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Siting and Distribution of
Framework Aluminium Atoms
in Silicon-Rich Zeolites and
Impact on Catalysis

J. Dédecek, Z. Sobalik, and B. Wichterlovd

dJ. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech
Republic, Prague, Czech Republic

Siting of Al atoms in the framework T sites, in zeolite rings and channel/cavity system,
and the distribution of Al atoms between single Al atoms and close Al atoms in vari-
ous Al-O-(Si-O),-Al sequences in Si-rich zeolites represent key parameters controlling
properties of counter ion species. Framework Al siting and distribution is not random
or controlled by simple rules and depends on the conditions of the zeolite synthesis.
Al in Al-O-(Si-O)2-Al in one 6-MR and single Al atoms predominate in Si-rich zeolites
and their population can be varied to a large extent. The siting and distribution of
framework Al atoms dramatically affect catalytic activity/selectivity both of protonic
and transition metal ion-containing zeolite catalysts.

Keywords Si-rich zeolites, ZSM-5, Beta zeolite, Ferrierite, Mordenite, MCM-22, Al
siting, Al distribution, Catalytic activity, Zeolite synthesis

1. INTRODUCTION AND HISTORY OF THE PROBLEM

Zeolites are crystalline aluminosilicates forming about 170 different tri-
dimensional structures with inner pores and cavities of defined dimension
and architecture (1). The crystalline framework bearing a negative charge pro-
vides for stabilization of well-defined protonic and/or metal ion counter species
located inside the inner pore volume. These species represent active sites
for acid- and redox-catalyzed reactions and they are exploited in numerous
chemical processes.
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Aluminum-rich zeolites (Si/Al 1 — 6), such as those with faujasite struc-
ture, have found broad application as catalysts for processes of catalytic
cracking and fuel reforming, and zeolites of LTA topology are used as adsor-
bents and detergents. In recent decades, research has been focused particularly
on pentasil ring silicon-rich zeolites with low concentrations of Al atoms in
the framework, which provide protons with high acid strength and are indus-
trially applied in hydrocarbon processing. Later, attention was devoted to
the extraordinary redox and catalytic properties of counter cation species,
not found with counter ions in Al-rich zeolites and metal oxides supported
on amorphous oxides. In addition, Si-rich zeolites exhibit a wide range of
pore dimensions, from small and medium sizes (~3.5-5.5 A) up to large ones
(~6.5-7.0 A), offering shape-selective effects in reactions involving the synthe-
sis and transformation of hydrocarbons and their derivatives of comparable
kinetic diameters.

The remarkable properties and catalytic activity of protons and metal
counter ion species in Si-rich zeolites stimulated analysis of their location and
structure, and the consequent relationship to their catalytic activity. Prolonged
effort has been devoted to analysis of the coordination of bare divalent cations
(2), assumed to be charge balanced by two Al atoms, and of cations bearing
extra-framework oxygen atom(s). On the other hand, only some metal-oxo
structures have been supposed to be related to the presence of single Al
atoms in the framework, but without any evidence (3). Much later, attempts
were made to elucidate the siting and distribution of framework Al atoms
(4). However, the slow progress in analysis of the positions of Al atoms in the
framework T(Si,Al) sites has long prevented at least estimation of the siting
and distribution of framework Al atoms.

Nevertheless, the low concentration of Al atoms corresponds to a vari-
ety of their positions and distributions in the framework T sites and of
the corresponding local negative charges in the framework. This assump-
tion has been supported by a number of laboratories which convincingly
reported that the siting and distribution of Al atoms in the framework of
Si—rich zeolites is not random and is not controlled by statistical rules, see,
e.g., Refs. (4c-e, 5). The counter metal ions have been shown to be coor-
dinated to specific structural rings, which are spatially distributed in the
zeolite framework, see, e.g., Ref. (6). Therefore, to ensure local charge bal-
ance, the charges and locations of metal counter ion species must be related
to the siting of aluminum and its distribution in the framework of Si-rich
zeolites.

This implies that various local negative charges in the framework rings
and in defined structural arrangements can be assumed to be decisive for the
location, structure and charges on the counter ion species. Accordingly, beside
the compositional Si/Al ratio, framework topology and pore dimensionality, the
siting and distribution of framework Al atoms in Si-rich zeolites are important
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zeolite parameters that should be included in the analysis and evaluation of
the structure, properties and activity of counter ion species.

This review describes efforts and achievements in identification of the
location of Al atoms in the framework T sites and their distribution in the
framework of Si-rich pentasil zeolites, centered around ZSM-5 (MFI), ferrierite
(FER), mordenite (MOR), the beta zeolite (BEA) and MCM-22 (MWW) struc-
tures, and the latest attempts at tuning these framework parameters by zeolite
hydrothermal synthesis. In connection with the defined local negative charges
of the framework, the location, structure and properties of positively charged
counter ion species and the catalytic activity of H- and metallo-zeolites are
discussed.

As the low Al content in Si-rich zeolites (Si/Al > 8 or > 12) results in
the specific structure and properties of the exchanged counter-ion species, it is
very important to analyze the location and distribution of the Td coordinated
Al atoms in their frameworks. The literature contains sufficient support for the
assumption that the negative charge of the AlIO4~ tetrahedra is not delocalized
over the framework but, to the contrary, is localized at these AlO4~ entities.
Therefore, it could be suggested that the location and distribution of the frame-
work AlO,~ tetrahedra control the location, distribution and structure of the
counter-ion species (protons, bare cations, oxo-cations or cation-ligand species
in general). Although the structures of these species have been intensively
studied and attempts have been made to relate these structures to their func-
tion and performance in catalytic reactions, there is a lack of analysis of the
anticipated effect of the siting and distribution of framework Al atoms on
the structure, properties and activity of the counter-ion species. Bare metal
ions coordinated only to framework oxygen atoms and counter ion species
containing extra-framework oxygen atom(s) also consisting of metal bridged
structures were suggested as the active sites.

Obtaining a complete picture of the siting of Al atoms in the
crystallographic distinct framework T sites in Si-rich zeolites remains a great
challenge, which is difficult to reach, particularly for zeolite structures con-
taining a large number of different T sites, like ZSM-5 and beta zeolites. Due to
recent progress in 27Al (3Q) MAS NMR experiments supported by density func-
tion theory (DFT) calculations the siting of framework Al atoms in ferrierite
has been solved (7) and partly also in ZSM-5 zeolites (4b, 8). Moreover, it has
been revealed that the distribution of Al atoms in different Al-O-(Si-O),-Al
sequences in the framework is a parameter that can be accessed indirectly,
without knowledge of the occupation of the individual T sites by Al atoms, by
means of a combination of 22Si MAS NMR and quantitative analysis of the
location of defined divalent counter cations provided by suitable spectral and
diffraction techniques (4d, 5a, 9).

With the conclusion that the distribution of Al atoms in the framework of
Si-rich zeolites is not random and thus not controlled by statistical rules, the
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question has arisen of whether the location of the Al atoms in the individual
T sites and their distribution among various Al-O-(Si-O),-Al sequences can be
controlled by the zeolite synthesis. In principle, the process of hydrothermal
synthesis of zeolites is highly sensitive to the composition of the reaction mix-
ture and to the synthesis conditions. The synthesis conditions have recently
been shown to lead to different locations and distributions of Al atoms in the
framework of Si-rich zeolites (5b, 10). Attempts have been made to control
the siting of Al atoms in the framework by using various organic templates
and thus location of protonic sites in different channels in the synthesis of
ferrierite (7, 11). We have shown that the distribution of Al atoms in Al-O-
(Si-O),-Al sequences in the framework of MFI, FER, BEA and MWW zeolite
topologies can be tuned in a wide range, between Al pairs in Al-O-(Si-O)s-Al
sequences located in one framework ring and single Al atoms, by employing
various sources of Si and Al, organic and inorganic cations, and synthesis
conditions (5b, 9a, 10a).

The progress in the last 2 or 3 years in this field seems to represent a dra-
matic step forward, both in analysis of the siting and distribution of Al atoms
in the framework and tuning of these parameters by zeolite hydrothermal syn-
thesis. These achievements finally open the pathway to analysis of the effect of
framework Al siting and distribution in the framework for catalytic properties
of individual protons and metal counter ion species in Si-rich zeolites.

The review intends to draw attention to the challenges and achievements
in analysis of the siting and distribution of Al atoms in the frameworks of
Si-rich zeolites, to the progress in their control by zeolite synthesis, and to the
studies appearing on the relationships of the structure and catalytic properties
of the protons and metal counter ion species to the siting and distribution of
aluminium atoms in the framework of Si-rich zeolites.

2. DEFINITION OF THE SITING AND DISTRIBUTION OF FRAMEWORK
Al ATOMS IN Si-RICH ZEOLITES

The siting of Al atoms in the framework corresponds to the positions of the
Al atoms in the individual framework T sites of zeolites. In Si-rich zeolites
containing a low concentration of aluminum, Al atoms occur in various Al-
0-(Si-0),-Al sequences. The distribution of the Al atoms in the framework is
understood here to represent the mutual arrangement of at least two Al atoms.

It should be pointed out that the siting and distribution of Al atoms in Si-
rich zeolites discussed here concerns only crystallographic framework T (Si,Al)
positions and ideal zeolite crystals with homogeneous concentration profiles
of Si and Al along the crystal axis. Homogeneous distribution of Al atoms in
the framework is generally found in crystals with small dimensions (12) (from
nano- up to several microns in size), such as those used in the technology
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of preparation of zeolite-based catalysts. The homogeneous Al distribution
along the crystal has been indicated by the close-to-surface vs. bulk compo-
sition obtained from XPS (10b) and SEM EDX analysis (13). Another type
of Al in-homogeneity in the zeolite crystals, not discussed here, can appear
in the severely calcined or steamed zeolites at high temperatures. Release of
aluminium from the framework T positions into extra-framework sites, with
possible formation of the aluminosilicate phase and aluminium enrichment
in the zeolite surface layers, are found (14). Samples with these types of in-
homogeneities are excluded from the analysis of the framework Al siting and
its distribution.

2.1. Al Atoms in the Framework T Sites

The siting of Al atoms in the framework should be regarded as
well-defined. The high number of crystallographically different T(Si,Al)O4
tetrahedra units forming the frameworks in Si-rich zeolites consist of as few
as four units in mordenite up to as many as 24 units in monoclinic ZSM-5.
Together with the low Al content (Si/Al > 8), this fact leads to high variability
in the siting of Al atoms, i.e., occupation of the individual framework T sites,
and different populations of Al atoms in these sites. The siting of Al atoms
in the individual framework T sites represents a basic parameter which
governs the derived distribution of Al atoms. The parameters describing the
Al siting can be suggested as:

i. Siting of Al atoms in the individual framework rings, essential for
the location of protons and location and coordination of metal ions

ii. Siting of Al atoms with respect to the structural channel/cavity
system, (Fig. 2-1) which thereafter controls the accessibility of charge-
balancing metal ions or protons for reactants or guest molecules, and the
formation of various types of reaction intermediates in the surrounding
void volume of the counter ions.

2.2. Distribution of Al Afoms in the Framework

The low content of isomorphously substituted Al in the Si-rich zeolites
(Si/Al > 8) provides a wide variety of mutual arrangements of Al atoms in
the framework and thus the negatively charged Al1O,~ tetrahedra in the frame-
work determines the distribution of the local negative charges. This implies the
exchange of positively charged counter ions in the defined cationic sites bound
via framework oxygen atoms neighboring to the framework T sites occupied by
Al atoms. In the exchange of di- or poly-valent cations, a sufficient local nega-
tive charge balancing the charges of the cations is required. Thus the siting and
distribution of Al atoms in the framework of the zeolite controls the location of
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Figure 2-1: Hierarchy of the siting of the Al atom in the framework T site, zeolite ring, and zeolite
channel system.

the exchanged protons and bare cations, and the structure of metal-ion com-
plexes and their distances in the zeolite structure. This implies an essential
importance of the siting and distribution of Al atoms in the zeolite framework
for the catalytic properties of zeolite catalysts.

It should be stressed that two types of Al distribution are most impor-
tant for coordination of divalent metal ions and metal-oxo species
and are most populated (~97 %), i.e., Al-O-(Si-0)3-Al sequences in
one ring (denoted as Al pairs, Alsy;) and single Al atoms (Alja) in
those Si-Al sequences able to charge balance only monovalent ions or
monovalent metal-oxo complexes. Beside these most important and pop-
ulated Si-Al sequences there are also present in the framework other types
of Si-Al sequences, but they are much less populated. The selection of types
of Si-Al arrangements discussed here to describe the Al distribution in the
framework is based on the knowledge of the importance of specific types of dis-
tribution of Al atoms for the location and structure of the counter ion (proton
or metal) species, and the methods available for analysis of the Al siting in the
framework. Summary of the Si-Al sequences and their properties is given in
Table 2-1.

2.2.1. Al-O-(Si-0),-Al Sequences

There is only one strict rule for the aluminum distribution in the zeolite
framework, i.e., the Loewenstein rule (15) excluding sharing of an oxygen atom
by two AlO4 tetrahedra. Thus, Al-O-Al sequences are not present in the zeolite
framework. The absence of other rules governing the mutual arrangement of
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Table 2-1: Al sequences in zeolites, their notation and properties.
. _____________________________________________________________________________________________________________|]

Balancing cations in

zeolites
Sequence Rings Distance Visibility Notation Hydrated Dehydrated
Al-O-Si-O-Al@ Short
Al-O-(Si-O),-AlP 6-MR  Short Yes Al pair, A,y Co(H,O), Bare Co?t
Al-O-(Si-O)ns2-Al - Two  Short Yes unpaired Co(H,0)y  Co-ox0
AI:A|UNPAII?EDd

Al-O-(Si-O)n-p-AlP Two Short No Single Al, Aljp M+ M+

Far Yes Single Al, Alja M+ M+

9Does not occur in ZSM-5, MCM-22 and beta zeolites with Si/Al >10 and mordenite and
ferrierite with Si/Al > 8.

PMost populated Al atoms depending on Si/Al and synthesis conditions, see Chapter 4.

Al atoms in the framework establish conditions such that all the Al-O-(Si-O),-
Al sequences are allowed in the frameworks of Si-rich zeolites (see Fig. 2-2).
The term of “close Al atoms” is introduced for Al atoms, which participate
on the charge balance of the hexaquo divalent complex in hydrated zeolites.
The close Al atoms are represented by Al-O-(Si-O); 2-Al sequences in one ring

A-O-Si-O-Al  AlO-(Si-0),-Al  Al-O-(Si-0)_,-Al Single Al

n>2

Al'in one ring

Al in two rings

Al facing diffrent
channels

ERechinac):ele:

:
:

Figure 2-2: Variability of the distribution of Al atoms in the framework of Si-rich zeolite.
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(and Al-O-(Si-O)s-Al in mordenite), and Al-O-(Si-O); 2 3-Al sequences with Al
atoms in different rings in close geometric distance under conditions that the
heaquocomlex of the divalent ion can cooperate with both these Al atoms (see
below the visible distance of Al atoms).

The closest Al atoms present in the zeolites, Al-O-Si-O-Al sequences,
are well-known for Al-rich materials (e.g., LTA, FAU topologies). They can
be readily detected using standard 2°Si MAS NMR analysis. However, these
Al sequences are very rare in Si-rich frameworks (for illustration see Fig. 2-2
a,b,c, and details in Par. 4.1). On the other hand, close Al atoms of Al-O-(Si-O)s-
Al sequences in one ring in Si-rich zeolites represent substantial and, in some
Si/Al compositions, the predominant fraction of Al atoms. The Al atoms in
Al-O-(Si-0)3-Al sequences located in one six-membered ring of cationic
site (denoted further Al pairs, Alss;) are of specific importance and occur
frequently (as an example see Fig. 2-2 d). The Al-O-(Si-O)3-Al sequence in an
8-MR was reported only in mordenite. It would behave similarly as the Al-O-
(Si-0)2-Al sequences in 6-MRs and they will accordingly be discussed together.
When occupied by the above sequences, the described 6- and 8-MRs represent
cationic sites for bare divalent cations bound exclusively to framework oxygen
atoms in dehydrated zeolites.

Al-O-(Si-0),-Al with n=2 or 3 with Al atoms located in different rings
is also a possibility for Al distribution (Fig. 2-2 e,f). This is the only condition
for these Al atoms, albeit there is no way of differentiating amongst the num-
bers of (Si-O), groups. If close enough, the Al-O-(Si-O)s 3-Al sequences with
Al atoms in the different rings can balance the charge of the divalent hex-
aquo complex in hydrated zeolites, whereas they are unable to coordinate bare
divalent cations in dehydrated zeolites.

2.2.2. Geometric and Visible Distance of Al Atoms

In addition to Al atoms in the Al-O-(Si-O)s-Al sequence located in one ring
or those in Al-O-(Si-O),-Al sequences in neighboring rings, two Al atoms sep-
arated by a high number of Si atoms in the Al-O-(Si-O),-Al chain (seemingly
single Al atoms) can also exhibit rather short inter-atomic distances (Fig. 2-2
g). Nevertheless, when the two Al atoms of the Al-O-(Si-O)q 3-Al sequence are
separated by a zeolite wall consisting of a double TO, layer, despite the short
distance of these Al atoms (Fig. 2-2 h), they will behave as single Al atoms
unable to coordinate a divalent cation, but only monovalent species, see below
in Par. 2.2.3.

The two Al atoms at a short geometric inter-atomic distance can balance
divalent counter ion species only when both Al atoms face the same chan-
nel (Fig. 2-3). Similarly, the two monovalent ion centers (e.g., protons) related
to two Al atoms can cooperate only if located in the same channel. On the
contrary, two close Al atoms that are separated by a double layer of the wall
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Al-O-(Si-0), -Al chain

Figure 2-3: Geometric and visible distance of Al atoms in the zeolite and Al-O-(Si-O),-Al
sequence.

and thus their counter ions face into different channels could not cooper-
ate with each other. Thus, the visible distance of Al atoms is defined as
a sufficiently short geometric distance (Al-O-(Si-O);2-Al in one ring and Al-
0-(Si-0),-Al in different rings), but excluding two close Al atoms separated
by the double-layer wall. The visible distance of two Al atoms represents an
important parameter, which affects the accommodation and properties of the
polyvalent counter ion species, and cooperation of two close monovalent cen-
ters. These facts also suggest that this siting/distribution of Al atoms could
be to some extent monitored indirectly by using the specified counter ions as
probes.

Unpaired Al atoms (Alynparep) cover two Al atoms located in different
rings, close enough to balance a hexaquocomplex of divalent Co?* cation, i.e.,
in a visible distance, but unable to accommodate bare divalent ions.

Single Al atoms represent the opposite of the close Al atoms in various
Al-O-(Si-0),-Al sequences with consideration of their location in a single ring
or in different rings at geometrical and visible distances (see Fig. 2-2i). Single
Al atoms are understood to be two distant Al atoms (distant local charges)
each exclusively balanced by monovalent cations. The distance between two
single Al atoms is large or the interaction of their counter ions is geometri-
cally restricted. A single Al atom is separated from another Al atom by a long
(Si-O), sequence with n > 2. However, the number of separating Si atoms dif-
fers from different points of views. Their population cannot be experimentally
determined and is calculated from the balance of framework Al atoms.

2.2.3. 3-Al and 4-Al Atom Hyper-Structures

The probability of location of three Al atoms in a 6-MR in Si-rich zeolites
can be excluded (see Par. 4.1). Nevertheless, in addition to the siting of
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Figure 2-4: (A) 4-Al atom and (B) 3-Al atom hyper-structure in ferrierite.

Al atoms at the individual T sites or mutual arrangement of two close Al
atoms, existence of more complex organization of Al atoms in the zeolite
framework has to be taken into account. Two Al-O-(Si-O)3-Al sequences, each
located in a 6-MR of the cationic sites at the opposite sides of the chan-
nel wall, form the 4-Al atom hyper-structure (Fig. 2-4). This location of
four Al atoms creates the local arrangement enabling the cooperation of two
divalent counter ions, e.g., participating in the catalytic reaction. Another case
involves the cooperation of a divalent cation with a protonic site originating
from the 3-Al atom hyper-structure, where a defined arrangement of three
Al atoms, two of them in one ring, and the third in another nearby ring, is
required.

3. METHODS FOR ANALYSIS OF THE SITING AND DISTRIBUTION OF
FRAMEWORK AL ATOMS

3.1. Analysis of Distribution of Al Atoms in the Framework

3.1.1. Al-O-Si-O-Al Sequences

29Si MAS NMR represents a standard method for the analysis of the Si-
Al connectivity in Al-rich zeolites as reflected in the presence of Si(nAl,4-nSi)
atoms with four, three, two and one neighboring Al atoms (16). The Al-O-Si-O-
Al sequences yield Si(2A1,2Si) atoms with 2?Si chemical shift between-92 and
-100 ppm, while the Si(1Al,3Si) atoms are reflected in the -97 to -107 ppm
shifts (16e, f, 17). However, the application of the method developed for Al-
rich frameworks with one T site on Si-rich zeolites with a high number of
framework T sites results in significant limits, when analyzing Al-O-Si-O-Al
sequences in Si-rich zeolites.

