
t

R and
eolites

HY the
work with
rturbation

the singly
ated by the
pairs
derately
ally strong
Journal of Catalysis 216 (2003) 192–202
www.elsevier.com/locate/jca

Localization of bivalent transition metal ions in high-silica zeolites
with the very broad range of Si/Al ratios in the framework probed

by low-temperature H2 adsorption
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Abstract

H2 adsorption at 77 K with DRIFT control of H–H stretching frequency was used as a molecular probe for the study of MO
ZSM-5 modified with Co2+, Zn2+, or Ni2+ ions. The obtained results indicated localization of these transition metal ions in the z
with the very broad range of Si/Al ratios at several different sites. Moderate red shifts of H–H stretching frequencies of H2 adsorbed by
Zn2+ in the aluminum-rich ZSM-5 are close to those for hydrogen adsorption by ZnY. Therefore it is suggested that similar to
moderately perturbing adsorbed hydrogen bivalent cations are localized in the five- or six-membered rings of the pentasil frame
two negatively charged aluminum-occupied oxygen tetrahedra per ring. In contrast, the fraction of the sites of the strongest pe
of adsorbed hydrogen with the low-frequency shifts of H–H stretching frequency over 200 cm−1 is the highest at the highest Si/Al ratios.
In this case aluminum ions are distantly separated from each other. Therefore, the bivalent transition metal ions are localized at
negatively charged aluminum-centered oxygen tetrahedra. The excessive positive charge of cations at such sites is compens
electrostatic interaction with the surrounding negatively charged [AlO2]− tetrahedra with cationic vacancies. In ZSM-5 such acid–base
with the distantly placed Zn2+ cations and basic oxygen dissociatively adsorb molecular hydrogen at room temperature or at the mo
elevated temperatures. Formation of the active sites with the excessive positive charge of transition metal ions explains the unusu
perturbation of adsorbed hydrogen and unusual catalytic properties of the high-silica zeolites modified by transition metal ions.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

High-silica zeolites modified with transition metal io
exhibit unique catalytic properties that are quite differ
from those of the low-silica zeolites modified with the sa
cations. For instance, ZnZSM-5 or GaZSM-5 for a long ti
were known as the active catalysts for aromatization of l
paraffins [1,2]. Modification of ZSM-5 with Co2+ or Cu2+
ions results in the catalysts of selective NO reduction w
methane, or of NO and N2O decomposition with formatio
of molecular nitrogen [3,4]. CoZSM-5 is active in amoxid
tion of ethane into acetonitryl [3], etc. Therefore, the stud
the localization in the high-silica zeolites of modifying tra
sition metal ions is by no means of great interest. Howe
this is a rather difficult task due to the random distribut
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0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00117-3
and to the low concentration of aluminum and the comp
sating transition metal ions in these materials.

Indeed, direct XRD data on localization of transiti
metal ions in pentasils are absent. The main informa
on this subject has been obtained in an indirect way f
UV–VIS spectra, fluorescence, XAFS, or IR control
perturbation of adsorbed probing molecules. In the pre
work we also used for the study of the state of Zn2+, Co2+,
and Ni2+ ions in HM and high-silica HZSM-5 a simila
approach of molecular probes. However, the probe itse
H2 adsorption at 77 K—was quite unusual. The choice
hydrogen was connected with its extremely high resolv
power for discrimination of different cationic adsorpti
sites that has been demonstrated in our previous work o
study of alkaline and alkaline earth forms of faujasites [5

Another important feature of our work was the very bro
Si/Al ratios in the zeolites under study. Most research
ignored this factor whereas we considered only the influe
eserved.

http://www.elsevier.com/locate/jcat
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on localization of transition metal ions of the geometry
different windows in the zeolite framework [6,7]. Howeve
as will be shown later, the role of aluminum distribution
even more important.

2. Experimental

Initial hydrogen forms of ZSM-5 and mordenite we
obtained by decomposition of ammonium forms in vacuo
773 K followed by calcination in flowing oxygen at 793 K
Below the Si/Al ratios in the zeolites under the study a
indicated in brackets. MOR(5), ZSM-5(41), and ZSM-5(8
were obtained from Shell, ZSM-5(15) from Akzo Chemic
and ZSM-5(25) from Alsi Penta. Modification of most
the samples with transition metal ions was carried
by incipient wetness impregnation of the correspond
hydrogen forms with the aqueous solutions of nitra
[8–10]. The content of transition metal ions in the samp
was equal to 1 wt%. This was estimated from the prepara
procedure, and for some of the samples it was also che
by AAS analysis. Modification of HZSM-5(25) by reactio
with zinc vapor was carried out at 720 K for the sample t
was preevacuated at this temperature for 4 h.

