formation of CuSOg-type species. 
Nitric-oxide reduction with hydrocarbons was a com- 
plex process which takes place on H-forms of zeolites. 
However, the introduction of different cations into the 
zeolite noticeably changed the activity of catalysts. 
Cu/H-ZSM-5 was the most active for the selective 
reduction of NO by ethene in the presence of oxygen 
at temperatures as low as 437-573 K. No detailed 
study of the reaction mechanism or active-site struc- 
ture was realized, but the assistance of Cu + ion in the 
process was assumed. 

In situ ESR monitoring of Cu/H-ZSM-5 at 300- 
500°C in flowing mixtures (NO+C3H6+O2) demon- 
strated that the equilibrium oxidation state of copper 
depended on both the temperature and the composi- 
tion of the gas mixture [10]. At 500°C, in an excess of 
oxygen, the condition prevailing during SCR, virtually 
all of the copper remains in the Cu(II) state. The re- 
oxidation of any reduced site by 02 (or NO2) is very 
fast. Only at lower temperatures and/or close to stoi- 
chiometry does the equilibrium Cu 2+ <-> Cu + begin 
to shift to the right [10]. 

The difference between the stability of the transi- 
tion-metal sites in Cr-ZSM-5 and Cu-ZSM-5, under 
identical conditions, is shown in [13]. In conditions 
typical during SCR, even with a large excess of 
oxygen, the relative extent o f  reduction of the 

Cr(V) cations in Cr-ZSM-5 is much higher than that 
of Cu(II) cations in Cu-ZSM-5 [13]. 

4.2. Complete oxidation of alkanes 

Catalytic oxidation of CH4 traces with 02 is 
enhanced using cation-containing H-ZSM-5 zeolites 
instead of H-ZSM-5 [20-24]. The system permits to 
compare intrinsic activities of different ions (or of the 
same ions in different local environments). 

4.2.1. Cr/H-ZSM-5 
Supported chromia catalysts (Cr/SiO2; Cr/SiO2- 

A1203)  a re  well-known active catalysts for complete 
oxidation. A comparative study of Cr/H-ZSM-5 with 
known physical properties is of interest. Fig. 7 shows 
the activity of Cr/H-ZSM-5 in CH4 bum-up at 500°C 
[20-22]. Catalytic activity of the Cr/H-ZSM-5 system 
increased linearly with the rise of chromium content 
up to 1.5 wt%, showing considerable site homogene- 
ity. The activity of the catalyst reached a maximum 
when the number of isolated Cr(V) cations, capable of 
changing valence state upon redox treatment, reached 
a maximum. So, the excess of chromia (a-Cr203 phase 
on the outer surface of zeolitic crystals) did not 
contribute to the catalytic activity of the samples. 
At the same time, it was shown that the specific 
activity of Cr(V) cation in H-ZSM-5 is much higher 
(by a factor of 30) than that of Cr(V) ion stabilized on 
the surface of amorphous supports [20-22]. We 

SY per  1 Cr SV per  1 Or 5+ 

16 h "~ h-t1 40 

\ 
20 

~Or/Si02 Cr, wt~ 
I i 

I 2 3 

Fig. 7. Space velocity (SV) (99% methane conversion, 500°C) for 
different Cr/H-ZSM-5 samples: (1) total; and (2) per gram of Cr(V) 
[21]. 
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Fig. 8. Space velocity (SV) (99% methane conversion, 500°C) for 
Mn/H-ZSM-5 samples with different A1 content in zeolites with: 
(1) Si/AI-=16; (2) Si/AI=20; and (3) SiAl=40 [23]. 
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Fig. 9. Space velocity (SV) (99% methane conversion, 500°C) for 
different Cu/H-ZSM-5 samples: (1) total; and (2) per gram of Cu 
[24]. 

assume that stabilization of the isolated Cr(V) ions in 
coordinatively unsaturated environment inside H- 
ZSM-5 is a reason of such unusually high intrinsic 
catalytic activity. 

4.2.2. Mn/H-ZSM-5 
Complete oxidation of CH4 over Mn/H-ZSM-5 

proceeds with very high activity and stability 
[22,23]. Fig. 8 shows the dependence of catalytic 
activity upon the Mn content in H-ZSM-5 samples, 
with different SiOa/A1203 ratios [23]. It was con- 
cluded that (1) the maximum number of catalytic sites 
(i.e., isolated Mn cations) depends linearly on the 
concentration of vacant acid sites in H-ZSM-5; and 
(2) intrinsic activity per Mn ion in Mn/H-ZSM-5 
exceeds that in Mn/SiO2 by a factor of 10 [23]. 