Si(2A1,2S1) atoms can belong to a wide variety of Si-Al connectivity with
limiting cases of individual Al-O-Si-O-Al sequences and infinite -(Al-O-Si-O)-
chains or rings. One Si(2Al,2Si) atom and six Si(1Al,3Si) atoms correspond to
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the isolated Al-O-Si-O-Al sequence and the ratio of Al atoms in isolated Al-O-
Si-O-Al sequences to the other Al atoms can be calculated using the equation:

Alp1-0-8i-0-A1/AlA1-0-Si-0m>1-a1 = 212 /(11 — 613) Eq. (3-1)

where I, is the intensity of the resonance of the Si(nAl,4-nSi) atoms. On the
other hand, one Si(2A1,2Si) atom and two Si(1Al,3Si) atoms correspond to one
Al atom of the -(Al-O-Si-O)- ring, and the ratio of Al atoms in these rings to the
remaining Al atoms is given by the equation:

Alp1-0-si-0-A1/AlA1-0-Si-0m=1-a1 = I2/(I1 — 2Ip). Eq. (3-2)

For illustration, if the ratio of the intensities of the resonances of the
Si(2A1,2S1) and Si(1Al1,3Si) atoms is 1:6, this reflects either 100% of the Al
atoms in isolated Al-O-Si-O-Al sequences or only 25% of the Al atoms in the
-(Al-O-Si-0)- rings/chains. The formation of -(Al-O-Si-O)- rings/chains cannot
be excluded even for zeolites with Si/Al > 8. Thus, estimation of the con-
centration of Al atoms in the Al-O-Si-O-Al sequences is connected with an
irremovable uncertainty.

The second limitation of monitoring of Al in the Al-O-Si-O-Al sequences
follows from the low intensity of the Si(2A1,2Si) signal in the spectra of Si-rich
materials. 2% of the signal intensity of the Si(2A1,2Si) atoms in the entire 2°Si
MAS NMR spectrum can reflect up to 13% of the Al-O-Si-O-Al sequences in
the zeolite. Thus, highly accurate analysis of the 2°Si NMR spectra is essen-
tial. This is rather difficult owing to the multiple resonances of the Si(2A1,2Si)
atoms in the different T sites and the overlap of the signals of the Si(2A12Si)
and Si(3Si,10H) atoms exhibiting resonances between -90 and -100 ppm (16e,
f, 17b, ¢, 18). Thus, the simulation of the 2Si MAS NMR spectra and the
attribution of the individual bands to the Si(nAl,4-nSi) and Si(3Si,10H) atoms
must be verified by using 2?Si CP MAS NMR, allowing identification of Si(4-
nSi,nOH) atomic resonances. This should be accompanied by comparison of the
framework Al content (expressed as Si/Alggr), estimated using 2Si MAS NMR
and the Si/Alpg value obtained by other methods, such as a quantitative 27Al
MAS NMR experiment or determination of the ion-exchange capacity of the
zeolite for Na®™ or NH4" ions. The Si/Algr ratio can be estimated using 2°Si
MAS NMR according to the equation (16f, 19):

Si/Alpg = 1/ (Z 0.25nIn> Eq. (3-3)

where I is the total intensity of the 2°Si MAS NMR spectrum. The differences
between the Si/Alpg values obtained from 2°Si MAS NMR and those deter-
mined by other methods provide clear evidence for incorrect simulation and
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interpretation of the 2°Si MAS NMR spectrum with an unrealistically high
concentration of Si(2A1,2Si) atoms. In this case, the presence of Si(2Al,2Si)
atoms could be suggested for samples that are, in reality, free of Si(2Al1,2Si)
atoms.

3.1.2. Close Al Atoms at a Visible Distance and Single Al Atoms

Al atoms at a visible distance represent all the Al atoms which are facing
the same channel and are close enough to cooperate in the accommodation of a
hexaquocomplex of divalent cation. The distance between these close Al atoms
is not well defined, and the accommodation of the [Co** (H;0)g]®* complex was
suggested as a parameter defining these species. The zeolite exchange capac-
ity for the divalent hexaquo-complex was suggested as an indicator of close Al
atoms (9a). The Co?* ion exchange into the Na-form of the zeolite from 0.05 M
Co(NO3), solution at RT guarantees the exclusive presence of [Co?t(Hy0)g]%+
complexes in the Co-zeolite (4d, 5a). The exclusive presence of [Co?t(Hy0)s]%",
both in the solution and in the as-prepared hydrated zeolite, can be easy mon-
itored by UV-Vis spectroscopy (20). Triple ion exchange with at least 50 mL
of 0.06M Co(NOg3)y solution per gram of a zeolite guarantees the complete
exchange of [Co?*(Hy0)s]%" ions (5a). The molar concentration of close visible
Al atoms [Alyg] can thus be estimated according to the equation:

[Alyis] = 2[Co] Eq. (3-4)

where [Co] is the molar concentration of the maximum exchanged cobalt in
the zeolite. The Co?" ion-exchange capacity of Si-rich zeolites never reaches
100% of the nominal capacity (Co/Al = 0.5). Nevertheless, the Co ion capac-
ity reflects all the Al atoms which participate in accommodation of Co?* ions.
It should be mentioned that the Na/Al ratio was always close to 1, indicating
accessibility of the Na™ aqua-complexes for all the Al atoms, although some
electrostatic repulsion might occur (5a). It can be assumed that, if all the Al
atoms accommodate the larger Na™ complexes, there is no sterical constraint
for the accommodation of the smaller Co?* aqua-complexes. Moreover, the
electrostatic interactions result in the preferential accommodation of divalent
complexes in the vicinity of two close negative charges and monovalent cations
in the vicinity of single Al atoms.

The single Al atoms are those which could not accommodate the
[Co?t(Hp0)s]*" complex (4d, 5a, 9a). Their molar concentration, [Aljs], can
be estimated by using the relationship:

[Al;a1] = [Alpr] — [Alvis] = [Alpg] — 2[Co] Eq. (3-5)

where [Alggr] is the concentration of framework Al atoms.
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3.1.3. Al-O-(Si-0O)s-Al Sequences in One Ring — Al Pairs

As the Al-O-Si-O-Al sequences occur in Si-rich zeolites only in exceptional
cases (see Chapter 4), and Al-O-(Si-O)3-Al concerns only 8-MR in mordenite,
the Al-O-(Si-0)s-Al in 6-MRs of cationic sites are of the main concerns.

Bare Co?* ions in dehydrated zeolites (evacuated at 450°C), monitored by
Vis spectroscopy, were successfully used as a probe to quantify the concen-
trations of two Al atoms located in one ring (4d, 5a). If the cation would be
located in the ring with one Al atom and charge-balanced by a second, dis-
tant Al atom (in another ring), the bare Co?* ion would be highly reactive and
its presence is not probable (21). The monovalent Co-OH and Co-oxo species
might be balanced by single Al atoms under these conditions. The presence
of Co-OH species owing to their easy dehydroxylation above 450°C (20) is not
probable and the Co-oxo species do not exhibit absorption in the Vis region
(22). Thus, the d-d spectra of bare Co?* ions can only be interfered by the Vis
spectra of Co oxide clusters, nano- and bulk Co oxides. However, these species
exhibit significantly different spectra and were never observed in Co-zeolites
ion-exchanged under the conditions described in the previous paragraph. Thus,
the dehydrated, fully [Co?t(H30)s]®* exchanged zeolite can be employed for
quantification of the rings containing two Al atoms facing the same channel.
Complete ion exchange of the zeolite by [Co?>T(Hy0)g]?* is guaranteed under
the conditions described in the previous paragraph.

The d-d spectra of bare Co?* ions in the Vis region of the dehydrated
zeolites are characteristic for the individual cationic sites. Three cationic
sites, denoted as the a-, B- and y-types, were distinguished for each of the
mordenite, ferrierite, ZSM-5 and beta zeolites. The corresponding Co®* spec-
tral bands together with their extinction coefficients were reported elsewhere
(6, 20, 23). Only the AI-O-(Si-O)2-Al sequences in one ring (with the excep-
tion of the B-site in mordenite with the possible Al-O-(Si-O)3-Al sequence in
8-MR) were suggested to form cationic sites in these zeolites. For details, see
Par. 5.2. Quantitative analysis of the spectrum of the dehydrated maximum
[Co%t(H20)s]%" exchanged zeolite by its simulation gives the concentration of
the bare Co?" ions in the individual cation sites, and the concentration of Al
atoms in Al-O-(Si-0)s-Al sequences in one ring, [Alga1] is given by the equation:

[Alpall = 2([Coq] + [Cogl + [Co, 1) Eq. (3-6)

where [Co,], [Cog] and[Co,] are the molar concentrations of the bareCo ions in
the a-, B- and y-type sites of mordenite, ferrierite, ZSM-5 and beta zeolites. The
Co concentrations in the individual sites follow from the equation:

[Co,l =T,e,, n=0a,B,y Eq. (3-7)
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where I, is the intensity of the Vis bands corresponding to the Co?' ions in
the individual sites and ¢, is the corresponding extinction coefficient. Complete
dehydration of the Co-zeolite, preventing the presence of Co?*-OH ions, is guar-
anteed at an evacuation temperature of >450°C under dynamic vacuum for
3 h, as indicated by the absence of the combination vibrational (2v) bands of
the Co-OH groups in the NIR region of UV-Vis-NIR spectra of the dehydrated
sample (20).

3.1.4. Visible Al Atoms in Different Rings — Unpaired Al Atoms

There is no direct method for demonstrating the presence of the Al atoms
in different rings able to balance the hexaquocomple of Co?t ion. Their
concentration is given by the equations:

[Alunpair] = [Alvis] — [Alpall = 2([Co] — [Co,] + [Cog] + [Co, 1) Eq. (3-8)

where [Co] is the molar concentration in Co-zeolites, and [Co,], [Cog] and
[Co,] are the molar concentrations of the bare Co?* ions in the a-, p- and y-
type cationic sites of mordenite, ferrierite, ZSM-5 and beta zeolites. For the
extinction coefficients of the Co sites in the individual zeolites see (6, 20, 23).

3.1.5. Statistical Approach for the Distribution of Al Atoms

For years, Monte-Carlo simulations and the configuration matrix approach
were used to indicate the distribution of Al atoms, mainly the number of
Al-O-Si-O-Al sequences in Si-rich zeolites. However, the experimental results
obtained for ZSM-5, mordenite, ferrierite and MCM-22 clearly show that the
Al distribution in the framework varies dramatically in Si-rich zeolites (4 to
84% of close Al atoms) in samples with the same topology and chemical com-
position, see Chapters 4 and 6 and Refs. (5a, b, 6, 9a, 10a, 24). This is because
of the crucial role of the structure directing agent (SDA) (see Chapter 6) and
the effect of the other synthesis parameters on the incorporation of Al atoms
into the zeolite framework. Thus, the framework Al distribution is not ran-
dom or controlled by statistics or other simple rules. Accordingly, none of the
methods based on the statistical approach can be employed for description and
prediction of the Al distribution in Si-rich zeolites.

3.1.6. Other Experimental Methods

The methods described in Par. 3.1.1-3.1.3 are the only ones that have been
reported for successful monitoring of the Al distribution in Si-rich zeolites.
Nevertheless, we can speculate on the capabilities of other experimental
methods in this field.

EXAF'S has not yet been reported for the analysis of neighboring frame-
work Al atoms in zeolites. This method was successful in the analysis of
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titanium and iron isomorphously substituted in zeolites. However, the EXAFS
experiment reflects only the geometrical distances and cannot distinguish
amongst the individual types of close Al atoms as Al-O-Si-O-Al and Al-O-(Si-
0)2-Al sequences, and close Al atoms in different rings and facing towards the
same or different channels.

27A1 double-quantum (2Q) MAS NMR experiments were successfully
used to monitor the vicinity of extra-framework Al species and framework Al
atoms in dealuminated, formerly Al-rich zeolites (25). This experiment is based
on the homonuclear correlation (16e, 17c). Two 27Al nuclei interact when at a
distance of no greater than 0.5 nm. A homonuclear correlation pulse sequence
can be employed to monitor the interactions of close 2’Al nuclei. The presence
(or absence) of a signal reflecting nuclei close enough to interact (at a distance
of <0.5 nm) clearly indicates their presence (or absence). No attempt to dis-
tinguish close and single Al atoms in the framework of Si-rich zeolites using
this method has been reported to date. Nevertheless, the development of pulse
sequences with enhanced sensitivity (25) and the availability of ultra-high-
field MAS NMR spectrometers presents the possibility of employing 27Al (2Q)
MAS NMR for characterization of the Al distribution in Si-rich zeolites. Extra-
framework cations, such as H*, D*, Li*, balancing the AlO4 negative charge
and monitored by (2Q) MAS NMR, could act as probes to monitor the presence
of close Al atoms in the zeolite (26). However, the double quantum experiment
reflects only the geometrical distance of the investigated nuclei and thus does
not resolve Al atoms facing the same or different channels or the Al atoms
located in one and two rings, see Par 3.1.1-3.1.3.

3.2. Analysis of Al Atom Siting in the Framework T Sites

3.2.1. Diffraction, XANES, EXAFS

The similar electron densities of Al and Si atoms do not allow distinguish-
ing of these atoms in the framework by a standard diffraction experiment. The
low content of framework Al atoms in Si-rich zeolites results in occupancies of
the individual T sites substantially lower than 1. Thus, the observed diffrac-
tion pattern reflects a mixture of diffractions on Al and Si atoms in the same T
site and, in contrast to the zeolites with Si/Al = 1, it is not possible to resolve
Al and Si atoms on the basis of different bond lengths.

Recently, application of the x-ray standing-wave single-crystal experiment
has been shown to represent a breakthrough in the resolution of Al and
Si atoms in Al-rich zeolites (4e). Moreover, it has been suggested that this
approach could be extrapolated for analysis of the Al siting in ZSM-5. However,
this method is not suitable for Al analysis in the small crystallites typically
employed as catalysts. Note that syntheses leading to large crystals signifi-
cantly differ from those used for the preparation of small crystallites and also
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result in different Al siting, see Chapter 5. Moreover, low Al content in the
framework of Si-rich zeolites represents a further factor limiting the use of
the x-ray standing-wave approach. XANES enables monitoring of the coordi-
nation of an Al atom. However, small deviations in the AlO4 geometry in the
individual T sites cannot be distinguished, similar to EXAFS.

3.2.2. 27Al MAS NMR

High resolution 2’A1 MAS NMR experiments allow distinguishing of Al
atoms in different T sites. Successful application of 2’ Al multi-quantum (MQ)
experiments to fully hydrated zeolites for this purpose has been reported (4a,
b, 7-8, 27). Nevertheless, the use of ultra-high field instruments for single-
pulse 2’Al MAS NMR should also distinguish Al atoms in different T sites.
The two-dimensional (2D) MQ MAS NMR experiment allows suppression of
quadrupolar broadening in one projection and careful analysis of the spectrum
yields identification of the resonances of Al atoms in the individual T sites (4a,
16e, 17c, 28). Moreover, the isotropic chemical shift of the quadrupolar nucleus,
analogous to the chemical shift of non-quadrupolar nuclei, which characterizes
the geometry of AlO,4 tetrahedron, can be calculated. Details of this method
and its application to Si-rich zeolites have been described elsewhere (4a, b, 4d,
5c¢, 8, 29).

However, there are three crucial points which must be taken into account
when the 2’Al NMR experiment is employed for analysis of the Al siting in
Si-rich zeolites:

i. There is no simple correlation between the Al siting and 27Al isotropic
chemical shift in Si-rich zeolites. The Lippmaa correlation (30), which
has been suggested for determination of the relationship between the 27Al
isotropic chemical shift and average T-O-T angle of the T(Al,Si)O, tetra-
hedron in Al-rich zeolites, cannot be used for two reasons: (1) there is no
linear correlation between the AlO4 geometry and 27Al isotropic chemical
shift (4b, 8, 29¢, d, 31), (2) the geometry of the T(Al,Si)O4 tetrahedron
obtained from the diffraction experiment does not reflect the geometry of
the AlOy4 tetrahedra. Note that Al atoms in the Si-rich zeolites represent
typically less than 10% of the T atoms and the deformation of the AlO4
tetrahedron due to the longer Al-O distance is thus not reflected in the T
and O coordinates.

ii. A significant effect of the closeness of the second Al atom in the Al-O-
(Si-0)1,2-Al sequence, as well as the defect Al-O-Si-OH site on the 27Al
isotropic chemical shift, have been reported (29¢, d). The change in the
27Al isotropic chemical shift due to this effect reaches up to 5 ppm. Note
that 27Al isotropic chemical shifts in all the T sites in ZSM-5 range within
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12 ppm (8). Thus, the 2?”Al NMR experiment, without analysis of the Al-
0-(Si-0)1,9-Al sequences by 2°Si MAS NMR and Vis spectroscopy of Co?*
ions, does not even allow estimation of whether the location of the Al
atoms is or is not the same in the samples. Different 27 Al resonances can
reflect single Al atoms and Al of the Al-O-(Si-O)q,2-Al sequences in the
same T site.

iii. Dependence of the 27Al isotropic chemical shift in hydrated zeolites on
the type of charge-balancing cations was reported for ferrierite with Al-
0-(Si-0)2-Al sequences, not observed for ZSM-5 and ferrierites with the
exclusive presence of single Al atoms (4d, 8, 27b, 29¢). This effect can
be attributed to the interaction of the framework with solvated cations
located in channels/cavities with limited space for the accommodation of
a larger number of solvated monovalent cations. This interaction can be
minimized by transfer of the zeolite into a form where close Al atoms are
balanced by small divalent cations, such as Mg?* or Ca?* (29¢).

The isotropic chemical shifts of 27Al atoms in the individual T sites (ad i)
can be predicted by quantum chemical calculations. The local arrangement
of the AlO4 tetrahedra in the silicate framework must first be calculated.
Note that the 27Al isotropic chemical shift is highly sensitive to the Al geom-
etry and high accuracy in the prediction of the arrangement of the Al atoms
in the framework is essential. Periodic DFT (cp2k) and embedding (QM-pot)
approaches were reported to be sufficiently accurate for this purpose. The
27A] shielding of the Al atom in the cluster with the predicted geometry is
then calculated. Finally, the 27Al shielding must be converted to the 27Al
isotropic chemical shift. Calculation of the 27Al shielding in the Si-rich chab-
asite or AI(NO3)s was successfully employed for the calibration. For details
of the prediction of the 27Al isotropic chemical shifts in different T sites
and their comparison with the experiment, see Refs. (4b, 7-8). The accuracy
of the calculation of the 27Al isotropic chemical shift in zeolites is approx.
+0.5 ppm. Together with the accuracy of the 27Al (MQ) MAS NMR experi-
ment (<0.2 ppm), this represents a limiting factor for interpretation of the
2TA1 MAS NMR spectra of ZSM-5, where several resonances were predicted
within the 1 ppm range (8). Nevertheless, for zeolites with a lower number
of framework T sites, such as ferrierite, analysis of the Al siting can be per-
formed by comparison of the predicted and observed 27Al isotropic chemical
shifts.

The uncertainty in the analysis of the Al siting for zeolites with Al-O-(Si-
0)1,2-Al sequences can be overcome by using additional spectroscopic methods.
29Si MAS NMR allows analysis of the presence of Al-O-Si-O-Al sequences and
Vis spectroscopy of bare Co?* ions can be used to determine the Al-O-(Si-O)y-Al
sequences in one ring. Moreover, bare Co?* ions yield information on the rings
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accommodating these sequences. Based on knowledge of the rings with Al-O-
(Si-0)3-Al sequences, the 27Al isotropic chemical shifts of Al atoms in these
sequences can be predicted by quantum chemical calculations and compared
with the experimental values (7). However, this approach can be employed only
for zeolites with a limited number of T sites to obtain a low, acceptable number
of Al-O-(Si-O)3-Al sequences, for which the 27Al isotropic chemical shift must
be calculated.

3.2.3. Quantum Chemical Calculations

Calculations of relative energies of Al atoms in the individual framework T
sites in Si-rich zeolites initiated the discussion on the non-random Al siting in
these matrices (32). However, the Al siting in the zeolite framework depends on
the conditions of the zeolite synthesis (SDA, alkaline cations, Si and Al sources
and products of their transformation in the synthesis gel, water molecules, pH,
pressure, and temperature) and the samples of the same chemical composition
with dramatic differences in Al siting can be prepared. This finding is in con-
tradiction with the minimization of the energy of Al atoms in the framework T
sites. Thus, the calculation of the relative energy of Al atoms in the individual
framework T sites cannot be employed for the prediction of Al siting. Recently,
Sastre et al. have involved the SDA molecule into the model for the calculation
of energies of Al atoms in ITQ-7 (33). They demonstrated the crucial role of the
SDA molecule in the Al atom incorporation into the D4R units of ITQ-7. The
suggested Al sites in this unit have been shown to be in agreement with the
vibrations of structural OH groups monitored by FTIR. Nevertheless, inclusion
of the other parameters of the synthesis to the model calculations is highly
desired, and the confirmation of the theoretical prediction by the experimental
methods seems to be necessary.

3.2.4. Protons as Probes

HT ions can also be suggested as probes of the framework Al siting via the
OH stretching vibrations of bridging SiIOHAI hydroxyls monitored by the FTIR
spectroscopy. Sastre et al. used it for the analysis of Al sites in the ITQ-7 zeolite
(33). The observed OH stretching vibrations were compared with the predicted
frequencies of OH stretching vibrations for the individual SiOHAI groups of
AlQy tetrahedra obtained by quantum chemical calculations. Surprisingly good
agreement between the predicted and observed stretching frequencies was
reached. Note that the highly accurate prediction of stretching OH vibrations
for the interpretation of the experimental results is essential. In contrast to
ITQ-7 with only five T sites a high number of framework T sites would rep-
resent an obstacle of the successful analysis of framework Al siting in the
zeolite.
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3.3. Analysis of Al Siting in the Framework Rings

3.3.1. Monovalent Cations as Probes

Monovalent cations balancing the framework negative charge in dehy-
drated zeolites can be used as probes of Al siting. Although the Na*, K™, Rb™",
Cs™ and TI" ions monitored by the x-ray diffraction indicated the non-random
Al siting in ZSM-5 (34), there is not a direct and simple relation between the
position of the (namely large) cation and the siting of Al atom in the frame-
work. On the one side, there is a preference for the location of the cation in
the optimum distance from the charged oxygen atoms of the AlO,4 tetrahedra,
as observed by EXAFS for the Co?* ions in Si-rich zeolites. On the other side,
the minimization of the cation potential energy by its coordination in the ring
with the optimum size represents a second parameter governing the cation
siting. The optimum size of the ring can be suggested to depend on the cation
diameter. The x-ray data provide evidence on cation siting only in the 6-MRs
or larger ones. Thus, the small cations as Ht, D™ and Li* monitored by the
neutron diffraction might be more appropriate probes of Al siting in zeolites
(34c¢). Nevertheless, this approach, mainly because of the low concentration of
cations, the large unit cell and a number of possible cationic sites in Si-rich
zeolites, is still far from application.