The impregnated samples of the zeolites were d
at 473 K, calcined in flowing oxygen at 700 K for 1
and then evacuated for 4 h at several gradually increa
intermediate temperatures, which are indicated in the fig
legends. DRIFT spectra of hydroxyl groups and those
adsorbed molecular hydrogen were recorded for each o
pretreatment temperatures.

As in our previous work [8–10], DRIFT measureme
were carried out in quartz ampoules using a Nicolet
pact 410 Fourier transforming spectrophotometer equip
with a homemade diffuse reflectance unit. DRIFT spectr
hydroxyl groups were recorded at room temperature whe
those of adsorbed molecular hydrogen were taken at 7
For cooling the samples we used a quartz Dewar vessel
with liquid nitrogen. Molecular hydrogen was adsorbed a
equilibrium pressure of 1.33×104 Pa (100 Torr). All DRIFT
spectra were transformed into Kubelka–Munk units usin
standard program assuming that the reflective ability of
samples at 5000 cm−1 was equal to 0.9 kM units. After tha
the backgrounds created by zeolites were subtracted.

3. Results

3.1. Dehydroxylation of the initial hydrogen forms

Dehydroxylation of high-silica zeolites was controlled
two different ways: by monitoring directly DRIFT spect
of hydroxyl groups or using low-temperature hydrog
adsorption as a molecular probe.

As shown in Fig. 1a, upon increasing the dehydrat
temperature of HZSM(41) from 570 to 920 K, the inte
sity of the DRIFT band from acidic hydroxyl groups
3610 cm−1 decreased by about 25%. As seen in Fig. 1b,
results similar to HMOR(5) were obtained. Thus, in agr
ment with previously published results, high-temperat
vacuum pretreatment of high-silica zeolites results in p
tial dehydroxylation. This conclusion was also confirm
by low-temperature hydrogen adsorption as a molec
probe.

Figs. 2a and 3a display evolution of DRIFT spectra
molecular hydrogen adsorbed at 77 K by the same sam
of HMOR(5) and HZSM(41) dehydroxylated at the sa
temperatures as those in Fig. 1. The spectra of hydro
adsorbed by HZSM-5 in Fig. 3a contain two unresolv
H–H stretching bands with the maxima at 4105 and
about 4125 cm−1, respectively from H2 perturbed by the
acidic hydroxyls and by silanol groups. The low-intens
high-frequency band with the maximum at 4182 cm−1 has
been attributed to the high-frequency satellite, i.e., t
combination mode of the H–H stretching vibrations w
oscillations of adsorbed molecular hydrogen relative to
Brønsted acidic sites [5]. DRIFT spectra in Fig. 2a of2
adsorbed by the dehydroxylated mordenite are very sim
to those of the dehydroxylated HZSM-5; however, the ba
from hydrogen adsorbed by the silanol groups are
resolved.

Both for HMOR and HZSM-5 the intensities of the low
frequency bands with the maxima at about 4030 cm−1

monotonically increased upon increasing temperature
vacuum pretreatment. In contrast, the bands from hydr
groups decreased. Therefore, in agreement with our p
ous studies [9], we ascribed the new low-frequency stron
shifted bands to hydrogen molecules perturbed by ads
tion sites resulting from the high-temperature dehydrox
tion of the corresponding hydrogen forms.

Such Lewis lattice sites are most likely formed
removal of two bridging hydroxyl groups according to t
following equation:

→ +

(1)+ H2O.

For both zeolites this mechanism is supported by a m
lower intensity of DRIFT bands from the silanol groups
comparison with the bridging hydroxyls. Therefore, de
droxylation obviously could not result from the recombin
tion of the bridging OH groups with SiOH groups. In add
tion, the intensities of the bands from the silanol group
both zeolites practically do not decrease upon dehydrox
tion.

It is also possible that the band with the maximu
at 4030 cm−1 is connected with H2 adsorption by the
extra lattice AlO+ ions which are formed by subseque
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vacuu
Fig. 1. Evolution of DRIFT spectra of OH groups in the HZSM-5(41) zeolite (a) and in HM(5) (b) upon different vacuum pretreatments: pretreated inm
at 300◦C (-··-), 400◦C (-·-·), 500◦C (· · ·), 600◦C (- - -) or 650◦C (—). DRIFT measurements at 298 K.
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dealumination of the dehydroxylated zeolite according
Eq. (2):

+

→ +

(2)+ AlO+ + H2O.