4.2.3. Cu/H-ZSM-5 
Catalytic oxidation of CH4 with Oa using Cu 2+- 

containing H-ZSM-5 was studied in detail [24]. Fig. 9 
shows the activity for different Cu/H-ZSM-5 samples. 
Catalytic activity of Cu/H-ZSM-5 increased within the 
first 5-10 rain on-stream and then reached a steady 
state. No reduction in the effectiveness of the catalysts 
was found at 500°C after 10 h of continuous use. The 
calcination of the sample in air at 550°C for 15 h did 
not result in any decrease in the catalytic activity [24]. 

It is clearly seen from Fig. 9 that stabilization of 
Cu(II) ions in H-ZSM-5 results in the formation of 
active sites. At the same time, an increase in the 
activity per gram of Cu (Fig. 9, curve 2) demonstrates 

the inhomogeneity of catalytic sites. By comparison of 
catalytic data with the results, obtained from the study 
of Cu 2+ location and coordination, it was concluded 
that the high catalytic activity is determined only by 
the formation of the most coordinatively unsaturated 
square-planar Cu(II) ions [24]. A linear correlation 
between the amount of square-planar Cu(II) and the 
activity of the Cu/H-ZSM-5 sample demonstrated the 
decisive role of these [24]. 

When the number of isolated Cu(II) cations in the 
zeolite reached a maximum (at 1.5-2.0 wt% Cu), the 
activity of the catalyst also reached a limit (Fig. 9, 
curve 1). The excess CuO on the outer surface of the 
zeolite did not contribute noticeably to Cu/H-ZSM-5 
catalytic activity in C H  4 oxidation [24]. 

The calcination of the Cu/H-ZSM-5 sample at 
800°C for 1-2 h did not noticeably reduce the number 
of isolated Cu(II) ions accessible to reagents, but a 
considerable change in the Cu(II) ligand environment 
occurred. The most unsaturated square-planar Cu(II) 
coordination disappeared completely as a result of 
high-temperature treatment, and a 1000-fold drop in 
catalytic activity of the samples accompanied the 
change in the local topography of isolated Cu(II) in 
catalytic sites [24]. The samples Cu/HM and CuO/ 
SiOa (which did not contain square-planar Cu(II)) also 
showed a much lower specific activity than Cu/H- 
ZSM-5. 

The relation between catalytic activity and Cu 2+ 
site local topography has already been studied (see 
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Ref. [25]). The same samples Cu/H-ZSM-5 and Cu/ 
HM were tested in catalytic ethane oxidation, but 
catalyst activities were measured at low alkane con- 
version. The samples did not differ noticeably in the 
total number of accessible active Cu(II) sites diluted in 
an inert support, and the specific activity per cupric ion 
was compared in each case. It was shown that a 1000- 
fold change in the specific activity of the isolated Cu 2+ 
site may occur as a result of local topography trans- 
formation [25]. Activity of the sample Cu/H-ZSM-5 
(500°C, which contained the most coordinatively 
unsaturated square-planar Cu(II) ions) exceeded activ- 
ities of the samples containing five-coordinated Cu 2+ 
ions by a factor ranging 30-100. Subsequent trans- 
formation of Cu(II) environment to the most symme- 
trical octahedral form resulted in a further activity fall 
by a factor of 30. Suppression of complete oxidation 
was accompanied by a selectivity change: an activity 
in high-temperature partial oxidation became measur- 
able for the samples with more symmetrical Cu envir- 
onments [26]. 

The change of the topology of the most active 
coordinatively unsaturated Cu(II) cations, upon intro- 
duction of sulfate anions in Cu-ZSM-5, results in the 
same effect of drastic decrease in the intrinsic activity 
of the active redox site [4]. 

The decisive role of the most reactive, square-planar 
isolated cupric ions, was also confirmed in Ref. [27], 
where the reactivity loss upon high-temperature cal- 
cination and steam-ageing of Cu-ZSM-5 was studied. 