Structure directing agents used in the zeolite synthesis often represent
organic cations and they are generally accepted to play a crucial role in the
formation of the zeolite framework as well as in the location of Al atoms in
the vicinity of the positively charged part of SDA. Accordingly, the SDA might
represent a probe of Al atom siting. This approach was successfully used for the
analysis of Al siting in ITQ-7 by Sastre et al. (33). Nevertheless, the interaction
of the SDA with the framework Al atoms might be confirmed by multinuclear
MAS NMR experiment.

3.3.2. Divalent Cations as Probes of Al-O-(Si-0)s-Al Sequences

Application of Vis spectroscopy of bare Co?* cations for the analysis of
the concentration of Al-O-(Si-O);-Al sequences in one ring of Si-rich zeolites
is described in Par. 3.1.3. However, this method also provides siting of the Al-
0-(Si-0)2-Al sequences in the individual rings of the zeolite structure. The Vis
bands of bare Co?" ions in the a-, p-, and y-type cationic sites of dehydrated
zeolites reflected the corresponding rings in mordenite, ferrierite, ZSM-5 and
beta zeolites (6, 20, 23). Thus, the presence of typical bands of the bare Co?*
ions in the a-, -, and y-type sites is a clear evidence that the Al-O-(Si-O)s-Al
sequence is present in the ring forming this site and equation Eq. (3-7) can
be applied for the estimation of the concentration of Al-O-(Si-O)2-Al sequences
in the 6- or 8-MRs of these sites. Analysis of the siting of divalent cations in
the zeolite by diffraction methods can also be applied to monitor the location
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of Al-O-(Si-0)s-Al sequences as follows from the satisfying agreement between
the results of the analysis of Co?* siting by using Co?* Vis spectroscopy and
synchrotron powered x-ray diffraction for Ni>* and Co?* ions (9b-e). However,
it has to be pointed out that the confirmation of the divalent state of the x-ray
monitored cation as well as exclusion of the presence of cation-ligand complex
in the sample is essential for the correct analysis of Al-O-(Si-O)2-Al sequences.

4. STATE OF ART OF DISTRIBUTION OF FRAMEWORK Al ATOMS IN
Si-RICH ZEOLITES

There is only one rule that is generally valid for the arrangement of Al atoms in
a zeolite. According the Loewenstein rule, the formation of an Al-O-Al sequence
is forbidden because of its low stability (15). The Loewenstein rule was sug-
gested as a general rule for alumosilicates and has been confirmed for zeolites
with framework compositions of Si/Al 1. 2Si MAS NMR yielded evidence
for the exclusive presence of Si(4Al) atoms with four Al neighbors. There is
no direct evidence for the validity of the Loewenstein rule for zeolites with
Si/Al > 1; however, it has never been shown to be violated and thus this rule
is generally accepted for zeolites.

There is a limit for the incorporation of Al into the framework of Si-
rich pentasil zeolites. The maximum framework Si/Al ratio for ferrierite
and mordenite is 5 and the Si/Al value is 7 for mutinaite (35), the natu-
ral analogue of ZSM-5. The Dempsey rule, formulated in connection with
zeolite dealumination, suggests that the stabilization energy of the Al-O-
Si-0-Al sequence in Al-rich zeolites governs their occurrence (36). However,
the Dempsey rule does not reflect the conditions of hydrothermal synthesis,
under which the incorporation of Al into the zeolite framework occur. Thus,
the reliability of the Dempsey rule has been limited ever since it was pos-
tulated. To explain these limits in the Si/Al composition, Melchior extended
Dempsey’s electrostatic arguments to include the Si-Al linkage in zeolites,
and suggested that Al atoms are incorporated into the zeolite framework in
a pattern minimizing the presence of Al-O-Si-O-Al sequences (16d, 37).

Takaishi et al. applied the configuration matrix approach to resolve the
Al distribution in mordenite. They denied the Dempsey rule by demonstrating
the presence of Al-O-Si-O-Al sequences in mordenite with Si/Al ~ 5 by 2°Si
MAS NMR, albeit this composition ratio would permit the energetically less
demanding Al arrangement without these sequences. Therefore, Takaishi et al.
postulated a new rule in addition to the Loewenstein rule (38). According to
the newly postulated Takaishi and Kato rule, two Al atoms cannot be present
only in 5-MRs. It follows that the Al-O-Si-O-Al sequences in mordenite can be
formed in Si-rich zeolites in 6-MRs, which are generally present in pentasil
ring zeolites. Nevertheless, the Takaishi and Kato rule is in contradiction with
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the presence of two Al atoms in the 4-MR of A- and X-type zeolites. It seems
highly improbable that the Al-O-Si-O-Al sequence in a 5-MR would be less
stable than that in the 4-MR of Al-rich faujasites. However, as the Takaishi
and Kato rule was derived only from 2°Si MAS NMR results, the presence
of Si(3Si,0H) atoms surrounded by silanol groups was not included into the
analysis. Consequently, the reliability of the Takaishi and Kato rule requires
further verification.

It should be pointed out that the 2?Si resonances around 95-98 ppm reflect
both the Si(2Si,2Al) and the SiOH atoms (16e, f, 17b, ¢, 18). Perturbation
of AlO,4 tetrahedra, leading up to breaking of the Al-O bonds, and partial
framework dealumination are, e.g., typical for zeolites of BEA topology (39).
Therefore, the state of the framework Al and presence of Si(2Si,20H) atoms
should be taken into account. Thus, reliable conclusion on the Si(2Si,2Al)
atoms can be drawn only when a 2°Si cross-polarization (CP) experiment and
analysis of the extra-framework Al are performed.

4.1. AI-O-Si-O-Al Sequences

As follows from the previous paragraph, there is no generally valid rule
for the occurrence of Al-O-Si-O-Al sequences in Si-rich zeolites or any other
report dealing with this aspect. Nevertheless, 2Si MAS NMR is one of the
basic methods for monitoring the incorporation of Al into the silicate frame-
work. An enormous number of 22Si MAS NMR spectra of Si-rich zeolites have
already been published and could be exploited to monitor the presence of Al-
0-Si-0O-Al sequences in the individual zeolite samples. However, it should be
pointed out that the 2°Si MAS NMR spectra do not allow determination of
the concentration of Al-O-Si-O-Al sequences in zeolites with high accuracy, but
rather provide evidence for their presence and limiting concentrations (see Par.
3.1.1). The following part discusses the occurrence of Al-O-Si-O-Al sequences
in zeolites of industrial importance, such as ZSM-5, beta zeolite, mordenite,
ferrierite and MCM-22.

In the ZSM-5 zeolite, the Al-O-Si-O-Al sequences have never been reported
for Si/Al ratios of 12—c0 (typical Al concentration range) including a large
set of samples with various Si/Al ratios and synthesis conditions, see, e.g.,
Refs. (4b, 8, 29c¢). Only two reports have appeared to date on the presence of
Al-O-Si-O-Al sequences in Al-rich ZSM-5 frameworks (Si/Al 8.4, and 8.3-9.0)
(17b, 29c¢). It should be pointed out that the occurrence of extra-framework
Al atoms was negligible in these samples according to 2’Al MAS NMR and
Al-O-Si-O-Al sequences represented a substantial fraction of the Al atoms in
the framework (roughly up to 60—-80% of the Al atoms). This indicates that,
at a framework Al content close to its limiting value for ZSM-5 (Si/Al > 7 for
natural mutinaite) (35), predominantly Al-O-Si-O-Al sequences are formed.
Surprisingly, while at least 80% of the Al atoms are in the Al-O-Si-O-Al
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Figure 4-1: Schematic distribution and siting of Al atoms in ZSM-5 of unusual composition of
Si/Al 8.5.

sequences for the zeolite with Si/Al 8.5 (about 11 Al atoms per u.c.), only
16% of the Al atoms (<2 Al per u.c.) are able to accommodate the divalent
[Co(H20)6]%* complex and, in the rest of the Al-O-Si-O-Al sequences, each Al
atom faces a different channel (see Par. 2.2.2) (29¢). In ZSM-5, only 5-MRs
contains T atoms facing different channels; for illustration see Fig. 4-1.
In contrast, all the T (Si,Al) atoms of the 6-MRs face the same channel. This
indicates that at least 80% of the Al-O-Si-O-Al sequences (i.e., >8 Al per u.c.)
are located in 5-MRs and, therefore, the Al distribution in ZSM-5 with high Al
concentration does not obey the Takaishi and Kato rule.

The framework of ZSM-5 with Si/Al 8.5 does not require the presence of
Al-O-Si-O-Al sequences for the Si/Al compositional reasons, as the Al-O-(Si-
0)2-Al sequences and single Al atoms would adequately meet the composition
demands. This implies that the Al atoms are preferentially present in Al-
0-Si-O-Al sequences in the ZSM-5 zeolite and that the formed Al-O-Si-O-Al
sequences were preferentially located in 5-MRs, where each Al atom neces-
sarily faces a different channel to minimize the electrostatic repulsion. It is
anticipated that this arrangement would minimize the electrostatic repul-
sion of the AlO4~ tetrahedra occurring on the channel surface, along with the
required energy minimization according to the Dempsey rule.

In the wide-pore structure of the beta zeolite, the maximum framework Al
content corresponds to Si/Al 3 for both natural and the reported synthesized
zeolites (40). Al-O-Si-O-Al sequences occur in beta zeolites with high Al con-
centration and their concentration decreases with decreasing framework Al
content, where beta zeolites with Si/Al > 10 are free of Al-O-Si-O-Al sequences
(29a, 404, 41). Beta zeolites with Si/Al > 12 with unperturbed framework TO,
can be prepared if TMA (tetramethyl ammonium) is removed by calcination
in a stream of ammonia (29a, 42) or the beta zeolite is synthesized in the
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presence of Na* ions and low concentration of SDA. The absence of Al-O-Si-O-
Al sequences is a typical feature of beta zeolites with Si/Al composition > 12
(9a, 43).

Mordenite, a wide pore zeolite, has a limiting Si/Al value of 5. Only mor-
denites with high framework Al content (Si/Al ~4-6) contain Al-O-Si-O-Al
sequences (100-25% Al) depending on the Al concentration and zeolite syn-
thesis. Their concentration decreases with decreasing Al content and it is
negligible at Si/Al 8 (44), as later also confirmed for mordenites with Si/Al
5-10, prepared in fluoride and alkaline media (45). The synthesis conditions
affect the occurrence of Si(2Si,2Al) atoms, as follows from less than 2.5 %
Si(2S1,2A1) atoms in mordenite with Si/Al~5 synthesized in fluoride media
compared to 3.5% of the Si(2Si,2Al) atoms in mordenite with comparable Si/Al
(45a), synthesized in alkaline media.

Ferrierite exhibits a limiting Si/Al ratio of 5. The Al-O-Si-O-Al sequences
were not found in ferrierites with Si/Al > 8.5 (7, 46) and Si/Al > 15 (47).
Nevertheless, low or negligible concentrations of Al-O-Si-O-Al sequences in
ferrierites with Si/Al~8 should be tested for the individual synthesis.

The absence of Si(2Si,2Al) atoms was reported for ZSM-12 with a Si/Al of
14 (48), and Al-O-Si-O-Al sequences were also not found in MCM-22 (Si/Al >
10) (49) and MCM-49 (Si/Al > 15) (49a). Thus, these Si-rich zeolites are free of
Al-O-Si-0O-Al sequences.

We summed up that the occurrence of the Al-O-Si-O-Al sequences is neg-
ligible in Si-rich zeolite frameworks with Si/Al > 12 and even at higher Al
concentrations for Si/Al > 8 for ferrierites and mordenites. Above these Al
contents, Al-O-Si-O-Al sequences are formed and their concentration dramati-
cally increases with increasing Al content. However, this remarkable increase
in their population compared to the other Si-Al sequences cannot be simply
explained as a result of the statistical probability (38b). This is in agreement
with the generally observed non-random distribution of Al atoms, whose incor-
poration is controlled by the synthesis procedure, see Chapter 6. For zeolites
with Si/Al on the borderline between Al-rich and Si-rich pentasil zeolites
(about Si/Al 10 for ZSM-5 and beta zeolites, and Si/Al 8 for mordenite and
ferrierite), the concentration of Al-O-Si-O-Al sequences is probably negligible,
but remains a matter of discussion. Different synthesis procedures might yield
Al-O-Si-O-Al-free zeolites or zeolites with significant or even predominant
concentrations of Al-O-Si-O-Al sequences.

4.2. Al-O-(Si-O),-Al Sequence in One Ring - Al Pairs, and Single
Al Atoms
Al atoms in Al-O-(Si-O)2-Al sequences in one ring and single Al atoms

are complementary Al species and represent the majority of Al atoms in the
framework of Si-rich zeolites.
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Table 6-1: Maximum concentrations of Al in Al-O-(Si-O),-Al sequences in one ring
(Alba) and single Al atoms (Alyy) for selected zeolites and Si/Al molar ratios.
According to Refs. (5, 9a, 10a,b, 24).

Max. Alyp Max. Alya
Al Ala Al Alal

Zeolite Si/Al (rel. %) (rel. %) (rel. %) (rel. %)
ZSM-5 12 84 16 10 90

30 60 40 6 94
Ferrierite 10 66 34 20 80
Beta 15 65 35 39 61
MCM-22 40 68 32 18 82

With ZSM-5 it was found that zeolites with the same framework Al content
can dramatically differ in the concentration of Al-O-(Si-O);-Al sequences in one
ring and single Al atoms for a wide range of Si/Al compositions (4d, 5a, b, 10).
The maximum populations of Al pairs and single Al atoms for various Si/Al
ratios are given in Chapter 6, Table 6-1.

Although higher concentrations of Al might be expected to result in higher
concentrations of Al pairs, zeolites with Si/Al from 12 to 15 might contain a
predominant population of single Al atoms, up to 96%, and those with a low
concentration of Al (Si/Al 30-40) can exhibit predominant concentrations of
Al pairs. Typically, for one synthesis procedure (composition and conditions),
the concentration of Al pairs increases, but not proportionally, with increasing
Al concentration in the zeolite; nevertheless, quite the opposite effect of the
Al concentration on the formation of Al-O-(Si-O)3-Al sequences has also been
observed (5b, 10b). Such dramatic differences in the distribution of Al atoms
in the framework again clearly indicate that the Al siting in the zeolite is not
random and not controlled by statistical rules. The reactivity of the synthesis
mixtures is responsible for the observed Al distribution between these Al pairs
and single Al atoms (for details see Chapter 6).

MCM-22 also exhibited dramatic differences in the Al distribution
(Table 4-1). Similarly to ZSM-5, as the increasing concentration of Al led to
an increasing population of Al pairs, the opposite effect has also been observed
(24). As the synthesis of MCM-22 is carried out by using a lamellar precur-
sor, the high variability in the Al distribution in its framework indicates that
the conclusions about the framework Al distribution drawn for ZSM-5 can be
supposed general for Si-rich zeolites.

Ferrierite, mordenite and the beta zeolite. Dramatic differences in the Al
distribution were also observed with these zeolites structures for relatively
high Al concentrations [Si/Al 12-15, see (Table 4-1)] (9a, 10a, 43b, 50). On the
other hand, no variability in the Al distribution was observed for ferrierites
with Si/Al >20 (7). All three ferrierite samples with Si/Al 20-30 exhibited
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at least 95% single Al atoms. It should be pointed out that these differences
depending on the Si/Al composition are, at least to some extent, connected with
the synthesis procedure and composition of the synthesis mixture, as discussed
in Chapter 6.

4.3. Close Al Atoms in Different Rings - Unpaired Al Atoms

Close Al atoms in different rings are defined as those close enough to
accommodate a divalent [Co(Hy0)g]2 complex, and located in different rings,
but not in Al-O-Si-O-Al sequences. In contrast to well-defined AI-O-Si-O-Al
and Al-O-(Si-O)s-Al sequences in one ring, the distances and Al-O-(Si-O),-Al
sequences in these close Al atoms are not known, and there is no direct method
for their determination. This fact limits information on the population of these
close framework Al atoms. So far, close Al atoms have been reported exclusively
for ZSM-5, beta zeolite and MCM-22.

Beta zeolite. Close Al atoms in different rings were described for beta
zeolites with Si/Al 12-16. One type of close Al atoms (close Al; atoms) was
reflected in the UV spectrum of the maximum [Co(H20)g]?* exchanged and
then dehydrated zeolite by a charge transfer (CT) band at 33 000 cm~! (23b).
This band was attributed to the Co peroxo, super-oxo and p-oxo complexes.
The extinction coefficient of the CT band of the Co species is at least 50 times
higher than that of the d-d bands of bare Co?* ions. Thus, the relatively high
intensity of the CT bands corresponds to a low concentration of the related
Co species, reflecting close Al; atoms. Close Al; atoms were observed only for
some beta zeolites and their maximum concentration did not exceed 5% of
total Al. Later, a significantly more populated type of close Al atoms (close Al
atoms) was described (9a, 43b). This type of close Al atoms also accommodates
[Co(H50)6]%* complexes in the hydrated zeolite, but leads to Co-oxo species
in dehydrated Co-samples, which cannot be recognized by any spectroscopic
method. The presence of this so far spectroscopic silent Co-oxo species and
thus of close Alj; atoms represents the difference between Co loading and the
sum of the concentrations of the observed Co species (bare Co?* and Co2+
balanced by Al; atoms atoms) in the dehydrated zeolite. Location of close
Alyj; atoms at the intersection of the channels of BEA zeolites has been sug-
gested. In contrast to close Al; atoms, the close Al;; atoms accommodating
spectroscopic silent Co species might represent a substantial fraction of Al
atoms in the beta zeolite, at least 22% of framework Al atoms for Si/Al 12 and
16 (43Db). In contrast to the latter Si/Al compositions, beta zeolites with Si/Al
12-13 exhibit a tendency towards dealumination yielding Si/Algr of 20-24,
and the population of close Alj;; atoms did not exceed 3% of the framework Al
(23D).

ZSM-5. Only close Al atoms of the Alj-type were reported for ZSM-5. Their
population depends on the synthesis conditions, as follows from the presence
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of Al;-type close Al atoms only in the samples synthesized using tetraethyl
orthosilicate and aluminum chloride or hydroxide (5b, 10b). Other type of syn-
theses did not yield these close Alj-type atoms. These Alj-type close Al atoms
represent in ZSM-5 only a minority of the framework Al atoms (<4%). As fol-
lows from the low capacity of Al-rich ZSM-5 (Si/Al 8.5) for [Co(H30)s]%* ions,
the present AI-O-Si-O-Al sequences with Al atoms facing towards different
channels do not form close Al; atoms (5b, 10b).

MCM-22. Al;-type close Al atoms are not present in MCM-22 or represent a
minority depending on the synthesis conditions. Close Alj—type atoms were not
observed in MCM-22 prepared using aluminum nitrate for Si/Al 14; however,
their concentration increased with increasing Si/Al and reached 4% of the total
Al for Si/Al 38. In contrast, close Alj-type atoms were not present in MCM-
22 with Si/Al 17-40 prepared using aluminum sulfate (24).

4.4. 4-Al and 3-Al Atom Hyper-Structures

No method is available for direct demonstration of the presence of three
or more close Al atoms in Si-rich zeolites. Si(1Si,3Al) atoms reflecting three Al
atoms separated by one silicon were reported only for Al-rich zeolites as, e.g.,
faujasites. Thus, we can only speculate on the arrangement of more than two
close Al atoms in Si-rich zeolites from the concentration and siting of Al-O-(Si-
0)2-Al sequences in one ring in zeolites with higher framework Al content or
indirectly from catalytic results.

Ferrierite is the only zeolite with known Al atom hyper-structures. One
unit cell of ferrierite contains 36 T atoms and one B-type 6-MR. In ferrierite
with Si/Al equal to 8.5 and 52% of Al atoms in Al-O-(Si-O)s-Al sequences in f-
type rings, each B-type 6-MR contains an Al-O-(Si-O)s-Al sequence (7, 46). For
details on B-type 6-MR, see Par. 5.2. Two B-type 6-MRs each facing the ferrierite
cavity and thus two Al-O-(Si-O)s-Al sequences, each in one pB-type 6-MR, form
the 4-Al hyper-structure consisting of four Al atoms, as depicted in Fig. 2-4A.
These four Al atoms mutually cooperate in the formation of two cationic sites
for two corresponding divalent cations, if exchanged at these sites. In the case
of ferrierite with Si/Al 10.5 and predominant single Al atoms, only 20% of
the Al atoms are in Al-O-(Si-O)2-Al sequences in the B-type 6-MRs (9a). Thus,
the formation of 4-Al hyper-structures is not probable in this type of sample.
Nevertheless, 4-Al hyper-structures are formed in this ferrierite in substantial
amounts, as also follows from the high activity of these sites in NoO decom-
position over Fe-ferrierite (Si/Al 10.5). Two bare Fe?* ions located in the 4-Al
hyper-structure have been suggested as reaction centers (see Chapter 9.2) and
N3O decomposition might serve as a test reaction for 4-Al hyper-structures in
ferrierites (46).