3.2. Dehydroxylation of HM and ZSM-5 zeolites modifie
with Co2+ or Ni2+ ions

The main difference in dehydroxylation of the pu
hydrogen forms of high-silica zeolites and of those modi
with Co2+ or Ni2+ ions consists in appearance for the la
of several new DRIFT bands from adsorbed hydrogen w
the much larger low-frequency shifts of H–H stretch
vibrations [11]. These bands were ascribed to H2 molecules
adsorbed by the modifying transition metal ions. In additi
after dehydroxylation of the modified samples the intens
of the bands from acidic hydroxyl groups and of tho
from the hydrogen adsorbed by these hydroxyl groups w
decreasing somewhat stronger than for the correspon
hydrogen forms. Therefore, we concluded that modifica
results in partial substitution of acidic hydroxyl grou
by transition metal ions creating the new sites of lo
temperature hydrogen adsorption.

As one can see by comparing Fig. 2b with Figs. 3b and
the proportion between intensities of different bands of
drogen adsorbed by cobalt ions depends on the Si/Al ra-
tio in the zeolite framework (see also [11]). Indeed,
the aluminum-rich CoHMOR(5) three H–H stretching ban
with the poorly resolved maxima are evident in DRIFT sp
tra of adsorbed hydrogen at 3965, 3920, and 3890 c−1
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Fig. 2. DRIFT spectra of H2 adsorbed at 77 K by the same zeolites as in Fig. 1 measurements at 77 K. (a) HMOR. (b) CoHMOR.
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with the poorly resolved maxima. With the increasing Si/Al
ratios, the number of different sites connected with Co2+
decreases in favor of the sites of the strongest hydro
perturbation with the lowest H–H stretching frequency
3896 cm−1 (Fig. 3b). (The band at 4927 cm−1 in this fig-
ure belongs to either hydrogen adsorption by the extra la
AlO+ ions or the lattice Lewis sites.) The summary of H–
stretching frequencies of hydrogen adsorbed by Co2+ ions in
the zeolites with the different Si/Al ratios in the framework
is given in Table 1.

Results obtained for ZSM-5 modified with Ni2+ are quite
similar. This is evident from comparison of the spec
in Figs. 4a and 4b. However, the low-frequency H
stretching shifts of adsorbed hydrogen for the nickel
larger. Therefore, the resolution of the H–H stretching ba
is better and one can better discriminate three different
of low-temperature molecular hydrogen adsorption.
3.3. High-silica zeolites modified with Zn2+ ions

The results for hydrogen adsorption by ZnHZM-5
ZnHMOR which were also prepared by incipient wetn
impregnation are similar to those for cobalt or nickel [9,1
However, due to the somewhat smaller red shifts of
H–H stretching bands, resolution of the spectra for the z
modified samples is worse and instead of three different
only two sites of Zn2+ localization could be discriminate
(see Figs. 5 and 6 and Table 1). Also similar to the ZSM
modified with Co or Ni the relative intensity of the mo
strongly red shifted band increases at the higher S/Al
ratios. In contrast, the relative intensity of the band from
moderately perturbed adsorbed hydrogen decreases (Fig
and 6a and 6b). Thus, the conclusion about the existen
high-silica zeolites of several different sites of localizat
of bivalent transition metal ions is quite general. Moreov
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me as those
Fig. 3. DRIFT spectra of molecular hydrogen adsorbed at 77 K by HZSM-5(41) (a) and by CoZSM-5(41) (b). Pretreatment temperatures are the sa
in Fig. 1.
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low-temperature hydrogen adsorption indicated that fo
three transition metal ions the fraction of the sites of
strongest hydrogen perturbation strongly increases a
higher Si/Al ratios.

Unfortunately, the incipient wetness impregnation res
only in partial substitution of protons by transition me
ions. Indeed, as one can see from Figs. 2–6, the exte
proton replacement by different bivalent cations was in
experiments only about 30–50%. Therefore, at the cons
loading of 1 wt% the resting modifying bivalent catio
form small clusters of corresponding oxides in amou
depending on the Si/Al ratio in the zeolite framework [11]
For a more complete substitution of protons by zinc io
we also tried to modify HZSM-5(25) by high-temperatu
reaction with zinc vapor results similar to those publish
earlier for HY in [12]. In this case the obtained resu
f

t

indicated that substitution of protons by Zn2+ ions was
practically complete.