Kinetics of catalytic methane oxidation on Cu- 
ZSM-5 was studied in detail recently [28]. It was 
shown that, in the kinetic region, the reaction rate 
depended linearly on methane concentration. To eval- 
uate the possible influence of the reaction products, 
their content in the reaction mixture was varied over a 
wide range, and no influence of either 02 or CO2 was 
detected. Water vapors reduce the reaction rate notice- 
ably, but this influence is completely reversible. The 
results obtained are described by a rather simple 
kinetic equation, and the reaction scheme is proposed 
[28]. 

4.2.4. WH-ZSM-5 
The system V/H-ZSM-5 with isolated V(IV) 

cations was completely inactive in CH4 burn-up 
[22], due to the stability of the V(1V) valence state 
[11,15]. Introduction of V into H-ZSM-5 zeolite does 

not permit to prepare active catalysts for complete 
alkane oxidation. 

4.3. Thermal stability o f  H-ZSM-5 containing 
transition-metal cations as catalytic sites 

The mechanism of Cu/H-ZSM-5 deactivation upon 
the high-temperature treatment is not fully under- 
stood. In a recent work [27], an attempt was made 
to monitor the physical changes in the Cu-ZSM-5 
structure accompanying the high-temperature dry or 
wet deactivation of the catalyst. It was demonstrated 
that steam-ageing (630°C) or dry calcination (850°C) 
induced a change in Cu(II) coordination without 
noticeable agglomeration or encapsulation of the iso- 
lated ions. At the same time, the reactivity and ability 
of the Cu(II) sites to adsorb different molecules was 
substantially affected. Therefore, the loss of catalytic 
activity was associated with irreversible changes in the 
local topography of the Cu(II) sites [27]. 

A stabilizing effect was noted for bicationic Cu- 
ZSM-5 samples modified by a relatively large amount 
of multivalent rare-earth ions, namely La or Ce [29]. 
These modifiers markedly attenuated the spatial rear- 
rangement of the Cu(II) ions during high-temperature 
calcination. The loss of catalytic activity in ethane 
oxidation of either Cu-ZSM-5 or Cu/La-ZSM-5 after 
high-temperature treatment correlates well with the 
loss of the isolated Cu(II) sites located in the most 
reactive square-planar coordination, as the compari- 
son of Fig. 10 with Fig. 11 illustrates. 

o 

I. 

. 

Concluding remarks 

The pentasil-type matrix is capable of stabilizing 
isolated cations in both non-typical valence states 
and unusually low-coordination environments 
(i.e., in local crystal fields of low symmetry). 
Such coordinatively unsaturated transition-metal 
ions have very high reactivity. The presence of 
different anionic ligands results in the change in 
the local topography of the cationic site. Therefore, 
an atomic-scale engineering of catalytic functions 
of isolated active sites in confined environments of 
zeolitic channels becomes possible. 
Pentasil-based catalysts with discrete, isolated 
redox sites permit a correct study of structure- 
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Fig. 10. Change in the relative concentration of the square-planar 
Cu(II) ions after stepwise calcination of the samples: (1) 127% Cu- 
ZSM-5; and (2)1.06% Cu/5.4% La-ZSM-5 [29]. 
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Fig. 11. Specific activity in ethane oxidation at 330°C, after 
stepwise calcination of the samples: (1) 1.27% Cu-ZSM-5; and (2) 
1.06% Cu/5.4% La-ZSM-5 [29]. 

ac t iv i ty  r e l a t ionsh ip  for  i so la ted  ac t ive  si tes o f  

k n o w n  loca l  topography .  

3. In  spi te  o f  the  fac t  tha t  the  c o n c e n t r a t i o n  o f  ac t ive  

si tes in  h igh - s i l i ca  zeol i tes  c a n n o t  be  h igh ,  there  are 

some  e x a m p l e s  o f  ve ry  h i g h  speci f ic  r edox  act iv i ty  

o f  ' b i o m i m e t i c '  ca t ion ic  si tes s tab i l i zed  by  H- 

Z S M - 5  mat r ix .  S o m e  r ecen t  works  show tha t  mod-  

i f ica t ion  o f  pen tas i l s  by  t r ans i t i on -me ta l  ca t ions  

pe rmi t s  the  p repa ra t i on  o f  p r o m i s i n g  ca ta lys t s  b o t h  

for complete oxidation of alkanes and NOx decom- 
position. 
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