Formation of 4-Al hyper-structures consisting of two opposite 6-MRs is
not possible in mordenite owing to its framework topology. In the beta zeolite
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(Si/Al>12), the 4-Al (and 3-Al) hyper-structure is also excluded, due to the
absence of Al-O-Si-O-Al sequences required for the hyper structure formation
in the beta cage.

It has been suggested that the 3-Al hyper-structure with three Al atoms
can also be present and that these Al atoms cooperate in zeolites (50, 51). This
hyper-structure consists of an Al-O-(Si-O)3-Al sequence in the 6-MR and the
third Al atom is located on the opposite 6-MR of the zeolite channel (the main
channel of ferrierite and sinusoidal channel in ZSM-5). For example, the Co?*
ions accommodated in one 6-MR of the hyper-structure, in a cooperation with
the opposite protonic site balanced by a single Al atom in the opposite 6-MR
(see Fig. 4-2B), act as centers for CH4-SCR-NOx in ferrierite and ZSM-5; Ref.
(52) and see Chapter 8.

On the other hand, we can speculate about the formation of 4-Al or 3-Al
hyper-structures with four or three cooperating Al atoms in two opposite B-type
6-MRs of ZSM-5 or beta zeolite, as the framework topology does not exclude
them. Such Al siting leading to hyper-structures can be accepted considering
of the complexity of the synthesis process and diversity in its pathways.

5. STATE OF ART OF SITING OF FRAMEWORK Al ATOMS IN Si-RICH
ZEOLITES

In spite of the increasing interest and numerous studies concerned with the
aspect of the siting of Al atoms in the frameworks of Si-rich zeolites, some of
these studies cannot be considered relevant. This is true of conclusions based
exclusively on the application of calculation of the stabilization energy of Al
atoms in the individual T sites not including the conditions of zeolite syn-
thesis. Further, the interpretation of 2’Al MAS NMR experiments using the
empirical Lippmaa correlation or omitting the presence of close Al atoms in
the AI-O-(Si-O)2-Al sequences in one or two neighboring rings, significantly
affecting the 2A1 NMR resonances does not also satisfy the requirements for
correct analysis of the siting and distribution of Al atoms in the framework,
see Par. 3.2.2.

5.1. Al Atoms in the Framework T Sites

Ferrierite is the only zeolite for which the siting of Al atoms was completely
accomplished by combining 27Al and 2°Si MAS NMR and Vis spectroscopy of
bare exchanged Co?* ions, as probes for the Al-O-(Si-O),-Al sequences in one
ring, and supported by quantum chemical calculations of the 27Al isotropic
chemical shifts of Al atoms in individual framework T sites (7). While 27Al
(83Q) MAS NMR is fully satisfactory for analysis of the siting of Al atoms
in ferrierites containing exclusively single Al atoms, 2°Si MAS NMR enabled
exclusion of the Al-O-Si-O-Al sequences in the ferrierite with Si/Al ~ 9. The
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characteristic d-d transitions of the Co?" ions in cationic sites determined
concentration Al-O-(Si-O);-Al sequences in 6-MRs. Quantum-chemical calcu-
lations showed that the Al atoms in the T1 site can exhibit two different
geometries and thus the Al atom can occupy five different T sites in the
ferrierite structure. The discrepancy with the X-ray data (only four T sites in
ferrierite) (9b, 9d, 53) can be explained by the fact that the geometry of the T
sites obtained by the diffraction patterns represents an average value reflect-
ing mainly the geometry of the Si atoms. This can result in suppression of
information on the geometry of the Al atoms. The 27Al resonances observed
with three Si-rich ferrierite samples (Si/Al >20) containing only single Al
atoms are depicted in Fig. 5-1.

The T1, site is not occupied, while the T3 and T4 sites are occupied
in all analyzed zeolites. The T1, and T2 sites are occupied in two samples.
These observations provide clear evidence that the Al siting in the frame-
work T sites is not random, and is thus not controlled by simple statistic
rules or by the stabilization energy in the template-free zeolite framework.
Quantitative analysis of the occupancy of the individual T sites by Al atoms
(see Fig. 5-1C) shows that ferrierite with Al located predominantly in one T
site can be prepared. For ferrierites with Si/Al 8.5 and 10.5 synthesized in the
Na,K-form, Al(T1,)-O-(Si-O)2-Al(T1,) and Al(T2)-O-(Si-O)3-Al(T2) sequences
in one 6-MR are present. The T1, site is not occupied and single Al atoms
are located at the T2, T3 and T4 sites. The Al(T4)-O-(Si-O)2-Al(T4) sequence
in 6-MR is not present. It should be pointed out that, while the same T
sites are occupied in both the analyzed ferrierites, there are significant dif-
ferences in the concentrations of Al atoms at the individual T sites, cf. Fig.
5-1C. The variability of siting of the Al atoms with the synthesis conditions
is in agreement with the results of Pinar et al. (11a, b) and Roman-Leshkov
et al. (11c). They have reported different catalytic activities and distributions
of the protonic sites in the ferrierite channel/cavity for zeolites synthesized
using different amine bases as templates, for details, see Chapter 6. The
results of calculations and the experiments clearly demonstrate a dramatic
effect of the second Al atom in the Al-O-(Si-O);-Al sequences on the 27Al
isotropic shift, which is changed by up to 5.0 ppm. This is in agreement
with the theoretical results on ZSM-5 and Si-rich chabasite (29¢c, d), see
Fig. 5-2.

It should be born in mind that a single value of the 27Al isotropic shift can
correspond to Al atoms in two different T sites: the single Al atom at one T site
and the Al atom at another T site belonging to the Al-O-(Si-O)2-Al sequence.
On the other hand, a single Al atom and the Al atom in the same T site, but
belonging to the Al-O-(Si-O)9-Al sequence, can exhibit significantly different
chemical shifts. Thus, definite conclusions on the siting of the Al atoms in the
individual T sites by using 2’Al MAS NMR can be performed only when anal-
ysis of Al-O-(Si-O)1,2-Al sequences in one ring is performed. No conclusions
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Figure 5-1: Al siting in ferrierite. (A) Notation of individual framework T sites and a- and p-type
6-MRs, (B) atftribution of the observed 27 Al isotropic chemical shiffs to those predicted for single
Al atoms in the framework T sites and for Al atoms in the Al-O-(Si-O),-Al sequences in the a- and
B-type 6-MRs, (C) and quantitative analysis of the Al siting in framework T sites. Adapted with
permission from Ref (7). Copyright 2011 American Chemical Society.

can be drawn either on the identical or on different siting of the Al atoms in
the absence of knowledge of the presence of Al-O-(Si-O); 2-Al sequences in the

framework.
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Figure 5-2: Effect of the vicinity of the second Al atom in the AI-O-(Si-O),-Al sequence on
the 27 Al isotropic chemical shift in ZSM-5. Adapted with permission from Ref. (30c). Copyright
2009 American Chemical Society.

ZSM-22 and theta-1 are iso-structural TON topologies with the analyzed
siting of Al atoms. Derewinski et al. reported different 2’Al (MQ) MAS NMR
spectra for ZSM-22 (Si/Al 22) synthesized with 1-ethyl pyridinium bromide
and theta-1 (Si/Al 77) prepared using diethanol amine as SDA (27a). Two res-
onances with isotropic chemical shifts at 55.1 and 57.6 ppm were observed
with ZSM-22, while three resonances at 55.5, 57.6 and 58.7 ppm were reported
for theta-1, indicating a non-random population of Al atoms among framework
Td sites. The attribution of resonances to Al atoms in the T sites using the
Lipmaa correlation (30) was recently refined by quantum chemical calculations
of the AlO, geometries and 27Al isotropic chemical shifts (29b). The splitting
of T1 and T2 eight-fold sites (54) into two four-fold sites (T'1, and T1,, T2, and
T2;,) was observed. Notation of T sites is given in Fig. 5-3. The resonance at
55.1-55.5 ppm corresponds to the Al atoms in the T4 sites, which predomi-
nate in both zeolites (55% Al in theta-1 and 60% in ZSM-22). The T4 site is
located in the pockets at the wall of the channel and thus approx. 60% of the
Al atoms are less accessible. The T1 (T1, and T1;) sites are not occupied by

Figure 5-3: Notation of individual framework T sites in ZSM-22 and Theta-1 zeolites. According
to Ref. (30b).
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Al atoms. Resonance at 58.7 ppm reflecting 10% of the Al atoms in the theta-
1 zeolite can be attributed to the T3 site, while the resonance at 57.6 ppm (35%
in theta-1 and 40% in ZSM-22) could correspond to Al atoms in the T2, and T2y,
sites, for details see (29b).

ZSM-5. So far, the large number of framework T sites together with the low
Al content and large unit cell size has represented an unsurpassable barrier
for analysis of the Al siting in ZSM-5. However, the 2’Al 3Q MAS NMR study
combined with theoretical calculations on a broad set of ZSM-5 zeolites with
Si/Al 12.5-140 containing single Al atoms and the presence or absence of Al-
0-(Si-0)s-Al sequences in one ring, enabled significant conclusions to be drawn
(4b, 8, 29c¢).

i. All 12 T sites split from the aspect of the Al104~ geometry and orthorhom-
bic ZSM-5 exhibits 24 T sites available for Al atoms;

ii. Al siting in the ZSM-5 framework is neither random nor controlled by
the stabilization energy of the Al atoms in the framework, but depends
mainly on the conditions of the zeolite synthesis;

iii. From three to five T sites are occupied by Al atoms in the ZSM-5 sample;

iv. Seven resonances reported for ZSM-5 were attributed to the T(Al) sites.
The remaining five resonances cannot be attributed to the T(Al) sites due
to the high number of T(Al) sites with similar 27Al isotropic shift values;

v. The presence of the second Al atom in the Al-O-(Si-O)1,2-Al sequences can
result in a significant change in the predicted 27Al isotropic shift, by up
to 5 ppm. This does not allow us to draw any conclusions on the Al siting
in ZSM-5 with Al-O-(Si-O)s-Al sequences, which occurs in ZSM-5 of Si/Al
<20. For the observed resonances and their attribution to the T(Al) sites,
and for quantitative analysis of the siting of Al atoms, see Fig. 5-4.

The above conclusions on the siting of framework Al atoms in ZSM-5 are
supported by a number of additional experimental observations. The first suc-
cessful attempt to monitor the siting of Al atoms in ZSM-5 was made by Sarv
et al., who reported non-random Al distribution in the ZSM-5 framework based
on a 2’Al (MQ) MAS NMR experiment (4a). The three reported resonances
agree with those given above. Han et al. also suggested non-random Al distri-
bution in ZSM-5; however, their conclusion is limited by the presence of SDA
in the samples (5¢). Olson et al. came to the same conclusion on the basis of
the location of Cs™ ions monitored by x-ray diffraction. They observed three
types of Cs™' ions with different site occupancy, one in the main channel and
two in the sinusoidal channel (34a). A similar approach employing T1* ions
also led to the conclusion that the siting of framework Al atoms in ZSM-5 is
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Figure 5-4: (A) Observed and predicted 27 Al isotropic chemical shifts in ZSM-5 with single Al
atoms, (B) and the effect of synthesis conditions on Al siting. ZSM-5 synthesized using (a) TPA-
OH, AI(NO3)3 and TEOS; (b) TPA-OH, Al-isopropoxide and TEOS; (c) TPA-OH, AICI3 and TECS;
(d) TPA-OH, AICl3, TEOS and Nay,COg; (e) TPA-Br, AIINO3)3 and TEOS; commercial sample (f),
TPA-OH, (g) AIINO3)3 and (h) TEOS; and (i) TPA-OH, AICl3, TEOS and NaCl. Adapted according
to Ref. (4b).

not random; nevertheless, 18 suggested crystallographic distinct positions rep-
resent a very excessive number, which could result from the interaction of T1*
ions with residues of SDA or its product, as indicated by the brownish color
of the crystals (34b). Also Mentzen reported siting of monovalent cations in
ZSM-5 clearly evidencing preferences in the Al siting in ZSM-5 (34c).

Beta zeolites (isomorphs A, B of BEA") exhibit a complex 27Al MAS NMR
spectrum with three resonances at 55.0-56.5, 58.5—-60.0 and 62.0 ppm in the
tetrahedral Al region with Si/Al 9-215 (4c, 55). The resonance at 62 ppm was
found only for high Si/Al > 60. The two resonances at about 56 and 59 ppm
were also reported by others (43). These findings provide clear evidence for the
variability of AlO,4 tetrahedra in beta zeolites and indicate non-random siting
of the Al atoms. It can be speculated that three T sites are occupied by Al atoms
at Si/Al > 60. However, exclusion of the Al-O-(Si-O)s-Al sequences is necessary
for correct 27”Al MAS NMR analysis. The framework of beta zeolites with Si/Al
<20 is typically perturbed or partly dealuminated, and the defect vacant T site
in the vicinity of the other T atom affects the 27Al isotropic shift, as does the
neighboring Al atom (see above).
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MCM-22 exhibits two characteristic shapes of the 27Al NMR spectra, the
well-developed triplet of resonances at 50, 56 and 60 ppm or a band at 56 ppm
with a shoulder close to 60 ppm (56). Kennedy et al. attributed these three
resonances to location of Al atoms in three T sites. The presence of Al atoms
in two T sites of MCM-22 was suggested by Kolodziejski et al., based on the
27Al nutation experiment (57). However, the attribution of resonances to the
distinct T(Al) sites in MCM-22 (Lippmaa’s correlation and non-realistic AlO4
geometries) should be reinterpreted.

ITQ-7. Corma’s group suggested that 50% of the Al atoms in the framework
of ITQ-7 are located in the T'1 and T4 sites of the D4-MR units according to the
calculated energy of Si-Al substitution in the presence of SDA and analysis of
the OH vibration frequencies (33). Clear evidence was given for a non-random
Al distribution in the zeolite framework, and the key role of the SDA in the
siting of framework Al atoms.

The reported results for a number of structures of Si-rich zeolites obtained
by numerous research groups provide unambiguous evidence that the siting of
the Al atoms in the framework T sites is not random and is not controlled by
simple rules or exclusively (or neither significantly) by the stabilization energy
of the AlO4 tetrahedra in the framework. Based on the synthesized zeolites
prepared under different conditions and over a broad range of Si/Al composi-
tions, with various types of organic SDA versus the presence of alkaline cations,
the crucial role for the incorporation of Al atoms into the individual frame-
work T sites is the nature of the cations, decisively influencing the processes of
nucleation and crystallization. Dramatic differences can occur in the siting of
the Al atoms as well as in the predominant occupation of one or more frame-
work T sites by an Al atom. From three to five distinct T sites are occupied,
but the number of T sites which could be occupied is significantly higher and is
influenced by the synthesis procedure. The dramatic effect of the composition
and reaction conditions during the hydrothermal synthesis on the resulting
incorporation of Al atoms, their distribution among individual T sites and dis-
tribution with respect to the Al-O-(Si-O),-Al sequences and single Al atoms are
described in Chapter 6.

5.2. Al-O-(Si-O),-Al Sequences in Zeolite Rings

Al-O-(Si-0)2-Al sequences in one ring can be located in 6-MRs (or 8-MRs),
and create sites for bare divalent cations. Analysis of the cationic sites con-
taining Al-O-(Si-O)s-Al was performed for mordenite, ferrierite, ZSM-5 and
beta zeolites using Co?t ions as probes (see Par. 3.1.3) and the notation of
these cationic sites will be used to describe the location of the Al-O-(Si-O)s-Al
sequences in one ring. Three cationic sites of a-, f- and y-types were suggested
for mordenite, ferrierite, ZSM-5 and beta zeolites (Fig. 5-5) (6, 20, 23). For
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Figure 5-5: (A) The rings of the a-, B- and y-type sites in the framework of mordenite, ferrierite,
ZSM-5 and beta zeolites, and (B) detail of the a-type site in mordenite, B-type site in the beta
zeolite, and y-type site in ferrierite. According to Refs. (1, 6, 21, 24a, b).

mordenite, these sites correspond to the E, A, and C sites according to the
Mortier notation (58).

The a-type 6-MR is twisted and composed of two 5-MRs and is located in
the main channels of mordenite and ferrierite, in the sinusoidal channel of
ZSM-5 and in the beta cage of the BEA framework. The twisted 8-MR of the
mordenite pocket is arranged so as to form a planar B-type ring of six oxygen
atoms. In ferrierite, a planar 6-MR of the B-type is located in the ferrierite
cavity while, in ZSM-5 and beta zeolites, this planar 6-MR is located at the
channel intersections of ZSM-5 and forms the beta cage in the beta zeolite.
The y-type site corresponds to a complex boat-shaped structure, composed of
several 5- and 6-MRs. It is located in the mordenite pocket, in the ferrierite
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cavity, in the sinusoidal channel of ZSM-5 and in the beta cage of the BEA
structure. The location of the Al atoms of the Al-O-(Si-O)s-Al sequence has
not yet been elucidated in the y-type rings. Most probably, the Al-O-(Si-O)s-Al
sequence is located in the twisted 8-MR of this site (6, 20, 23).

In ZSM-5, ferrierite, mordenite, and beta zeolites, depending on the condi-
tions of hydrothermal synthesis, the Al-O-(Si-O),-Al sequences in the B-type 6-
MR (8-MR in mordenite) predominate in these structural types and represent
60-85% of the Al-O-(Si-O)s-Al sequences in these zeolites. The a-type 6-MR
contains a significantly lower concentration of Al-O-(Si-O)s-Al sequences, but
with significant variability from 10 to 38% of the Al-O-(Si-O);-Al sequences.
The concentration of the Al-O-(Si-O)2-Al sequences in the y-type rings is low
and varies from 2-12% of the Al-O-(Si-O)s-Al sequences (5b, 6, 9a, 10, 20, 23,
59). The distribution of the Al-O-(Si-O)s-Al sequences among the a-, - and y-
rings does not reflect the population of the corresponding rings in frameworks
with different topologies. While two p-type 6-MRs correspond to one a-type 6-
MR in ZSM-5, this relation is the opposite in ferrierite. Thus, it is suggested
that the mechanism of synthesis and the synthesis composition and conditions
control the distribution of the Al-O-(Si-O)2-Al sequences in the individual rings
of the cationic sites in Si-rich zeolites, for details see Chapter 6.

5.3. Al Atoms in the Zeolite Rings and the Channel/Cavity
System

There is no straightforward relationship between the siting of the Al atoms
in the framework T sites and the location of the Al atoms in the channels
and cavities. Only the zeolites with channel walls formed by two layers of TO4
tetrahedra (e.g., ZSM-5) yield Al atoms in the given channels. In zeolites with
channel walls formed by one layer of TO,4 tetrahedra, the Al atom can belong
to different channels. A similar situation occurs for Al atoms in the T sites and
in framework rings. Accordingly, while the location of the counter ion in the
channel (ring) unambiguously corresponds to the location of the Al atom in this
channel (ring), location of the Al atom in a particular channel (ring) can result
in the location of the counter ion (metal ion or proton) in different channels
(rings). The location of the counter ions depends both on the siting of the Al
atoms and on the energy and dynamics of the counter ions themselves. For
the location of cationic sites in the mordenite, ferrierite, and ZSM-5 channel
system see Fig. 5-6 (6, 20, 23).

Monovalent cations also indicate the location of the Al atoms in the indi-
vidual framework rings and channels, to ensure charge balance. It follows from
XRD analysis of the location of the Na™ ions that the Al atoms are located in
three characteristic 8-MRs occurring in mordenite; two of these rings are in
the wall of the main channel and the third one is in the mordenite pocket (60).
In ferrierite, XRD of Na-ferrierite showed that the Al atoms are located in two
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Figure 5-6: Locatfion of the a-, B- and y-type framework rings in the channel system of
mordenite, ferrierite and ZSM-5. According to Refs. (6, 20, 23a, b).

8-MRs of the main channel (58). It should be stressed that the siting of the
Al atoms obtained from the siting of the Na™ ions is in full agreement with
the more detailed analysis of the positions of the Al atoms at the individual T
sites of ferrierite (7). With mordenite, the XRD results provide evidence that
the Al atoms are located in the T sites of the eight rings (58). For ions with
larger diameters, such as Cs™ and TI", their location is not strictly related
to the siting of the Al atoms at the individual T sites because of their larger
radius, see Par. 3.2.3. The position of the Cs* ion provides evidence only for
the location of the Al atoms in the walls of the channels. Thus the location of
the Cs* ions obtained by XRD for Cs-ZSM-5 indicates only Al atoms located in
one T site of the main channels and two T sites are located in the sinusoidal
channel (34a). Siting of Al atoms on the intersection of the main and sinusoidal
channels results from location of Na™, K™, Rb* and TI" in the ZSM-5 channel
system according to the study of Mentzen et al. (34c¢). Moreover, siting of Al
atoms in the T1 or T10, T4 or T7, and T10 was suggested using Li* ion as a
probe monitored by neutron powder diffraction in this study. The discrepancies
in the cation and Al siting in different crystallographic studies should reflect
variability of Al siting in Si-rich zeolites, clearly evidenced by 2’Al MAS NMR
studies.