This conclusion follows from DRIFT spectra of hydrox
groups which are shown in Fig. 7a. The solid line in t
figure corresponds to the spectrum of the initial HZS
5(25) pretreated in vacuum at 720 K. As shown by
dashed line, after reaction with zinc vapor at 720 K, the b
from the acidic hydroxyls with the maximum at 3610 cm−1

almost completely disappeared. This indicates quantita
substitution of protons by zinc ions. In contrast, the inten
of the band with the maximum at 3740 cm−1 did not change
Therefore, the silanol groups are not involved in reac
with zinc vapor.

Quantitative substitution of protons by zinc ions a
follows from the DRIFT spectrum of adsorbed hydrog
that is shown in Fig. 7b. In agreement with Fig. 7a,
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ion]

ion]
Table 1
Experimental stretching frequencies of H2 adsorbed at 77 K ZSM-5 and HY with different Si/Al ratios in the framework modified with Zn2+, Co2+, and
Ni2+ ions in amount of 1 wt%

Zeolites ν1 ν2 ν3 Reference

ZnY 4037 (123) [8]
ZnHMOR 3967 (193) 3928 (232) [Kazansky et al., submitted for publicat
ZnHZSM-5(15) 4003 (157) 3964 (196)
ZnHZSM-5(25) 4005 (155) 3948 (222) [Kazansky et al., submitted for publicat
ZnHZSM-5(40) 4010 (150) 3936 (224)
ZnHZSM-5(80) 4010 (150) 3934 (226)
ZnZSM-5(25) 4010 (159) 3938 (222) This paper

CoHMOR 3965 (195) 3920 (240) 3890 (270) [11]
CoHZSM-5(15) 4007 (153) 3965 (195) 3905 (255)
CoHZSM-5(25) 4010 (150) 3980 (180) 3904 (256) [11]
CoHZSM-5(40) — 3980 (180) 3903 (357)
CoHZSM-5(80) — 3965 (195) 3896 (264)
NiHZSM-5(25) 3967 3928 3866 (294) This paper

Si/Al ratios and the low frequency shifts of H–H stretching vibrations relative to the stretching frequency of free hydrogen are given in brackets.
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band of H2 adsorbed by the bridging protons is practica
absent, whereas the intensity of the most strongly l
frequency shifted band with the maximum at 3938 cm−1 is
about two times stronger than that for hydrogen adsorbe
the ZnHZSM-5(25) sample prepared by incipient wetn
impregnation (compare Figs. 6a and 7b).

Earlier we reported that the most strongly perturb
H–H stretching frequency Zn2+ ions dissociatively adsor
hydrogen at room temperature. In [10] this conclusion w
made in an indirect way from the weaker adsorption
molecular hydrogen at 77 K after hydrogen adsorption
room temperature. This result was explained by the block
of the low-coordinated Zn2+ ions by hydrides resulting from
the dissociative hydrogen adsorption:

(3)Z−–Zn2+–Z− + H2 → Z−–Zn2+–H− + Z–H+.

In the present work, due to the more selective prepara
of ZnZSM-5 zeolite via reaction with zinc vapor, su
dissociative hydrogen adsorption was observed directly
appearance of DRIFT bands from the hydroxyls and z
hydrides (Figs. 8a and 8b).

The maximum of the OH band at 3610 cm−1 in Fig. 8b
indicates that dissociative adsorption results in formatio
the same bridging hydroxyl groups as in the initial HZSM
In contrast, the stretching frequency of zinc hydride
1934 cm−1 that is formed in parallel with hydroxyl groups
somewhat unusual: it is more than by 200 cm−1 higher than
that for the hydrides resulting from dissociative hydrog
adsorption on ZnO of 1710 cm−1 [11].

According to Eq. (3), the number of hydroxyl groups
sulting from heterolytic dissociative adsorption of hydrog
should be equal to one half of the number of protons in
initial sample. In reality the amount of hydroxyls regen
ated after dissociative adsorption of hydrogen in Fig. 8
about 30% of the bridging hydroxyl groups in Fig. 7a. Th
the zinc ions resulting from reaction of protons with zi
vapor are only partially involved in dissociative hydrog
adsorption. In agreement with our results published ea
in [10], this should be explained by the weaker pertur
tion of hydrogen by that part of Zn2+ ions which results
in the moderate perturbation of adsorbed hydrogen with
stretching frequency of 4010 cm−1.