6. CONTROL OF SITING AND DISTRIBUTION OF Al ATOMS IN THE
FRAMEWORK BY ZEOLITE SYNTHESIS

This section does not constitute a comprehensive description and analysis of
the processes of hydrothermal synthesis of Si-rich zeolites, reported in the
literature and reviewed with regard to the function of organic and alkaline
cations, nucleation and pre-crystallization processes of the crystal growth to
nano-sized up to large single crystals (see, e.g., Ref. (61)). Broad general knowl-
edge (particularly of the most studied synthesis of MFI topology) of the effect
of the composition of the reaction mixtures, the presence of SDA and alka-
line cations, and the synthesis conditions on the overall incorporation of Al
atoms into the framework is extended here to the analysis and control of the
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siting at the individual T sites and the distribution of framework Al atoms
in the synthesis of Si-rich pentasil zeolites of MFI, FER and BEA topology.
As already pointed out in Chapter 4 and thereafter in Chapters 8 and 9, the
siting and distribution of framework Al atoms has naturally a decisive impact
on the structure, location and void volume around the counter ion species, the
catalytically active sites. Analysis of the Al siting and its distribution in the
framework of synthesized zeolites, together with inspection of the local frame-
work geometries and spatial arrangements of the framework rings given here
provides deeper insight into the means of Al incorporation in the T sites fac-
ing individual zeolite pores, and the preferences for the location of Al pairs
in specific framework rings, unpaired Al atoms in different rings and of the
distant single Al atoms. The following parameters are of primary importance
with regard to the location and structure of counter ion species and the related
framework Al atoms:

i. the location of framework Al atoms at the T sites in the given rings, at the
individual cationic sites and in the individual pores (for description see
Par. 2.1). The siting of Al atoms in the 6- and 8-MRs (for MOR) of the a-
and B-type rings, and in the complex ring (y site) of cationic sites of Si-rich
zeolites determines the local negative charge and framework environ-
ment available for the accommodation of counter ions (see Par. 5.2) The
location of these rings on the walls of channels of different dimension pro-
vides accessibility and suitable geometry for reaction intermediates, and
on the other hand, restrictions on the access of reactants, intermediates
and products of catalytic reactions to rings containing Al atoms, and thus
accommodating counter-ion species; and

ii. the distribution of framework Al atoms between Al pairs and single Al
atoms (for definition see Chapter 2), the most populated Si-Al sequences,
which govern the local density of the negative framework charge avail-
able for balancing the corresponding positive charges of protons or mono-
and polyvalent cation complexes.

For decades, the apparent lack of intention in tuning the siting and dis-
tribution of Al atoms in the framework of Si-rich zeolites has been connected
with the lack of analyses of the siting and distribution of framework Al atoms
in these zeolites. Nevertheless, the 27Al and 2°Si MAS NMR investigations of
numerous samples of Si-rich zeolites of various Si/Al compositions and topolo-
gies, synthesized under various conditions in laboratories and produced by
companies, indicated (4a, 5c, 27a, 29a, 33) and then unambiguously proved
(4b, 4d, e, ba, b, 7, 8, 10a, 11, 29a) that the siting and distribution of Al atoms
in the framework is not random and is not controlled by statistical rules. This
well-proven finding forms a base for controlling the siting and distribution of
Al atoms in Si-rich zeolites by their hydrothermal synthesis.
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6.1. Al Atoms in the Framework T Sites

The difficulty in placing Al atoms in the given framework T sites is con-
sistent with the complexity and simultaneous diversity of the hydrothermal
process itself corresponding to the high variability of the reactivity of reac-
tant mixtures and conditions leading to nucleation and crystallization. This
character of the synthesis is a consequence of that in all the individual steps,
i.e., dissolution, nucleation and pre-crystallization. The slow progress in the
field of targeted synthesis regarding the siting of Al atoms at selected T sites
of Si-rich zeolites, has been also caused by the lack of complete analysis of
the occupation of T sites by Al atoms. Al analysis has recently been accom-
plished for ferrierite by a combination of 2?Al MAS NMR experiments and
DFT calculations (7). However, only 7 T(Al) sites have been established in the
monoclinic ZSM-5 with a high number (24) of T sites (4b, 8). However, this
analysis could be done only for ZSM-5 with low Al concentration, containing
exclusively single Al atoms in the framework and thus the absence of close Al
atoms, where the chemical shift of the Al atom is affected by the second close
Al atom (29c¢).

First synthesis revealing the influence of a template on the siting of Al
atoms in the framework was demonstrated on the isostructural theta-1 and
ZSM-22 zeolites using as SDA 1-ethylpyridinium bromide and diethanolamine,
respectively, and the 2’Al (2D) MAS NMR analysis (27a). Pioneering work
in controlling the siting of the Al atoms in the T sites of the individual
pores of ferrierite has been carried out in the research groups of Pinar
(11a, b, 62) and Roman-Leshkov (11c). They tuned incorporation of Al atoms
into the T sites of ferrierite by employing various organic bases in fluoride
media in the complete absence of alkaline cations. The successful synthesis
of ferrierites yielded structural OH groups prevailingly located in either the
10- or 8-MR channels (FER cavity), as detected by pyridine adsorbed on OH
groups in 10-MR channels (referred to Al in the T1, T2 and T4 sites), while
those in ferrierite cavity [(Al)T3 sites] were not accessible (11a, b, 62). The
concentration of OH groups (at a comparable Si/Al in the product) in the
10-MR pores (T1, T2 and T4 sites) decreased in the following order when
using the denoted templates: Na* /pyrrolidine (Pyr) > tetramethylammonium
(TMA)/benzylmethylpyridine > TMA/Pyr > Pyr (11a). Synthesis of ferrierite
employing TMA /hexamethyleneimine (HMI) resulted in 27% of OH groups
in the 8-MR channel of the FER cavity [T3(AD], while 89 and 84% of the
OH groups were located in the 8-MR FER cavity when Pyr and Pyr/TMA
were used, respectively (11c). High differences in the constraint index of the
synthesized ferrierites in carbonylation of dimethyl ether also corresponded
to a quite different distribution of protonic sites between the 8- and 10-MR
channels (63). Nevertheless, the synthesis of ferrierites (Si/Al 20-30) from
alkaline media with Na®™ and K* ions presence also substantially changed the
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concentration of Al atoms at different T sites depending on the reactant com-
position as indicated by the 27”A1 MAS NMR/DFT analysis (7). These findings
clearly show the dramatic effect of organic templates and Na™ ions on the sit-
ing of Al atoms facing 10-MR and 8-MR channels of ferrierite. Although the
effect of the SDA type on the location of framework Al atoms is evident, there
is so far no explanation for it.

The most intriguing achievement in the synthesis of the T-site tailored
directly to the zeolite application in a catalytic reaction has recently been
reported by Boronat et al. (64). Based on theoretical calculations, they sug-
gested the T3-033 site of the mordenite pocket with 8-MR opening as the
most suitable location of proton for the selective carbonylation of methanol
or dimethyl ether (for details see Par. 9.1).

6.2. Distribution of Framework Al Atoms Between Al Pairs and
Single Al Atoms

We reported the effect of the composition of the synthesis mixture on the
populations of Al pairs and single Al atoms for the first time with ZSM-5 and
MCM-22 frameworks (4d, 5b, 5d, 24). A decisive role of the reactivity of the
mixture on the distribution of Al atoms in Si-rich zeolites generally has been
thereafter revealed and demonstrated for MFI, FER and BEA topologies based
on the analysis involving the use of various Si and Al sources with different
reactivity, amorphous precipitated Si and Si-Al precursors of various degrees
of networking, and the presence or absence of Na*t ions next to the organic tem-
plates (10, 59). The broad ranges of populations of Al pairs and single Al atoms
could be varied in a broad range of Si/Al compositions from 12 to 40 (or from
8 to 40 for FER) for the synthesized ZSM-5, ferrierite and the beta zeolites,
which contained from 5 to 85% of the Al atoms in Al pairs (Alss;) and 15-95%
of the single Al atoms (Alj1), as summarized in Table 6-1 and Refs. (10, 59, 65).
Thus the preparation of frameworks of Si-rich zeolites with a broad distribu-
tion of Al atoms in Al pairs and as single Al atoms, and thus with different local
negative charges, provide a platform for the variation of the density of protons
and accommodation of counter ion complexes of various structures and loca-
tions. It is to be pointed out that the hydrothermal syntheses in these studies
were carried out under mixing in autoclave rotation to maximize homogeneity
of the zeolite products.

6.2.1. General Aspects of the Incorporation of Al Atoms into the Zeolite
Framework

Owing to the complexity of the hydrothermal synthesis of Si-rich zeolites,
there is no simple answer regarding the mechanism of formation of the struc-
tural units, their ordering and nuclearity in amorphous gels, and the crystal
growth of various shapes and sizes (for review see, e.g., Refs (61b-i, 66).). As for
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framework Al atoms, no investigations have been carried out regarding the
distribution of Al atoms either in the nuclei of the amorphous phase, in the pre-
crystallized gels or in the crystalline products. The attention has been focused,
as far as we know, only to the degree of total Al incorporation as reviewed in
Refs (61D, ¢). and references therein. Moreover, the nucleation and crystalliza-
tion stages have mostly been studied for the Al-free silicalite-1 of MFI topology,
with the exception of Ref. (5d) investigating early stages of ZSM-5 formation
with a very low concentration of Al (Si/Al>38).

Small changes have been found in the enthalpy and entropy (several kcals
(67),) and thus in free Gibbs energy for (Si)MFI formation. On the other hand,
large changes have been recorded in the rate of nucleation and crystal growth
of the zeolites depending on the synthesis conditions. The presence of alu-
minum can be supposed to change the energetic and kinetic contributions in
formation of Al-containing zeolites. Owing to the high variability of the Si/Al
in the products (Ref. (61c¢) and references therein) and the high variability in
the framework Al distribution (5b, 10b) with the mixture compositions and
synthesis conditions, the formation of Si-rich pentasil zeolites can be assumed
to be controlled kinetically.

The use of different sources of Si and Al, and organic and alkaline cations
for the synthesis of ZSM-5, ferrierite and beta zeolites indicated a general
occurrence of the following Al-O-(Si-O),-Al sequences in the framework (for
definition see Chapter 2):

i. Al pairs (Alga))in the Al-O-(Si-O)s-Al sequences with two Al atoms in the
ring of cationic sites,

ii. single Al atoms (Alja)) as the two most populated sequences in Si-rich
zeolites,

ili. unpaired Al atoms (Alynpar) as two visible Al atoms in different rings
in Al-O-(Si-O),-2-Al sequence, present up to 3 rel.% Al in ZSM-5 and
ferrierite, and exceptionally in the beta zeolite up to ca 25% of total Al,

iv. Al-O-Si-O-Al sequence, not present in Si-rich zeolites of usual Si/Al
compositions.

The increasing electrostatic repulsion has to be considered with increas-
ing Al concentration in both the formation and organization of an amorphous
gel and the synthesized crystalline zeolite product. Under constant reactivity
of the system, an increasing Al concentration would increase the population
of Al pairs in the zeolite. However, this simple situation does not occur, and
an increase in the population of Al pairs in various syntheses results in quite
different trends in the Al distribution. The compositional and reaction condi-
tions of the synthesis could change the order of formation of Al pairs and single
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Al atoms and could even result in the completely opposite dependence of the
population of Al pairs on the increasing Al concentrations (59).

The decisive role of the organic hydrophobic ions and small alkaline ions
on the reactivity of the system in the formation of Si(Al)/TPA embryonic asso-
ciates developed around the hydrophobic ions is generally accepted (68). The
reactivity of the mixture, dynamic nucleation/dissolution, formation of the pre-
crystallized units and their association during the crystal growth have been
shown to depend on:

i. the large hydrophobic organic cations (TPA*T, TMA™* etc.), which form an
almost neutral environment around themselves and alkaline cations of
small radius and high polarizability (Na®), as the key parameters of the
synthesis,

ii. pH and concentration of OH~ anions controlling the demineralization
of the gel and related reactivity of the Si and Al components, provid-
ing highly reactive monomeric Si species and monomeric AI(OH),~ via
controlling the rate of dissolution of di- and polymeric species from the
Na-silicate or from originally monomeric TEOS solutions, and the release
of reactive small entities from the precipitated amorphous Si and Si-Al
precursors with various degrees of Si-O-Si(Al) networking (65),

iii. the conditions of the synthesis (ageing, seeding, stirring, sequence of
mixing) influencing the dynamic depolymerization/nucleation, reorga-
nization of T-O-T bonds, formation of various rings and units in an
amorphous phase in the pre-crystallization stage of the synthesis (10b).

6.2.2. Al Incorporation in the Assembly of Embryonic Units

Although opinions differ on the mechanism of the synthesis of Si-rich
zeolites, there is straightforward evidence that the type of hydrophobic organic
cations, presence of alkaline cations and the mineralizing effect of the OH™
groups play a decisive role on a degree of Al atom incorporation (61c), and on
the recently revealed distribution of framework Al atoms between Al pairs and
single Al atoms (5b, 10).

The pathway of nucleation in the mixtures containing TPA*™ and Na* ions
in completely siliceous mixtures, the reorientation of T-O-T in an amorphous
gel containing embryonic nuclei, and the first stages of crystallization have
mostly been studied for silicalite-1. Chang and Bell elaborated the idea of
Flanigen and Breck (69) on the nucleation of the synthesis gel around the
TPAT cation, and provided a basic mechanism over Al-free (Si)MFI (68a). They
suggested the rearrangement of Si-O-Si bonds around the TPA™ ion replacing
the surrounding water molecules (Fig. 6-1), while Na™ ions were suggested to
prefer attachment to the negatively charged Si-O(OH)~ species. Van der Waals
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interactions between the hydrophobic TPA™ cation and the clathrate-like sur-
rounding silicate species have been indicated at the first nucleation stage by
the 1H-29Si CP MAS NMR (70) measurements, appearing well before the first
long-range (XRD/IR) ordering, i.e., before the development of nuclei containing
approx. 4-5 unit cells. The replacement of water molecules by Si-O species and
re-orientation of Si-O-Si bonds around the TPA™ cations to a suitable geome-
try of locally ordered regions (68a), formation of building units of dimeric and
trimeric TPA surroundings (71) and/or crystalline nano-slabs during the pre-
crystallization stage have been suggested on the basis of the results of 2°Si
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Figure 6-1: lllustration of the first stages of the synthesis of ZSM-5.
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MAS NMR, FTIR of Si-O vibrations, the Raman spectra of Si-O species and
in-situ X-ray scattering (72). In accordance with the mechanism suggested for
the formation of embryonic Si-O nuclei around the TPA* ion (72d), the effective
Si-H and Al-H distances measured by 2?Si-'H and 27Al-'H rotational echo dou-
ble resonance reflected the interaction of TPA™ ion and its close surrounding
containing Si and also Al atoms (5d).

The organic cation is assumed to have namely template function, and
prefers a neutral environment on the contrary to alkaline cations of small
diameter highly polarizing the Si-O surrounding. The attachment of the
embryonic nuclei containing TPAT to the growing crystal or a mechanism
that anticipates the nanoslab concept for crystal growth, or simple attachment
of TPAT to the Si-O rings of the growing silicalite-1 crystals have been sug-
gested (61c). The assembly process followed on a nano-scale showed that the
smallest detected TPA-MFI units have the shape of nano-slabs with dimen-
sions of 4.0 x 4.0 x 1.3 nm, and then particles with a size of 2-3 nm are
formed prevailingly over aggregates with a size of 5-10 nm (68c, 72f, 73).
The double 5-MRs, which were originally assumed to be building blocks for
the MFI structure, were not found in the amorphous gel, but appeared only
in the crystallization stage (72f, 74). It is generally anticipated that Si-O in
the form of dimers, trimers, and 4-, 5- 6-MRs, beside more complex rings are
present in the amorphous gel. Pelster et al. has reported analysis of the early
stages of nucleation and pre-crystallization at the synthesis of silicalite-1 by
means of electron spray ionization mass spectrometry (ESI-MS) of the gels
and dynamic light scattering (DLS) (75). A spectrum of silicate species, among
them SizoOg9Hg ™, prismatic hexamers and cubic octamers was observed. The
increase in smaller silicate species (with prevailing prismatic hexamer) with
the reaction time indicated high dynamics of the dissolution/nucleation pro-
cess in the gel. Nevertheless, the occurrence of certain species in the gel cannot
be directly connected with their participation in the process of crystal building
and the way of Al incorporation.

The possible control of the distribution of Al atoms in the framework is
demonstrated on the model synthesis of ZSM-5 carried out in dependence on
the reactant composition and considering the above parameters given previ-
ously in Par. 6.2.1. The mutual reactivity of the reactants and especially the
presence of TPA™ vs. TPA*/Nat ions and di- and polymeric Na-silicate vs.
monomeric TEOS affect both the degree of Al incorporation into the silicate
framework and the distribution of framework Al atoms between Al pairs (Alga))
and single Al atoms (Alja)), as described in detail in Ref (59). and illustrated
for selected typical synthesis compositions in Table 6-2.

The high reactivity of Si source, of the typically monomeric TEOS, Si pre-
cursors of low degree of networking, and conditions dissolving fast polymeric
Na-silicate yield a high degree of Al incorporation and high population of sin-
gle Al atoms (65). The Na* ions next to TPA* also cause a significant increase
in the degree of Al incorporation and an increase in the population of single Al
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atoms at the expense of Al pairs. This finding can be connected with stabiliza-
tion of monomeric AI(OH),~ in the vicinity of Na™ ions of high polarizability.
Beside that the Nat ions polarize the Si-O surrounding of the TPA™ ions result-
ing in the increasing incorporation of Al atoms and relative concentration of
single Al atoms in the 6-MRs of the clathrate-like environment. The important
features are differences in composition of the starting mixtures resulting in the
homogeneity or heterogeneity of solutions before their heating up for crystal-
lization stage. The greater heterogeneity of mixtures results finally in higher
population of Al pairs and vice versa rather homogeneous up to clear solutions
lead to higher population of single Al atoms in the zeolite products (10a, 59).

Inspection of the MFI framework structure shows the occurrence of the
four B-, two a- and two y-type 6-MRs per unit cell. The composition of
Si/TPA ~ 4 (optimum for the MFT structure development (68a)) indicates four
TPA™ ions per unit cell, and therefore around one TPA* ion there are two 6-
MRs (B-type), on the opposite side of the nitrogen atom, assembled inside a
clathrate arrangement of T-O bonds forming the intersection of the straight
and sinusoidal channels (see Fig. 6-2) (76). Another 6-MR is located in the
wall of the straight channel (a-type); the packed boat-shaped site (y-type) also
contains a 6-MR, however combined with 5-MRs. Thus, two main types of 6-
MRs [the a- and B-type, predominantly occupied by Al pairs (cf. Table 6-2)] are
clearly present and each is available for accommodation of Al pair, single Al
atom or only Si atoms.

The observed population of Al pairs in the rings of the cationic sites of ZSM-
5 zeolites (the predominant accommodation of Al pairs in the B-sites) ranges
with increasing, but still low, Al concentrations between 90-60% at the B-rings,
10-40% at the a-rings and 2-12% at the y-rings. For a high Al concentration
(Si/Al ~ 12), the Al pairs attain values of 66% at the p-rings and 33% at the

Figure 6-2: TPA-OH in the surrounding rings of ZSM-5. According to Ref. (76).
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a-rings, see Table 6.1 (4d, 5a, b, 10b, 59). However, the spatial distribution
of Al pairs cannot be simply connected with the occurrence of the individual
rings in the MFI topology, as its unit cell contains two a-, four p- and two y-
type 6-MRs (see Fig. 5-5). This real population of Al pairs in the rings of the
cationic sites, particularly of the most populated B-type rings, cannot be gov-
erned by the minimum potential energy of one of the rings, nor is it connected
with the reaction kinetics of nucleation and crystallization, but depends on the
location of the templating organic TPA™ ion at the channel intersection in the
structural embryonic units developing around the hydrophobic cations in the
pre-crystallized stage. Thus the most populated B-type 6-MRs accommodated
by Al pairs follows the “templated” geometry of the intersecting pores of MFI
topology (see Fig. 6-2).

The electrostatic and van der Waals interactions of Nat and TPA™ ions,
respectively, within the mixtures containing Si and Al prefer the nucleation of
small nuclei of negatively charged Si-O-Si(Al) around the Na* ion, while larger
neutral Si-O-Si nuclei grow up around the large hydrophobic organic cation
(61c). The preferences for the formation of Al pairs (predominantly identified
in the B-type 6-MRs) in mixtures containing exclusively TPA™ ions (Table 6-2
and Refs. (5b, 10b, 59)), in contrast to those containing both TPA* and Na*t
ions, yielding a higher relative population of single Al atoms, provides evi-
dence that the Al pairs are predominantly located within the p-type 6-MRs
in the Si-Al environment formed around TPA* (see Fig. 6-2). The incorpora-
tion of Al atoms, as revealed in Ref. (59), already in the TPA™ ion embryonic
unit containing 33—-36 T sites has been supported by 27Al, 2°Si and 'H MAS
NMR investigations (5d). The small radius and high polarization ability of the
present Na™ ions affects the whole system. The Na™ ions strongly polarize the
Si-O-Si groups (chains, rings) in the vicinity of TPA™, which thus also accept
single Al atoms, entering the 6-MRs in the clathrate-like TPA™ surroundings.
With an increasing concentration of Al in the initial gel and also with a increas-
ing TPA*/Na™' molar ratio, the population of Al atoms in the Al pairs increases
(5b, 10b, 59). The MFI topology indicates that the intersection of the channels
(~9 A diameter) contains a complex of rings containing 10-MRs at the open-
ings of the straight and sinusoidal channels, and the two pB-type 6-MRs. These
6-MRs bear some negatively charged species, either single A104~ or an Al-O-
(Si-0)2-Al sequence. As indicated from the dependence of the population of Al
pairs in the presence of TPA™ ions (10b, 59), and as single AlO4~ are advanta-
geously embedded in rings attached to Na™ ions, the 6-MRs with Al pairs are
predominantly formed around the TPA™ ion. The way of the organization of Al
pairs in 6-MRs close to the nitrogen of TPA™ ion in the opposite side cannot be
at present suggested. We only can state that if Na™ ions are not present in the
mixture, a substantially higher population of Al pairs in 6-MRs is achieved,
limiting to a value of 85% of the Al atoms in the B-type 6-MRs. Nevertheless,
it is clear that the Al pairs or single Al atoms are incorporated in the very
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initial stage of formation of first Si-O nuclei around the TPA" or Na™ ions in
an amorphous gel.