4. Discussion

As one can see from Table 1 and Figs. 5 and 6,
results on low-temperature molecular hydrogen adsorp
indicated localization of Zn2+ cations in mordenite an
ZSM-5 at two different sites and Co2+ and Ni2+ ions at three
different sites (the band with the maximum at 4027 cm−1

in some of these figures belongs to hydrogen adsorptio
the framework Lewis acid sites). As already discussed,
proportions of the amounts at these sites depend on the S/Al
ratio in the ZSM-5 framework.

According to Table 1, low-frequency stretching shi
of hydrogen adsorbed by the weaker Zn2+ sites in ZSM-
5 zeolites for all Si/Al ratios in the zeolite framework ar
equal to∼ 155 cm−1. This is close to the shift of 123 cm−1

that has been reported earlier in [8] for hydrogen adsorp
by Zn2+ ions at SII sites in ZnY. Therefore, it is highly
probable that similar to ZnY, the sites with the moderate
shifts of adsorbed hydrogen are represented by Zn2+ ions
in the six-membered rings of the ZSM-5 framework wh
contain two Al atoms per the ring. The similar localization
Zn2+ ions in the five-membered rings is also quite proba
however, since the bands at ca. 4010 cm−1 are not resolved
discrimination between five- and six-membered rings is
possible.

It is also very likely that the sites of moderate perturbat
of adsorbed hydrogen with the close shifts of H–H stretch
vibrations correspond to the localization of cobalt and nic
in the five- or six-membered rings of the zeolite framew
with two aluminum atoms per ring. For nickel, resoluti
of the corresponding bands is much better than it is
cobalt.
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me as those
Fig. 4. DRIFT spectra of molecular hydrogen adsorbed at 77 K by CoZSM-5(25) (a) and by NiZSM-5(25) (b). Pretreatment temperatures are the sa
in Fig. 1.
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The possible positions of bivalent cations in the zeol
with the very high Si/Al ratios in the framework have bee
discussed in a number of previously published papers. I
of them it was postulated that similar to the aluminum-r
zeolites the bivalent cations, are localized at two negati
charged aluminum-centered tetrahedra in the next ne
positions. The number of such sites should decreas
higher Si/Al ratios. In this connection, several attempts h
been made to predict the distribution of Al atoms in
silicon-rich zeolites.

Stochastic simulations of Al distribution have been p
formed by Feng and Hall [13] and by Rice et al. [14]. The
ter authors discussed also the effects of the nonrandom
t
t

-

tribution of Al in the zeolite frameworks [15]. It was demo
strated in these papers that at the very high Si/Al ratios the
probability of finding two Al ions in the same rings of th
pentasil framework is very low. Therefore, for the rand
aluminum distribution that follows from29Si MAS NMR
experiments [16], localization of bivalent cations at the s
with the distantly placed Al ions should be also consider

Since the number of the pairing aluminum sites
ZSM-5(25) is certainly much less than the total alumin
content, our results on quantitative substitution of proton
Zn2+ ions for the first time present the direct experimen
evidence of localization of bivalent transition metal catio
at the single lattice negative charges.
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as those in
Fig. 5. DRIFT spectra of molecular hydrogen adsorbed at 77 K by ZnMOR (a) and by ZnZSM-5(15) (b). Pretreatment temperatures are the same
Fig. 1.
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Indeed, there are many examples of substitution in h
zeolites of monovalent cations by others. Probably the
known example of such is the preparation of ammon
forms by ion exchange of sodium forms with ammoniu
ions:

(4)Z−–H+ + NH4Cl → Z−–NH+
4 + HCl.

Complete substitution of protons by the monocharged
tions is also possible via reactions with vapors of zinc
gallium chlorides. For instance, for zinc chloride,

(5)Z−–H+ + ZnCl2 → Z−–ZnCl+ + HCl.

For zinc vapor a similar reaction should result in t
substitution of protons by monovalent Zn1+ ions:

(6)Z−–H+ + Zn0 → Z−–Zn+ + 1
2H2.

However, this is not the case since it is well know
that reaction of zinc with acids results in the bivalent z
ions and hence requires two protons. In addition to
argument based on the general experience of inorg
chemistry, formation in our experiments of bivalent zi
ions is supported by the same stretching frequencies o2
adsorbed both by the samples prepared by reaction
zinc vapor and by impregnation with bivalent zinc nitrate.
other words, reaction with zinc vapor results in substitut
by a single bivalent zinc cation of two distantly plac
protons:

(7)2Z−–H+ + Zn0 → Z−–Zn2+ + Z− + 1
2H2.