In addition to the occurrence of Al pairs predominating in the B-type 6-
MRs, both the Al pairs and single Al atoms occur in the a-type 6-MRs in the
wall of the zig-zag channel of the ZSM-5 structure. The maximum population
of the a-type 6-MRs by Al pairs (~40%) is achieved with mixtures contain-
ing only TPA™ ions or their excess and by using highly monomeric TEOS
(10D, 59).

The pH of the initial solutions and the mixtures affect the equilibrium
among various silicate and aluminosilicate mono-, di- and polymeric species
owing to the competition of hydrolysis and condensation reactions. Thus,
both the Si sources (TEOS and Na-silicate) affect the equilibrium among
monomeric, oligomeric and polymeric species of silicates and aluminosilicates
(Table 6-2). The mutual “interaction” of TPAT and Na' ions and their Si-O-
Si(Al) surroundings is also reflected in the dissolution/nucleation processes to
such a degree that the state of the mixtures is visible to the naked eye (see
Table 6-2) (59). The high positive charge of the Na™ ions keeps the monomeric
aluminate species stable and strongly polarizes the Si-O groups. These accord-
ingly tend to accept AlO4~ monomeric entities, resulting in the observed
preferential formation of single Al atoms and an enhanced overall degree of
incorporation of Al atoms in the presence of Na*t ions. In contrast, the dynamic
dissolution/nucleation of silicate and aluminosilicate species is shifted in TPA-
containing solutions (rather than in Na-solutions) to more dense solutions with
the formation of larger nuclei or particles. The hydrophobic TPA* ions sur-
rounded by Si-O stabilize neutral Si-O units which increase in size, enabling
the formation of Si-rich zeolites with very high Si/Al ratios (up to co) (61c),
in contrast to solutions containing Na* ions. The TPA" ions attract larger
polymeric “neutral” Si-O species, which do not exhibit a tendency to incorpo-
rate single AlO4~ entities, but rather Al pairs located thereof in 6-MRs. The
larger nuclei and the particles present in more dense mixtures also exhibit the
“seeding” effect, leading to small regular crystallites, in contrast to the larger
crystals with non-uniform size obtained from clear or less dense solutions (10b,
59). The results can be summarized as follows:

i. Both the lower tendency for the incorporation of Al atoms into the silicate
framework and the higher population of Al pairs are achieved in the syn-
thesis using TPA* without Na™ ions, with various Si and Al sources, and
Si and Si-Al precursors of high degree of networking. Depending on pH,
these mixtures begin the crystallization from rather heterogeneous sols
with condensed nuclei and/or presence of small particles;

ii. A higher tendency for the incorporation of Al atoms and simultaneously of
single Al atoms is found with monomeric Si sources (TEOS, Si and Si-Al
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precursors of low degree of networking or condensed Na-silicate under
conditions of fast depolymerization) and the presence of Na*t ions. The
Na™ ions stabilize monomeric AI(OH),~ entities, and the monomeric Si
species are reflected in the formation of low-density and readily depoly-
merized mixtures. The syntheses under these compositions start from
clear solutions or low-density gels.

iii. The incorporation of Al atoms prevailingly as Al pairs or single Al atoms,
affected by the TPA"/Na™' ions and the reactivity of the mixtures, is
also connected with the formation of relatively large and small crystals.
This raises a question if larger crystals compared to smaller ones of the
same chemical composition might exhibit a quite different distribution of
framework Al atoms.

The relationship between the tendency of Na* ions to form visually clear
solutions presumably consisting of nano-sized nuclei or low-density gels and
the readiness to incorporate Al atoms into the silicate framework are in
agreement with general knowledge on the synthesis of Si-rich zeolites in the
presence of Nat ions (61d).

By relating the increasing tendency towards incorporation of Al atoms into
the framework predominantly in a form of single Al atoms, and the decreas-
ing tendency towards building up of Al atoms with the preferred occurrence
of Al pairs for most synthesis compositions, we suggest that single Al atoms
surrounded by Si atoms in at least a next-next-next coordination shell to an
Al atom constitute energetically and kinetically the most favorable Si-Al orga-
nization in the framework. This condition is satisfied preferentially in clear
solutions and low-density gels, where monomeric-like Si species are present,
and Al species are charge balanced by Na' ions.

7. STABILITY OF THE Al ATOMS IN THE ZEOLITE FRAMEWORK

The isomorphous substitution of the Al atom into the T'd-coordinated silicate
framework can be regarded as a perturbation of the T-O-T bonds owing to the
longer Al-O bonds in AlO4 tetrahedra compared to the SiO4 tetrahedra. This
perturbation is largest when AlO,4~ is charge-balanced by a proton, and mostly
or completely suppressed by the presence of monovalent or divalent counter
cations (10a, 29a, 39b, 42b).

Accordingly, the high-temperature treatment of Si-rich eolites in an H-
form, in contrast to metal-zeolites, results in substantial perturbation of the
AlQO, site, which can lead to the opening of the Al-O bond during zeolite
dehydroxylation. If the dehydroxylation is reversible, “framework” electron-
acceptor Alpgr-Lewis sites are considered to be formed, while the irreversible
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effect is connected with complete release of the Al atom from the framework T
site, i.e., zeolite dealumination, see, e.g., Refs. (14, 39b, 42b, 77).

7.1. Perturbation of the Framework Al-O Bonds

Opening of the Al-O bond of the framework AlO,4 tetrahedra of H-zeolites
and formation of the framework electron-acceptor Alpr-Lewis site under zeolite
dehydration is well known for the beta zeolites (4c, 29a, 42b, 77a, b), but
also occurs to a lesser extent in ferrierite and ZSM-5 (39b, 78). The tendency
towards perturbation of the AlO, tetrahedra depends on the stability of the
Al-O bonds in the framework, which is given by the stabilization energy of the
Al atom, the nature of the counter ion, and the severity of zeolite treatment.

Perturbation of the AlO,~ tetrahedra reflected in the formation of the
framework Alpg-Lewis sites in ZSM-5 depends on the siting of single Al atoms
in the framework. Only two T sites (with 27Al isotropic shifts of 52.7 and
57.1 ppm) lead to the formation of Alpg-Lewis sites, while Al in the other T
sites and the presence of Al-O-(Si-O)2-Al sequences in one ring did not con-
tribute to the formation of Alpg-Lewis sites. As the Al-O-Si-O-Al sequences
were not present in the ZSM-5 samples (Si/Al > 12), they could also not be
related to the formation of these Alpgr-Lewis sites (79). These findings imply
the stabilizing effect of Al-O-(Si-O)2-Al sequences in one ring on the Al atoms.
The stabilization energies of Al atoms in the individual T sites in a number of
zeolites have already been reported, see, e.g., Refs. (32b, ¢). However, these sta-
bilization energies calculated as single Al atoms cannot be simply correlated
with the stability of Al atoms in the framework. The energy of the perturbed
AlO, sites as well as that of Al atoms of the Al-O-(Si-O)3-Al sequences in
one ring must be included in the analysis of the stability of Al atoms in the
framework.

7.2. Release of the Al Atoms from the Framework

The dealumination of the framework, occasionally occurring during the
removal of the organic template from the as-synthesized zeolite or by its severe
post-synthesis treatment, provides evidence for the presence of the least stable
Al atoms in the framework. In the H-beta zeolite, dealumination is connected
with specific single Al atoms (isotropic chemical shift 58.7—-60.1 ppm) (4c, 55),
which are preferentially released from the framework, while the Al atoms in
Al-O-(Si-0)9-Al sequences in 6-MR remained unperturbed (43). The contra-
intuitive higher stability of Al in these Al pairs compared to the single Al
atoms is in agreement with the similar resistance of Al-O-(Si-O);-Al sequences
in ZSM-5 to the formation of Alpgr-Lewis sites. In contrast, low framework
stability can be attributed to the Al atoms in the Al-O-Si-O-Al sequences in
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mordenite. Their ready removal was observed for mordenite with Si/Al 6.5,
similar to faujasites containing these sequences (80).

8. LOCATION, STRUCTURE AND PROPERTIES OF COUNTER ION
SPECIES

8.1. Counter Protonic Sites. Framework SiOHAI Groups

The balance of the framework negative charge, originating from the indi-
vidual T(Al) atoms, by protons results in the formation of structural bridging
SiOHAI groups. The substantial difference in the acid strength between
Al- and Si-rich zeolites is attributed to the mutual interactions of SiIOHAI
groups in Al-rich zeolites. This suggestion is confirmed by the calculated sim-
ilar deprotonation energies of OH groups in the siliceous faujasite, ZSM-5,
mordenite and ferrierite, and by the increase in the acid strength of the Al-
rich zeolites like of faujasites after their dealumination. The variability in the
local geometry of the AlO, tetrahedra reflected in the Al-O-Si angle does not
significantly affect the strength of the bridging protonic sites, as is also indi-
cated by the close deprotonation energies of protons in the Si-rich zeolites.
The effect of the vicinity of the Al atoms in the Al-O-(Si-O);-Al sequence on
the strength of the acid site can also be suggested to be negligible, as there
is no difference in the properties of adsorbed Hs (77 K) in ZSM-5 between
the protonic sites adjacent to single Al atoms and Al-O-(Si-O),-Al sequences
(81). The observed variability in the OH vibrations and 'H NMR shifts of the
bridging hydroxyls in the Si-rich zeolites could be connected with the differ-
ent locations of the protonic sites in different pores and thus different local
arrangements around the AlO4 tetrahedra and the curvature of the zeolite
channel/cavity.

8.2. Counter Metal lon Species

In general, zeolite framework oxygen atoms neighboring the isomorpously
substituted Al atom in the framework represent negatively charged ligands
to counter—metal ion species exhibiting open coordination spheres (82). The
individual framework rings bearing the Al atom(s) and their spatial distribu-
tion through the three-dimensional zeolite network determine the structure
and coordination of the counter ion species and their corresponding spatial
arrangement. While, with Al-rich zeolites (Si/Al 1-3), the high local den-
sity of the framework Al atoms provides for stabilization of up to trivalent
bare cations, the Si-rich zeolites (Si/Al > 8) contain the highly predominant
Al-O-(Si-0)2-Al sequences in both 6-MRs or distant single Al atoms (4d, 5a,
b, 9a), whose population governs the stabilization of divalent or monovalent
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cation complexes. These complexes could correspond to bare cations as well as
polyvalent cation-oxo complexes.

The formal ion-exchange capacity refers to the framework Al content; nev-
ertheless, the real capacity for divalent cation exchange in Si-rich zeolites
depends on the distribution of the Al atoms in the framework. In dehydrated
zeolites, only rings with Al pairs accommodate bare divalent cations, while sin-
gle Al atoms can be exclusively balanced by the monovalent cations (or protons)
and formally monovalent complexes. Therefore, the structure of the resulting
metal-ion species is determined by both these factors, the distribution of Al
atoms in the framework and the metal-ion complexes formed during the ion
exchange; for illustration see Fig. 8-1.

Evidence has been found for quite well-described species in metallo-
zeolites, including bare divalent cations, charged metal-ligand complexes or
metal-oxo species, including metal-oxo bridged species, depending on the con-
ditions of their incorporation and calcination, see, e.g., (83). The majority of
the enormous volume of literature data analyzing the structure of metal-ion
species by various spectral and diffraction methods deals with the Si/Al ratio
of the parent zeolite and the M(II)/Al composition of the product. Nonetheless,
information on the Al distribution is mostly absent (see, e.g., (42a, 83;j, k, 84)),
and the possible occurrence of Al atoms in Al pairs and single Al atoms has
been a subject of speculation, however, without any experimental analysis. The
broad spectrum of metal-ion species (analyzed for Cu, Co and Fe species) and
the diversity of the results did not provide straightforward elucidation of the
structure of metallo-zeolites.

The first attempt to explain the structure of the anticipated metal-oxo
bridged Fe species in ZSM-5 was based on a simplified concept assuming

M*(H,0) " [M*X(H,0) ]

[M2+XOY] X-Y

Figure 8-1: Schematic representation of the relation of Al distribution and ion exchange.
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statistical distribution of the Al atoms in the framework with pre-defined
metal-oxygen-metal distances through the zeolite structure (85). Other
authors proposed models predicting an ion exchange capacity for the individ-
ual Fe ion species in a zeolite with a given Si/Al composition (86). However,
the hypothesis related to the statistical distribution of Al atoms is generally
not valid. Taking into account the real nature of the framework Al distri-
bution in Si-rich zeolites, and the possibility of manipulating it in a broad
range by hydrothermal synthesis, these predictions must be basically revised.
Thus, evaluation of the capacity of the zeolite for coordination of the individual
metal-ion species and their proportions must necessarily include analysis and
determination of the distribution of the Al atoms in the framework.

Under the conditions of this complete analysis of both framework Al atoms
and metal ions species, a clear preference has been shown at low metal con-
centrations for occupation of the cationic sites containing Al pairs by divalent
cations, resulting in the coordination of bare cations at three typical sites (a-,
B- and y-types; for details see Pars. 5.3 and 8.2.3.1), with preferences for their
occupation. The general trend with increasing metal content includes the for-
mation of metal-oxo species, mostly adjacent to the rings containing single Al
atoms. A special case consists in the presence of various metal-oxo bridges
(see below) requiring optimum separation of two rings with one local negative
charge (single Al atom). At high loadings (and high-temperature treatment),
undefined metal oxide species also appear.

This widely accepted sequence of metal-ion species in metallo-zeolites with
an increase in the metal content could not be regarded as corresponding
to the statistical distribution of bare cations, metal-oxo, including metal-oxo
bridged, and neutral metal oxide species; to the contrary, their occurrence is
very strongly modified by the distribution of Al atoms in the zeolite framework
(9a, 43, 50, 87). Thus, the structure of metal ion species is not exclusively con-
trolled by the Si/Al ratio of the parent zeolite, as is frequently assumed in the
literature, but by the distribution of framework Al atoms for a given parent
zeolite.

All this implies that knowledge of the highly predominant Al atom distri-
bution over the framework between the Al pairs and single Al atoms and their
siting in the individual rings, as well as the spatial location of these rings in
the crystalline network, has opened the way to a comprehensive description of
metallo-zeolites as poly-ligand framework - metal ion - extra-framework ligand
complexes, see Fig. 8-2.

8.2.1. Bonding of Metal Ions

The siting and distribution of monovalent cations is given by the siting of
Al atoms in combination with the restrictions on pore opening and ring size.
Note that the accommodation of bare cations was reported for at least 6-MRs
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Figure 8-2: Schematic representation of the poly-ligand field of a cation in the zeolite.

(58, 60, 84a, 88). Di- and polyvalent cations require a specific arrangement of
the framework Al atoms in Al pairs in the zeolite rings. Al pairs [Al-O-(Si-O)s-
Al sequences] in one ring and single Al atoms represent decisive local charges
of the framework rings for the coordination of bare divalent ions or various
metal-oxo complexes:

i. Bare divalent cations balanced by an Al pair in a 6-MR in the dehydrated
zeolites;

ii. Two cooperating divalent metal ions in the 4-Al hyper-structure of two Al-
0-(Si-0)2-Al sequences, each located in the 6-MR situated on the opposite
side of the channel/cavity (for both MFI and FER topologies; for definition
see Par. 2.2.5 and Fig. 2-4A). The 3-Al hyper-structure is necessary for the
cooperation of a divalent cation with a protonic site;

iii. A hexaquo divalent metal-ion complex in hydrated zeolites requires
charge balance by two close Al atoms. This represents the sum of the
Al pairs in 6-MRs and Al-O-(Si-O),-9-Al in different rings (Alynpar) sit-
uated close enough (short visible distance) to charge-balance the divalent
aquo complexes;

iv. Two close monovalent complexes balanced by two close Al atoms, i.e.,
those in a 6-MR and/or Al-O-(Si-O)s9-Al, in different rings establish
conditions for the formation of metal-oxo bridges;

v. Exclusively monovalent cations or formally monovalent metal-ligand
complexes, if the distance between two single Al atoms is too great or their
cooperation of corresponding cations is geometrically restricted or all
kinds of possible interaction/cooperation of their local negative charges
in bonding of metal-ion species would be excluded.

8.2.2. Metal Ion Species in Hydrated Zeolites

The process of ion exchange of metal-ion species into the Si-rich zeolite
framework refers to the local negative charges given by the “rigid” distribu-
tion of Al atoms between Al pairs, unpaired Al and single Al atoms in the
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framework rings and, on the other hand, to the metal-ion complexes of vari-
ous structures present in a given exchanging medium (e.g., aqueous solutions,
vapors in a gas phase), see Fig. 8-1. Despite the possible complexity of the equi-
libria in the exchange medium (89), the principal features of the ion exchange
will be based on the spatial restriction for accommodation of monovalent (or
formally monovalent) species, and the positions for accommodation of divalent
(or trivalent-ligand complexes) restricted by adequate local negative charges,
given by the framework Al distribution.

Under the conditions of metal-ion exchange from aqueous metal salt solu-
tions guaranteeing the presence of exclusively metal aquo-complexes (see, e.g.,
(89)), and following the zeolite dehydration, only the bare divalent cations are
incorporated. However, the composition of the metal ion complexes in the solu-
tion could contain, in addition to the M2* aquo complexes, also other positively
charged species, e.g., soluble hydroxides or metal-anion complexes. Thus, e.g.,
metal chlorides and nitrates lead predominantly to the exchange of divalent
cations, while the metal acetates enable also exchange of a monovalent
metal-acetate complex. The composition of the metal ion species, including
polynuclear species, in the solution during ion exchange is generally a func-
tion of the pH, temperature and metal-ion concentration (89). The diversity of
the species in the exchange solution should be reflected in the complexity of the
species accommodated in the zeolites. Thus, the outcome of the ion exchange
of divalent cations or these cations in the form of complexes with negatively
charged ligands (e.g., Cu?t vs. [Cu?*Ac] ") in the identical parent zeolite might
be dramatically different (90).

A similar situation would also apply for the introduction of metal-ion
species into zeolites using volatile metal compounds, i.e., chemical vapor depo-
sition (CVD, e.g., of chlorides). The primary product reflects the match between
the local negative charges of the framework (i.e., Al distribution) and the for-
mal charge of the volatile species (e.g., [FeClp]*, CuClt), and possibly also their
nuclearity. High formal exchange levels could be reached through this process.
Nevertheless, during the final steps in the preparation, i.e., hydrolysis and
calcination, the di- or trivalent cations produced would compete for the lim-
ited local negative charge, which is directly controlled by the Al distribution.
Accordingly, a large number of metal-oxo species or bulk metal oxides would
be regularly formed in addition to bare cations and counter metal-oxo species,
see, e.g., (91). The process of solid-state ion exchange of metal chlorides actu-
ally resembles that of the CVD process and corresponds to the volatility of the
metal chloride at high temperature (92). The exchange of metal oxides with H™
(or NH4™) ions is accompanied by the evolution of water/ammonia molecules
into the gaseous phase (92, 93). Thus, e.g., relatively volatile V5,05, MoOs and
GasO can be exchanged as VO?*, MoOy?* (93) and Ga* (94), while NiO, Fe;O3
(95) and GagOgs (94) do not interact with protons at all. It follows that the
role of the Al distribution in directing the composition of the metal-exchanged
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zeolites prepared by solid-state ion exchange would strongly depend on the
formal charge of the interacting volatile species. It should also be mentioned
that the solid-state ion exchange is a procedure resulting in products that also
contain non-reacted bulk metal oxide in the products.

It could be summarized that the ion exchange of cations follows the exist-
ing distribution of Al atoms in the framework between the Al pairs and single
Al atoms, which are further spatially distributed amongst the rings of the a-,
B- and y-type site.

The overlap of the existence of the individual metal-ion species (not much
manifested for Co?*, but more for Cu?* ions, and dramatically for various
species of Fe?" ions) is decisively controlled, not by the total Si/Al ratio, but
mainly by the distribution of framework Al atoms in the given zeolite, as
has been repeatedly demonstrated (3a, 9a, 43, 46, 50, 52, 83d, 83g, 87, 96).
Accordingly, preparation of a metallo-zeolite containing exclusively one type
of metal-ion species is limited by the particular nature of the cation, beside
the distribution of framework Al atoms. Nevertheless, the high population
of Al pairs or single or unpaired Al atoms and their specific locations, which
might be achieved by zeolite synthesis, provide for substantial enrichment in
either bare cations or in various types of metal-oxo species, depending on the
distances between the framework Al atoms (see below).

8.2.3. Metal Ion Species in Dehydrated Zeolites

The releasing of water molecules and other ligands of solvated metal-ion
complexes through dehydration results in the coordination of metal-ion species
to the framework oxygen atoms as bare cations, metal-oxo species or metal-oxo
bridged structures, balancing the individual local negative framework charges.
Nevertheless, the formation of neutral metal oxide species not related to the
framework negative charge cannot be excluded in cases of charge unbalance
formed in the dehydrated zeolite.

The relative rigidity of the zeolite framework, together with the coordi-
nation of bare cations only to framework oxygen atoms, results in unusual
coordination, typically with an open coordination sphere of the metal ion (82).
This results in specific properties of the ion-exchanged bare metal cations. The
electronic structure of the metal ions by the interaction with the negatively
charged framework is significantly altered compared to the metal ions in the
bulk metal oxides or metal oxides supported on carriers.

Monovalent cations balance all the Al atoms, regardless of their location
as Al pairs or single or unpaired Al atoms. The only restriction lies in the sizes
of the cation and of the Al-containing ring. This is demonstrated on mordenite
and ferrierite, where Na' ions preferably occupy 8-MRs (58, 88g). Deformed 6-
MRs in mordenite and ferrierite (note that the Csg, symmetry of 6-MRs does not
occur in Si-rich zeolites) are occupied only when the Al atom does not belong to



Downloaded by [Ustav Fyzikalni Chemig], [J. Ddeek] at 07:59 04 May 2012

190 J. Dédecek et al.

the 8-MRs (58). Bare divalent cations of significantly smaller diameter prefer
in all pentasil ring zeolites siting in the 6-MRs (9b-e, 58, 88h), but the key
parameter for their location is the presence of two Al atoms (Al pair) in the
ring. A bare divalent cation in a ring containing a single Al atom is highly
reactive and unstable. Bare trivalent cations do not occur in Si-rich zeolites
(SiAl > 8), as the absence of Al-O-Si-O-Al sequences excludes the presence of
three Al atoms in the 6- or 8-MRs.

Mono- and divalent metal-oxo species can occur as balanced by single Al
atom or Al pairs in one and unpaired Al atoms in two rings. Metal-oxo bridged
species, depending on their total positive charge, require two rings containing
Al pairs or two Al atoms in one or two rings. These Al atoms must be located at
an acceptable distance for the metal-oxygen bond and geometry allowing the
formation of the metal-oxo bridging structure.

Summing up, the distribution of framework Al atoms represents a key
parameter controlling the accommodation of bare cations, metal-oxo and
metal-oxo bridges in Si-rich zeolites. The distribution of Al atoms in the frame-
work T sites in Al pairs and single Al atoms controls the siting of the bare
cations and metal-oxo species, and is a decisive parameter for the formation of
bridging metal-oxo species.
8.2.3.1 Bare divalent cations. The Al-O-(Si-O)s-Al sequences were reported to
be located in the mordenite, ferrierite, ZSM-5 and beta zeolites, accommodat-
ing the divalent cations in the cationic sites of the a—, p- and y-type rings, cf.
Figs. 5-5 and 5-6 (6, 20, 23). The a-type 6-MR cationic site is composed of two
5-MRs forming the elongated 6-MR with the Al-O-(Si-O)s-Al sequence on the
wall of the main channel of mordenite (E site according to Mortier’s notation
(58, 88g)) and ferrierite, the straight channel of ZSM-5 and in the beta-cage
of the beta zeolite. The divalent cations in these sites exhibit very unusual
coordination at the top of the pyramid with a base of four oxygen atoms and
are accessible only from the side of one channel. The B-type 6-MR cationic
site is formed by approximately planar elongated 6-MR with Al-O-(Si-O),-Al
sequences in the ferrierite cavity, in the crossing of the straight and sinusoidal
channel of ZSM-5 and in the beta cage of the beta zeolite. In mordenite, this
site is formed by six framework oxygen atoms of the twisted 8-MR at the bot-
tom of the mordenite pocket (A-site according to Mortier (59, 93g)) arranged
in the elongated planar 6-MR containing an Al-O-(Si-O)s-Al or Al-O-(Si-O)3-Al
sequence. The divalent cation in the B-type site exhibits open, approximately
planar coordination to three or four oxygens and it is accessible from both sides
of the ferrierite cavity, and only from one side poorly accessible in mordenite.
The divalent cations are also accessible from one side in the intersection of
ZSM-5 channels and the beta zeolite. The y-type site represents a complex
boat-shaped site composed of 5-, 6- and 8-MRs located in the ferrierite cavity,
in the mordenite pocket (C site according to Mortier (59, 93g)), in the ZSM-
5 sinusoidal channel and the beta cage of the beta zeolite. Two Al atoms of the
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Al-O-(Si-0)9-Al sequence can be assumed to be located in the 8-MR. The cation
in this site exhibits a close coordination sphere due to its octahedral-like coor-
dination. Note that the exact geometry of the cation in this site is not clear.
The cationic sites were not yet completely elucidated in MCM-22. However,
it has been suggested that the siting of the Co?* ion in the regular simple 6-
MR exhibits planar coordination of the Co?* ion with an open coordination
sphere, which is accessible from both sides of the ring (24). These cationic
sites were suggested on the basis of the Co?* ion coordination by using Vis
spectroscopy of the dehydrated Co-zeolites in analogy with the Ca?* siting in
Al-rich mordenite. Nevertheless, they were confirmed by the neutron powder
x-ray diffraction experiments on Co- and Ni-ferrierite (9b, 9d, e, 88h) and Cu-
mordenite (88h). The Co?* cationic sites can be generalized to accommodate
bare divalent cations owing to their similar ionic diameter and the decisive
role of the location of the Al-O-(Si-O);-Al sequence in one ring, as confirmed by
the same siting of Ni?* and Co?* in ferrierite and Cu?* in mordenite.

The high flexibility of the T-O-T angle enables optimization of the geometry
of the framework rings of the cationic sites to preserve the preferred metal-
oxygen distance of the metal ion coordinated to the framework oxygen atoms,
as follows from the Co?*-framework oxygen distance of approx. 0.2 nm in dif-
ferent cationic sites of mordenite, ferrierite and ZSM-5 (97). The perturbation
of the T-O-T angles and thus of the geometry of the zeolite rings by coordina-
tion of the divalent cation is reflected in the characteristic perturbation of the
anti-symmetric T-O-T vibration for the o-, - and y-type cations as well as in
the charge distribution over the cation (97c) obtained from theoretical calcu-
lations. As the cations are coordinated to AlO,4 tetrahedra, the preservation
of the metal-oxygen distance can result in the perturbation of the framework
rings of the cationic sites.

As discussed in Par. 5.2, a wider variability in the maximum relative num-
ber of cationic sites was reported for the a—type site (10-40% of sites) and the
y-type site (2—12% of sites) in ZSM-5. Concentration of the B-type site var-
ied between 60—-85% of the cationic sites. However, at a high concentration of
Al-O-(Si-0)9-Al sequences in one ring, the pB-type site represents approx. 60%,
the a—type site approx. 30% and the y-type site less than 10% of the cationic
sites for divalent cations without significant variation. The relative concentra-
tion of these sites in Al-O-(Si-O)3-Al sequences in one ring in ZSM-5 results
from the mechanism of the incorporation of the Al-O-(Si-O)2-Al sequence in
one ring into the ZSM-5 framework, see Par. 6.2. Nevertheless, the concentra-
tion of the Al-O-(Si-O);-Al sequence in one ring in the individual cationic sites
yields only the maximum possible concentration of bare divalent cations in the
zeolite and in the individual sites. At lower M?* loadings, the concentration of
M?* ions in the individual sites results from (i) the stabilization energy of the
M?* ion in the individual site, (ii) the kinetics of both the ion-exchange proce-
dure and distribution of cations in the dehydrated zeolite, and (iii) competition
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with the other metal ions present in the zeolite. This is demonstrated in the
significant differences in the distribution of the Co?* ions in the CoH- and
CoNa-ferrierites or the dehydrated CoH-, CoNa-, CoCs- and CoBa-mordenites
(20, 23a).

It must be stressed that the maximum concentration of bare divalent
cations in the zeolite is limited by the concentration of Al-O-(Si-O)s-Al
sequences in one ring. Thus, the concentration of Al atoms in the Al-O-(Si-
0)2-Al sequences (Algy)), see Par. 3.1.3, expressed as Si/Alsa; turns out to be a
crucial parameter of the zeolite essential for understanding the structure and
location of metal-ion species and the general properties of Si-rich zeolites.
8.2.3.2 Metal-oxo and bridged metal-oxo species. Metal-oxo species. The Si-
rich zeolites do not have sufficient local negative charge for adequate charge
compensation of trivalent cations as bare cations but these cations could be
stabilized as metal-oxo formally mono- and divalent species balancing single
Al atoms or Al pairs, respectively. Formation of Co?*- or Fe3+-oxo and -peroxo
complexes (43a, 98) or hydroxo complexes like [Fe3+(OH),]* was reported (98a,
99). The formal divalent metal-oxo (or hydroxo) complexes would be coordi-
nated, analogous to bare divalent cations, exclusively to the 6-MRs with an Al
pair. The formally monovalent species, e.g., [Cu?tOH]* (3a, 100), [Fe3*(OH),]*
(101) or [Fe?* OH)]* and [Co®"-O]* (43a, 102) species were proposed; they have
to be coordinated to different rings containing single Al atoms or also possibly
to one ring containing Al pairs.

Metal-oxo bridged species. The bridged metal-oxo or metal-hydroxo species
require the presence of at least two Al atoms in an optimum distance in the
zeolite channel. Three types of the formed bridging structures can be sug-
gested. The bridge can be formed from (i) two originally bare divalent cations,
(i1) monovalent cations or monovalent complexes, or directly from (iii) the bin-
uclear charged complex. In the case of the bridge ad (i), the distance and
geometric arrangement of the cationic sites (the a- and B-type) given by the
positions of their rings in the framework and distribution of Al pairs, controls
the formation of the bridge (46, 52). In the cases ad (ii) and (iii), the cations
could be coordinated to any two Al atoms at the proper distance, located in
either one or two rings. In this case, the formation of the bridge coordinated to
one ring depends on the population of Al pairs in the ring and the position of
the Al atoms in the ring. Formation of bridges coordinated to the Al atoms of
two rings is controlled by the siting and distribution of single and unpaired Al
atoms.

A considerable amount of effort has been devoted to analysis of the forma-
tion of bridged structures between the metal-exchanged cations, i.e., Fe, Co and
Cu in MFI, BEA and FER zeolites; nevertheless final consensus has not been
achieved. The -O-, -OH-, and -O-O- bridges were proposed as links between
two metal cations (84j). For the Cu zeolites, the [Cu-OH-Cu]?* (103), [Cu-O-
Cul?* (85b, 104), [Cu?t-O-Cu't]* (105), [Cu-O-O-Cul?* or bis(j.-oxo) di-copper
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bridged species (106) were suggested. For Co- and Fe-zeolites, the [Co-O-Co]%*
(83c, 107), dinuclear iron oxo/hydroxo complexes (108) and [Fe?*-O-Fe?*]2*
structures (86, 109) were proposed. Moreover, the peroxo-bridged binuclear
iron (110) and trivalent iron [HO-Fe-O-Fe-OH]?>* complexes (83h) have been
suggested.

8.3. Effect of Al Pairs and Single Al Atoms on the Counter Metal
lon Species

The coordination of a bare divalent cation to the ring with Al pair or metal-
oxo species, and bridged metal-oxo species to Al pairs and single Al atoms,
would basically influence their reducibility, the Lewis acidity and the sta-
bility against conversion into a metal oxide. Metal oxo-species and bridged
metal-oxo species do not display Lewis acidity. On the other hand, they are
readily reducible and the oxidation ability of the peroxo-bridged species is
clearly evident. The oxo- and bridged oxo-species are proposed as the reactive
intermediates. The redox cycle of these species would depend on the adjacent
local negative charge (83e, 90b, 96¢, 105).

This implies a decisive role of the Al distribution for the properties of
the metal-ion species accommodated in the Si-rich zeolites. Cation bonding to
the Al pair or to a single Al atom produces two basically different groups of
species with very different properties. In addition, there are numerous small
variations inside these groups, determined namely by structural details of the
respective sites.

8.3.1. Adsorption Complexes of Divalent Cations

Bare Fe?*, Co?t, Ni?* and Cu?* cations coordinated to an Al pair in the 6-
MRs display strong Lewis acidity, resulting in the formation of complexes with
a number of bases, e.g., CO, NO, NHj3, pyridine or acetonitrile (101, 111). The
differences in the coordinative unsaturation of the metal cations bonded in the
different cationic sites and the site accessibility are reflected in the number
of coordinated ligands and the stability of the cationic ligand. This could be
illustrated by the formation of dinitrosyl complexes at the Co?>* ions in the a
and p sites and only mononitrosyls at p-type sites in mordenite, ferrierite and
ZSM-5 (112). The perturbation of the T-O-T framework bonds due to the coor-
dination of the bare cation is partially relaxed by the adsorbed basic molecule.
The strength of the bond with the basic molecule as well as the number of
coordinated ligands affects the degree of relaxation of the perturbation of the
T-O-T bonds (96b, 97a, 111e, 113).

8.3.2. Redox Behavior of Metal Counter Ion Species

A general feature of bare divalent cations coordinated in the site with
an Al pair is their considerable resistance to reduction. The reduction of
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bare divalent cations not exhibiting a monovalent state (Co?*, Fe?") takes
place at high temperatures (~900°C) connected with the degradation of the
zeolite framework. This stability of a bare divalent cation in a ring with an
Al pair could be illustrated for Co?* (114), Cu?* (115), Fe?t (85¢), or Ni%* ions
(116). On the contrary, metal-oxo species are much easily reduced. Accordingly,
the reduction temperature of the metal-ion species and neutral metal oxide
species, if it occurs in the zeolite, follows the sequence:

metal-oxo or bridged metal-oxo species < “supported” neutral metal oxide
species < bulk metal oxide < bare cation.

9. CATALYTIC ACTIVITY OF H- AND METALLO-ZEOLITES

9.1. H-Zeolites

The location of the protonic sites in the individual rings and channels is
governed by the siting of Al atoms in the T sites, zeolite rings and the chan-
nels. The location of two Al atoms in the 6-MR (Al pair) evokes two close
protonic sites in a one ring and could even form four protons, e.g., at the inter-
section of the straight and sinusoidal channel in the MFI structure. On the
other hand, the Al atoms in mordenite and ferrierite in the T1, T2 and T4 sites
place protons in the 10-MR channels, while the Al atoms in T3 sites result
in protonic sites accessible through 8-MR in the ferrierite cage or mordenite
pocket (T3 site). Both types of Al distributions (Al pairs vs. single Al atoms or
Al atoms in different channels) in H-zeolites could affect the transition state of
the acid-catalyzed transformations of hydrocarbons or other derivatives.

The effect of the distribution of Al atoms between the Al pairs in 6-MR
rings and single Al atoms has so far been manifested only in differences in
the yields of olefins and aromatics in 1-butene cracking over H-ZSM-5 of sim-
ilar Si/Al and crystal size, but substantially differing in the concentrations of
Al pairs and single Al atoms (81). Higher yields of aromatics and paraffins,
which was suggested to originate from enhancement of the bimolecular dimer-
ization and hydrogen transfer reactions at the expense of monomolecular olefin
cracking, were attributed to the higher populations of close protons in rings
containing Al pairs, while the preferred formation of low olefins was connected
with single Al atoms in a ring. However, as far as we know, no additional
experimental data are available on the interaction of two protons with the
hydrocarbons or other substrates.

The positioning of Al atoms in the framework of ferrierite and mordenite,
which controls the presence of the related protons in the channels with differ-
ent pore opening, could decisively affect the transition state in acid-catalyzed
transformations of hydrocarbons or their derivates. The position of an Al atom
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and the neighboring framework oxygen atoms within their confined environ-
ment would evoke either transition-state-restricted selectivity (well known
from shape-selective transformations of hydrocarbons, see, e.g., Ref. (117)) or
on the contrary, transition-state-directed selectivity, where the specific spa-
tial geometry of the mutual approach of the reactants at the specific T site
in the confined environment enables creation of the most favorable transi-
tion state complex. Examples of the latter type of selectivity include, e.g.,
selective transalkylation of isopropyl benzene or isopropyl toluene to n-propyl
benzene or n-propyl toluene induced in the intersecting narrow 10-MR chan-
nels of ZSM-5 (118), in contrast to the wide channels of BEA or FAU zeolites
(118¢, d), where this type of complex is not expected to be formed as trans-
formation of iso- to n-alkylaromatics does not occur. Another example is the
carbonylation of methanol or DME in the 8-MR pocket of mordenite (64, 119),
where transformation of methanol/DME to hydrocarbons is suppressed. The
Al atom specifically at the T3 site (see Fig. 9-1) and the attached O33 atom
support an optimum transition state complex (see Fig. 9-2). Siting of the
framework Al atoms in the confined environment of the pores has also been
shown to influence the relative tendency towards the formation of alkoxides
or carbocations in zeolites (120). We could therefore suggest the possibility
of affecting the pathway of the other required selective transformations of
hydrocarbons by the siting of Al atoms in the specific T sites with suitable

Figure 9-2: Schematic representation of the relative orientation of the Oggmework—CHs bond
and the channel axis (a) at the T3-O33 position of MOR and (b) any other position in an 8-
MR channel. Reprinted with permission from Ref. (123). Copyright 2008 American Chemical
Society.
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confinement in the pore structure and by the siting of two Al atoms or a single
Al atom in 6-MRs of the framework of Si-rich zeolites.

Pérez-Pariente et al. were the first to use a combination of cationic and
neutral organic ammines as templates to direct the T(Al) sites of ferrierite
into the 10- (T1, T2 and T4 sites) and 8-MR channels in the ferrierite cage
(the T3 site), cf. Fig. 5-1, for the purpose of affecting their activity in selec-
tive transformation of hydrocarbons (11a, 62b, 121). Location of Al atoms
in the T1, T2 and T4 sites, monitored by adsorption of pyridine on SiOHAI
groups in the 10-MR channels and/or at the T3 sites of the 8-MR pores of
ferrierite not accessible for pyridine was manifested in the isomerization of
m-xylene. The isomerization rate was proportional to the concentration of
SiOHAI groups in the 10-MR channels, with the low p/o-xylene ratio typ-
ical for the reaction occurring in the 10-MR channels. On the other hand,
the prevailing concentration of (Al)T3 sites in ferrierite cage and the cor-
responding SiOHAI groups controlled the rate of selective transformation of
1-butene to isobutene, a molecule of much smaller kinetic diameter compared
to xylene. The rate of total transformation of 1-butene was proportional to
the total concentration of acid sites regardless of their location in the 10-
MR or 8-MR channels. The selective isomerization of 1-butene to isobutene,
typically following a monomolecular mechanism (while dimerization yielded
an equimolar ratio of C3= and Cs~ olefins) (122), occurred to a high extent
on ferrierites containing a high population of acid sites at (ADT3 sites in 8-
MR channels. The transition state intermediate for a bi-molecular reaction
could not be formed in the 8-MR channels for steric reasons and the selective
monomolecular reaction pathway prevailed in these pores with participation
of the SIOHAI(TS3) sites.

Selective carbonylation of methanol or DME with carbon monoxide to
acetic acid or methyl acetate occurring in the 8-MR channels has been sug-
gested to be controlled by the transition state, which was assumed to depend
on the location of a proton in the individual pores. The proportionality between
the rate of carbonylation and the concentration of acid sites in the 8-MR chan-
nels obtained by Roman-Leshkov et al. (11c¢) in the synthesis of ferrierites
with pyridine or a combination of TMA and pyridine, in contrast to those
synthesized using large cyclic amines (HMI), demonstrated that the reaction
proceeded in 8-MR pores.

The concentration of SiOH(ADTS3 sites in the 8-MR side pockets of
mordenite was also proportional to the rate of carbonylation of methanol over
H-mordenite (119). Moreover, the activity of H-mordenite appeared to be sub-
stantially higher compared to ferrierite, despite the fact that both ferrierite
and mordenite exhibited acid sites in 8-MR channels. This is a result of the
step involving the attack of a methoxy group by CO molecule, competing with
methanol/DME, assumed to be the rate-controlling step of the carbonylation
reaction. The ferrierite cage is slightly larger compared to the mordenite
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pocket. Moreover, by analyzing methanol carbonylation at different T-O posi-
tions of the mordenite 8-MR pocket by quantum chemical calculations, Boronat
et al. showed that only the T3-O33 site, and not the T3-O31 site, is responsible
for the high carbonylation selectivity (64, 120, 123). The methoxy group at the
T3-033 site with an interacting CO molecule is oriented in the linear position
in the direction of the cylindrical side 8-MR pocket, being a highly favorable
intermediate in contrast to the unfavorable intermediates of methoxy groups
with DME, which are sterically hindered and destabilized. Thus, the location
of the T'3-O33 site in the side pocket and the pocket geometry itself support the
advantageous transition state for the carbonylation of the methoxy group (Fig.
9-2). The carbonylation of methanol/DME represents the first reaction where
the reaction transition state has been shown to be controlled by the siting of
the Al atoms in the individual framework T sites.

Thus, the effect of the siting of framework Al atoms for the formation of a
highly advantageous structure of the reaction intermediate is clearly demon-
strated, not only for the location of the Al atoms (and SiOHAI groups) in the
pores of different sizes, but also with respect to the local confinement around
the individual Al atom given by the local geometry of the pores.

9.2. Metallo-Zeolites

The limited knowledge on the Al siting in the T sites of zeolites and
absence of zeolites with controlled siting of Al atoms, together with the fact
that the properties of (transition) metal ions depend mainly on the vicin-
ity (visible distance) of Al atoms (see Chapter 2) result in the absence of
studies on the effect of particular T(Al) sites or rings coordinating metal ion
species on the catalytic performance of metallo-zeolites. On the other hand,
the distribution of Al atoms between Al pairs in one ring and single Al atoms
(without specifying their T sites) has been shown to affect the structure of the
exchanged counter cation species, reflected in their reactivity in various cat-
alytic reactions. Moreover, the ability to synthesize zeolites with controlled Al
distribution enabled a detailed study to be carried out on the effect of the Al
distribution on the activity of metallo-zeolites.

NO decomposition was the first reaction where the unique high and
stable redox activity of the exchanged divalent species in Si-rich pentasil
zeolites was revealed, as first reported in 1986 by Iwamoto et al. for Cu-
ZSM-5 zeolites (124). Their suggestions related to the presence of two or more
cation-exchangeable sites in ZSM-5 zeolites, and the mechanism of NO decom-
position proceeding via adsorption of NO molecules on two cooperating Cu™
ions were already in fact based on the importance of the distribution of Al
atoms in the framework for the formation of the Cu™ active sites.