Localization in high-silica zeolites at such sites of the
valent cations most likely corresponds to the structures
alternating positive and negative electric charges. In this
one half of the bivalent cations is stabilized at the single n
atively charged isolated aluminum-occupied oxygen tetra
dra creating the sites with the excessive positive charges
negative charge of the rest of aluminum-centered tetrah
with the cationic vacancy is then compensated in an indi
way by electrostatic interaction with the surrounding bi
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he same as
Fig. 6. DRIFT spectra of molecular hydrogen adsorbed at 77 K by ZnZSM-5(25) (a) and by ZnZSM-5(80) (b). Pretreatment temperatures are t
those in Fig. 1.
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lent cations. For localization in high-silica zeolites of m
tivalent cations such structures are quite unusual. Howe
the structures similar to those of local alternating exces
positive and negative electric charges of cations and la
oxygen in the framework have been well known for a lo
time for a large number of simple and mixed oxides with d
ferent electric charges of cations and lattice oxygen. A w
known example of such a structure is the crystal structur
spinels.

The important feature of such a charge alternation m
should be the stronger perturbation of adsorbed molec
by the bivalent cations with only partially compensa
positive charges than by the same cations at two alumi
atoms in the next nearest positions. This explains
observation in the present study and in our previous w
[9–11] concerning the unusually large low-frequency sh
of molecular hydrogen adsorbed by bivalent cations in
zeolites with very high Si/Al ratios in the framework when
the charge alternation model with the distant placing
aluminum ions is most probable. The properties of adso
,
species resulting from heterolytic dissociative hydro
adsorption also support this model.

Indeed, the unusually high stretching frequency of z
hydrides resulting from hydrogen dissociative adsorptio
1930 cm−1 is more than 200 cm−1 higher than that fo
those resulting from hydrogen adsorption on zinc oxide [
This also confirms the unusual properties of zinc ions in
zeolites with the very high Si/Al ratios. The unusually high
stretching frequency of hydrides is, however, quite natur
explained by the excessive positive charge of the
ions localized at the singly negatively charged aluminu
centered oxygen tetrahedra.

The stretching frequency of the bridging protons res
ing from heterolytic dissociative hydrogen adsorption
3610 cm−1 also fits well in the model of the acid–base pa
with the distantly placed zinc ions and basic oxygen ato
Indeed, it is the same as that for the isolated bridging ac
hydroxyl groups in the initial HZSM-5. For the hydrox
groups closely adjacent to zinc ions this should be ha
expected.
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Fig. 7. (a) Solid line—DRIFT spectra of hydroxyl groups in HZSM-5(2
Dashed line—DRIFT spectra of hydroxyl groups in the same sample
reaction with zinc vapor at 720 K. DRIFT measurements are at r
temperature. (b) DRIFT spectrum of hydrogen adsorbed by ZnHZS
prepared by reaction with zinc vapor. Measurement is at 77 K.

Last, but not least, the unusual state of Zn2+ and
the other bivalent transition metal ions at the sites w
the distantly placed aluminum atoms explains the unu
catalytic properties of high-silica zeolites recently repor
in the literature.

5. Conclusions

Localization of bivalent transition metal ions in pentas
with high-aluminum content in the five- or six-member
with two aluminum atoms per ring is similar to that
faujasites. In contrast at the very high Si/Al ratios the main
part of bivalent transition metal cations is localized at
sites with the distantly placed aluminum atoms. This res
in the acid–base pairs with the positively charged cati
and negatively charged oxygen atoms separated from
other. Formation of such acid–base sites explains unus
strong perturbation and heterolytic dissociation of molec
hydrogen. Such a charge alternation model of the active
with the distant placing of cations and basic oxygen a
explains well the unusual catalytic properties of high-sil
zeolites recently reported in the literature for a numbe
different reactions.
Fig. 8. Dissociative adsorption of H2 at the pressure of 100 Torr o
ZnZSM-5 prepared by reaction with zinc vapor at 720 K. DRIFT meas
ments are at 293 K. (a) DRIFT spectra of hydroxyl groups. Initial spect
(a); adsorption at 293 K (b); at 373 K (c), and at 473 K (d). DRIFT spe
of zinc hydrides. Adsorption at 293 K (a); at 373 K (b); and at 473 K (c
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