Here we summarize analysis of the activity of metal (Cu, Co, Fe) Si-
rich pentasil zeolites exhibiting quite different distributions of Al atoms
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in their framework in order to demonstrate their mutual relationships.
Numerous correlations of the structure of metal ion species in Si-rich pentasil
zeolites with their activity and selectivity that have been performed have
encountered difficulties in the preparation of samples with predominant
concentration of one metal structure and straightforward determination of
the structure, in spite of the use of a combination of several spectral and
diffraction techniques distinguishing the bare metal ion species and sev-
eral metal-oxo complexes. This general problem of analysis of the activity
of metallo-zeolites has recently been outlined for Fe-zeolites by Pirngruber
et al. (125). Nevertheless, the analysis of metallo-zeolites with increasing
concentrations of metal ion species within one parent zeolite (at a constant
distribution of Al atoms) often indicated some trends in the formation of spe-
cific metal-ion structures and the related activity. This analysis was based
on the assumption that the bare divalent cations predominate at low metal
concentration, being accompanied at higher loadings by metal-oxo species
and (nano)oxides at the highest metal concentrations in the zeolites (see the
discussion below).

Attention is devoted here to the activity of Cu, Co and Fe ions as (i) the
bare divalent cations balanced by Al pairs in one ring, (ii) oxo-cations adjacent
to single or unpaired Al atoms, and (iii) two cooperating divalent cations in the
4-Al-hyper structures balanced by two rings each with an Al pair.

9.2.1. Effect of Al Pairs, Single and Unpaired Al Atoms, and 4-Al
Hyper-Structures

The Al-O-(Si-O)s-Al sequences in one ring (Al pairs) represents the most
important framework Si-Al arrangement in relation to metallo-zeolite cata-
lysts. The 6-MRs (8-MR in MOR) containing Al pairs are essential for the
accommodation of bare divalent cations in Si-rich zeolites and a predominant
sequence with two close Al atoms in Si-rich zeolites controlling the incorpo-
ration of polyvalent cations into the zeolite, as well as for their redox and
catalytic behavior. The divalency of bare cations (Cu and Co) in zeolites is
highly stabilized, compared to those supported on inorganic carriers, when
compensated by two framework negative charges of Al pairs in the ring.
Moreover, the rings with Al pairs were reported to be components of the frame-
work 4-Al or 3-Al hyper-structures (46, 96f, 126) (see Fig. 2-4 and for definition
Par. 2.2.5).

The Cu?* ions coordinated to 6-MRs containing Al pairs are the most
active sites in the C19Hg2-SCR-NOy reaction over Cu-ZSM-5 (87, 96a). This
follows from the superior activity of Cu-ZSM-5 with Cu/Al 0.06-0.5 with pre-
dominant Al pairs in the framework compared to Cu-ZSM-5 with the same
chemical composition but with predominant single Al atoms, see Fig. 9-3.
This complex reaction consists of oxidation of NO to NOs and oxidation of a
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Figure 9-3: Dependence of NO conversion in CygH-SCR-NO and NO decomposition on Cu
loading in Cu-ZSM-5. Reaction conditions: CygH22-SCR-NO—1000 ppm NO, 450 ppm CigHoo,
6% Oy, 12% Hy0, 250°C and GHSV 30000 h~'; NO decomposition—4000 ppm NO, 400°C and
GHSV 15000 h—'. According to Ref. (96a). with the permission of Elsevier.

hydrocarbon with NO,. The high activity of Cu?* ions stabilized in the 6-MRs
with two Al atoms even in the presence of a large excess of water vapor at
low (280°C) temperature is attributed to the strong adsorption of oxygenated
hydrocarbon intermediate products on the Cu?* sites protecting them against
water adsorption.

The Co?* ions in Co-ZSM-5 containing highly predominant Co ions coor-
dinated to 6-MRs with Al pairs behave as Lewis sites. As strong electron
acceptor sites, they activate methane. Methane activation is a crucial step in
CH4-SCR-NOy, as indicated by the increasing activity of CH4-SCR-NOy over
Co-ZSM-5 with an increasing degree of the Co ion exchange (52, 127). Similarly
to CH4-SCR-NOy over Co-zeolites, the bare Co?t ions accommodated in 6-MRs
with Al pairs in the beta zeolite have exhibited high activity in C3Hg-SCR-
NO,. However, as bare Co?* ions are strong Lewis sites, the presence of water
vapor in the NOy stream completely suppresses the activity in both the CHy-
and C3Hg-SCR-NOy reactions (43), see Table 9-1.

It should be pointed out that the cooperation of the Co?* Lewis center with
another catalytic/sorption center is useful for CH4-SCR-NOy (52, 127a, b). This
is reflected in the counter-intuitive differences of the effect of the siting of Co?*
ions among the a-, B- and y-type cationic sites in mordenite, ferrierite and
ZSM-5. The distances between the distinct cationic sites differ for the indi-
vidual structural types and the shortest distance between two cations can be
obtained for the cations in opposite a-sites in ferrierite and p-sites in ZSM-5.
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Table 9-1: CH4-SCR-NOx and C3Hs-SCR-NOx in the absence and presence of water
over Co-zeolites. According to Refs. (43b, 52).

CNOX Cparaftin Ch2o Yieldya
Paraffin Zeolite M/Alg (ppm) (ppm) (vol. %) (%)
CH, Co-Z5SM-5 0.46 900 1200 0 78
CH, Co-ferrierite 0.42 900 1200 ] 8 98
CsHs Co-beta 0.46 1000 1000 ] 8 Ag
CsHs Co-beta* 0.42 1000 1000 : § é(])

*Contains Co-oxo species.

The importance of the Co?*- Co?* distance resulted in the following sequence
of the activity of Co?* ions in Co-zeolites in CH4-SCR-NOy:

«/FER > 8/ZSM-5 > 8/BEA* ~ «/ZSM-5>> /FER ~ a/MOR > > /MOR.

N3O decomposition to molecular products is assumed to occur either by
recombination of the formed atomic oxygens or by their interaction with
another NyO molecule (108, 128). Bare Fe?t ions located in 6-MRs with Al
pairs are undoubtedly responsible for NyO decomposition over Fe-zeolites (46,
50, 96e, f). These Fe?* ions predominate in Fe-zeolites at low Fe loadings (Fe/Al
<0.1) when introduced by a procedure preferring the accommodation of Fe ions
in rings with Al pairs and resulting in comparable activity in NoO decom-
position over Fe-BEA and Fe-ZSM-5. However, the most active sites for this
reaction resemble the two Fe?" ions located in the 4-Al hyper-structure (for
a definition, see Par. 2.2.5). The two Fe2* ions are coordinated each to one
B-type 6-MRs with Al pairs on the opposite side of the ferrierite cavity. The
optimum distance between the Fe?* jons in the ferrierite 4-Al hyper-structure
enables advantageous mutual cooperation of the Fe cations in both the NoO
adsorption and the following process leading to the formation of an oxygen
molecule (Fig. 9-4) (46, 96f). This is reflected in the three times higher NoO
decomposition activity (TOF per Fe) over Fe-ferrierite (at Fe/Al <0.1) than
in Fe-ZSM-5 and Fe-beta zeolite, and moreover, the higher activity over Fe-
ferrierite with predominant concentration of Al pairs compared to that with
similar chemical composition, but substantially lower population of Al pairs in
the framework.

In contrast to the rings with two Al atoms stabilizing the divalency of
the metal ions, cations located in the vicinity of the single Al atoms can be
assumed to be readily reducible when their monovalent state is acceptable
for a cation. The preferred monovalent state of the Cu ions in zeolites with
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Fe

Bond cleavage

Figure 9-4: Inferaction of Fe-beta with NoO. According to Ref. (96f). with the permission of
Elsevier.

a single Al atom facilitating the Cu?*/Cu* redox cycle can be reflected in
the much higher activity in NO decomposition of Cu ions in ZSM-5 with pre-
dominating single Al atoms compared to the Cu-ZSM-5 with similar Cu/Al/Si
chemical composition, but with highly predominant Al pairs, see Fig. 9-3 (3a,
96a).

The negligible activity of Cu?* ions stabilized in the 6-MRs with two Al
atoms in the Si-rich zeolite further follows from the low activity of Cu-ZSM-
5 with low Cu loadings, where rings with Al pairs are preferentially occupied
by Cu?* ions. The Cu?" ions are increasingly exchanged into the vicinity of
single Al atoms in the form of monovalent [Cu?*(Hy0)5X~]* complexes, mainly
at higher Cu loadings (3a, 87, 96a). It can be assumed that they are auto-
reduced to Cut during the catalyst dehydration. This assumption is in sound
agreement with the practically inactive Cu ions in the Al-rich faujasites in NO
decomposition (124, 129), in which reduction of Cu?* ions does not occur, as
they are balanced by close Al atoms.

Iwamoto et al. (90a) attributed this high activity of Cu-ZSM-5 in NO
decomposition to cooperation of the two Cu™ ions in “dimeric” Cut-Cu™ species
expected to be formed from the Cu?*-O-Cu?* entities. The increased activity of
the Cu ions at higher loadings was also intuitively assigned to the exchange
of Cu?*-OH, assuming transformation into Cu?*-O species or to Cu™, adja-
cent to single Al atoms occurring in Si-rich zeolites (in contrast to Al-rich
faujasites) (3a). The argument against the occurrence of close Cu ions either
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as bare cations bearing oxygen(s) or as bridged Cu-oxo species originates from
the low density of Al atoms in the Si-rich zeolites. However, the distances
between the Al atoms do not follow from any statistical rules, but from the
zeolite structure, the conditions of the zeolite synthesis and the Si/Al com-
position. Therefore, small distances between the framework rings with single
Al atoms could, in principal, be present, but so far the location of these Al
atoms was not straightforwardly established. Nevertheless, the assignment
of the active sites to the isolated Cu™' ions adjacent to a single Al atom was
supported by the same TOF values per Cu site at increasing Cu concentra-
tion at Cu/Al > 0.2 up to “over-exchange” levels, where both the Cu-MFI and
Cu-BEA zeolites exhibit naturally different distances between the cations (3a,
130). As the Cu™ ions at different distances exhibited the same TOF values,
the formation of Cu™-Cu" dimeric species seemed not be necessary, and the
Cu' ions each adjacent to a single Al atom in 6-MR have been suggested as
the active sites for NO decomposition. This suggestion is further supported by
the TOF per Cu ion over Cu-BEA exhibiting an increasing trend in TOF values
up to Si/Al 18 and then constant value for Si/Al up to 40 (130a). This finding
can be assumed to indicate that the single Cu ion coordinated to a ring with a
single Al atom is an active site in NO decomposition. The reported low activ-
ity of Cu-mordenite (131) might stem from the typically low concentration of
single Al atoms in mordenite compared to ZSM-5 and the beta zeolites with
Si/Al > 12.

In addition to the bare Co?* ions in the 6-MRs with Al pairs, the Si-
rich zeolites could also accommodate monovalent Co-oxo species coordinated
to unpaired Al atoms in different rings. This follows from the fact that a sig-
nificant fraction of exchanged Co?* hexaquocomplexes can be transformed to
Co-oxo species in some zeolites upon dehydration (43). In contrast to the bare
Co?* ions, the Co-oxo species do not represent Lewis centers, which are highly
sensitive to water vapor in the reaction stream. The resistance of the active
site based on the Co-oxo-species against the presence of water vapor is man-
ifested for C3Hg-SCR-NOy over the Co-beta zeolite. While the activity of bare
Co?* ions in CoH-BEA is high only in the absence of water in the reactant
stream and disappears under conditions close to real NOy streams (10% water
vapor in the presence of 1000 ppm of NOy), the Co-beta zeolites with Co-
oxo species balanced by single Al atoms exhibit high and stable activity. The
Co-oxo species in the vicinity of single Al atoms can be formed only in non-
dealuminated beta zeolites, where single Al atoms are present, cf. Par. 7.2. The
crucial role of single Al atoms for the formation of Co-oxo species has been
demonstrated by preparation of the beta zeolite containing prevailingly single
Al atoms in the framework. The obtained high concentration of Co-oxo species
bonded to rings containing single Al atoms provided the Co-beta catalyst with
high activity preserved even in the presence of a large excess of 10% water
vapor (43).
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9.2.2. Effect of Metal /Al Content in Zeolites of Non-Established Al
Distribution

Studies analyzing the effect of framework Al distribution between Al pairs
and single Al atoms on the limited number of selected catalytic reactions have
been discussed in the preceding paragraph. However, numerous studies pro-
vide data on the activity of metallo-zeolites with increasing metal content
prepared from one parent zeolite of unknown, but fixed distribution of frame-
work Al atoms. Ion exchange from aqueous solutions, if hydrolysis does not
occur, indicates that mostly divalent cations adjacent to Al pairs are prefer-
ably exchanged, followed by the cation exchange at higher metal loadings next
to single Al atoms with formation of various metal-oxo cations. Nevertheless,
basically different ion-exchange procedures or even details of protocols or
zeolite after-treatments can lead to quite different preparations. Thus, the
relationship between metallo-zeolite catalyst performance and Al distribution
(as assumed in the published results) can be inferred only in some cases and
requires great caution.

Metal-oxo counter species of unusual activities detected in pentasil Si-rich
zeolites at M2t /Al loading close or above 0.5 are necessarily related to the Al
distribution in the framework, likely to binding via single Al atoms. The di-
copper p-oxo, Cug-(nOg) (132), were suggested as the active sites for a release
of Oz in NO decomposition by the Leuven and Utrecht laboratories on Cu-
ZSM-5 of wide Si/Al/Cu composition ranges, on the basis of a combination of
an EXAFS experiment and UV-Vis spectroscopy, in analogy with enzymatic
structures of Cu-oxo complexes (106, 132, 133). The ability of Cu-ZSM-5 to
provide activation of C-H bonds and oxidation of methane to methanol by
molecular oxygen at about 150°C (although its desorption without further
oxidation represents a problem) was originally attributed to the Cug(j-Og)
complexes. However, as the active Cu species represented only a minority of
the Cu ions, the [Cu?T-O-Cu?*]?* core was assumed as the active site (134).
Also Cu-mordenite with Si/Al 8.8, anticipated to exhibit rings with single Al
atoms, exhibited Cu-oxo complexes that are even more active in methane oxi-
dation to methanol (135). This implies that Cu ions can be accommodated,
amongst other things, in the MFI structure in coordination such that they
activate molecular oxygen which then interacts with the stable C-H bonds of
methane. Both these Cu structures and their relation to the Al distribution in
the zeolite frameworks are unclear, but likely connected with the distribution
of single Al atoms in the framework rings. Nevertheless, there is no doubt that
the Si-Al arrangement of the framework plays a decisive role for these highly
active Cu complexes.

The exchanged Co?* ions in ZSM-5 and the beta zeolite exhibited the high-
est activity for selective ethane ammoxidation among a spectrum of Co-zeolite
structures (Y, MOR, FER, NU) (136). As the two zeolites contained relatively
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high Al contents (Si/Al ~ 12), the most populated sites can be expected to
be bare Co ions in 6-MRs containing Al pairs. Like the electron acceptor
Co?* Lewis sites accommodated in pentasil zeolites activating the C-H bond
of methane during CH4-SCR-NOx, at loadings below Co/Al 0.5 these cations
might analogously be represented by the a-, p- and y-type Co?* ions active
in ethane ammoxidation to acetonitrile. However, no data are available on the
framework Al distribution and/or the presence of some Co-oxo species for these
Co-zeolites. The presence of some Co-oxo species has been indicated at Co/Al
loadings ~ 0.5 (136¢). Nevertheless, it can be assumed that the distribution of
Al atoms in the framework plays also an important role for Co species active
in this reaction.

Similar to the Cu?*/Cu™ redox couple, the Co®*/Co?* species resemble oxi-
dation of methane by molecular oxygen analogously followed by a difficulty in
product desorption. The conversion of methane is not high, but the selectivity
for methanol and formaldehyde reaches a value of 50% (137). Thus, also for
Co ions, some specific types of Co-oxo species stabilized by two single Al atoms
represent optimum arrangement of the active sites. However, their structure
has not been elucidated to date.

There are also numerous studies on the activity of Fe3* /Fe?* redox couples
in Fe-ZSM-5 zeolites in C3Hg-SCR-NOx (e.g., Ref. (85¢, 138)), NH3-SCR-NOx
(e.g., Ref. (42a) and references therein) and N2O decomposition (e.g., Ref.
(139)), which also indicate the formation of presumably Fe-oxo species which
are highly active in these reactions. Both bare Fe?* ions and dinuclear Fe-oxo
species were suggested as the highly active sites for NH3-SCR-NOx. However,
owing to the complexity of Fe chemistry itself and to the obvious effect of the
distribution of framework Al atoms on the Fe-complexes formed, we do not
analyze here the structure vs. activity of Fe species in ZSM-5 (cf. conclusions
given in Ref. (125)).

It can be summarized that the results currently available on the distri-
bution of Al atoms in the framework, the potential for its manipulation by
the conditions of zeolite hydrothermal synthesis and the decisive effect on
the activity of metallo-zeolites, as well as the intuitive assumption on the
trends in the influence of Al distribution on the activity of metallo-zeolites
with increasing metal content, encourage us to suggest the decisive importance
of the distribution of framework Al atoms on the activity of counter cations.
The inclusion of the analysis of the distribution of Al atoms in the rings sur-
rounding the cation species would enable one to complete the description of
the structure and thereafter to tailor metal ion complexes accommodated in
Si-rich zeolites. If in addition a confined local void volume surrounding of the
active site (protons or metal ions) is included, then there is a route available for
attempting to find a suitable space for the transition state complex for a given
reaction within known or even specifically tailored new zeolite structures.
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10. CONCLUSIONS

The siting and distribution of Al atoms in the framework emerge as new
and decisive parameters of Si-rich zeolites with an impact on the structure
and siting of counter ion species and their properties/activity, comparable in
importance with the zeolite topology and Al content of the zeolite framework.
Variability in the Al siting in Si-rich zeolites follows from the low content of
isomorphously substituted Al atoms in the silicate framework and the large
number of crystallographic distinct framework T sites in these zeolites.

The siting of Al atoms covers the individual framework T sites, the frame-
work rings and the zeolite channels. The siting of Al atoms in the framework
is not random or controlled by simple rules and depends on the zeolite
hydrothermal synthesis. Thus, Si-rich zeolites can be prepared with the same
topology and chemical composition but different positions of the Al atoms in
the framework, as was demonstrated for ZSM-5 and ferrierite. Methods have
not yet been developed for control of the siting in the individual T(Al) sites,
but the siting of Al atoms in the zeolite rings or in the channels was success-
fully targeted by the SDA molecules used for the hydrothermal synthesis. 27Al
MQ MAS NMR combined with quantum chemical calculations of 27Al isotropic
chemical shifts was found to be a promising tool for analysis of the Al atoms
in the framework T sites. The use of probe molecules monitored by FTIR spec-
troscopy can yield the siting of Al atoms in the individual channels. Governing
of the catalytic behavior of the zeolite-based catalyst by control of the siting of
Al atoms in the framework was demonstrated for mordenite in carbonylation
of methanol/DME, but can be suggested as general tool for tuning zeolite
activity/selectivity for a range of catalytic reactions.

The distribution of Al atoms in the framework of Si-rich zeolites refers
to the distribution of Al atoms in various Al-O-(Si-O),-Al sequences and geo-
metric (and visible) distances between Al atoms taking into account whether
these Al atoms cooperate in binding counter ion species. Al atoms in Al-O-
(Si-O)2-Al sequences in one 6-MR and single Al atoms highly predominate
in Si-rich zeolites. The distribution of the Al atoms between single Al atoms
and Al-O-(Si-O)2-Al sequences in one ring is not random or controlled by sim-
ple rules and depends on the conditions of the zeolite synthesis. Procedures
were successfully developed for the synthesis of MFI, FER and BEA topolo-
gies with a predominance of either Al-O-(Si-O);-Al sequences in one ring or
single Al atoms in a wide range of framework Al contents. Bare Co®* ions
in dehydrated zeolites exchanged into a maximum degree, followed by Vis
spectroscopy, in combination with other spectroscopic methods (e.g., 2°Si MAS
NMR), represents a powerful tool for analysis of the distribution of Al atoms
in the zeolite framework. The distribution of Al atoms in the framework is an
essential parameter controlling the accommodation and structure of metal-ion
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species in Si-rich zeolites. The dramatic impact of the framework Al distri-
bution on a number of redox- and Lewis-catalyzed reactions carried out over
metallo-zeolites, as well as in acid-catalyzed hydrocarbon transformations over
H-zeolites, was clearly demonstrated.

Bare divalent cations, exhibiting Lewis electron acceptor properties, are
stabilized by Al-O-(Si-O)s-Al sequences in 6-MRs, while the rings mostly with
single Al atoms and unpaired Al atoms in different rings are centers for accom-
modation of various metal-oxygen and bridged metal-oxo, |1-oxo and -peroxo
complexes.

Variability of the siting and distribution of Al atoms in the framework rep-
resents a general feature of Si-rich zeolites, resulting in zeolites of the same
chemical Si/Al composition, but significantly different siting and distribution
of Al atoms and thus, different zeolite properties controlled by these parame-
ters. As both the methods for control of the Al siting and distribution of the Al
atoms in the zeolite framework and their monitoring have been successfully
developed, this knowledge suggests the possibility of designing a new gener-
ation of highly selective zeolite-based catalysts and catalytic processes. This
concerns known Si-rich zeolite topologies or even newly discovered topologies
with the tuned siting and distribution of Al atoms in their framework.
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