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1. Introduction

Zeolites today represent the broadest and most important

group of heterogeneous industrial catalysts.[1] They are used in
a wide range of acid-catalyzed reactions for the transformation

of hydrocarbons and their derivatives that are relevant for the

petrochemical industry, as well as in the synthesis of fine
chemicals.[2] Cationic zeolite forms are used as redox catalysts

for NOx elimination from diesel exhausts and process gases
and for N2O abatement.[3] Moreover, zeolites in the protonic

and cationic forms were recently reported to be promising cat-
alysts in the utilization of biomass and renewables,[4] in the

conversion of methane into valuable products, and in the uti-

lization of carbon dioxide.[5]

The enormously wide application of zeolites in catalysis re-

sults from a unique combination of the properties of zeolites.
Their microporous crystalline aluminosilicate frameworks are

composed of corner-sharing TO4 tetrahedra (T = Si, Al).[6] Varia-
bility in the arrangements of the TO4 tetrahedra results in

more than 200 known zeolite topologies with different micro-

porous channel and cavity systems.[7] Thus, zeolites assume the
role of chemically, thermally, and mechanically stable matrices

that are also rigid and well-defined at the atomic scale. More-
over, zeolites represent a highly variable microporous system

with tunable properties. Framework Al/Si substitutions intro-
duce a negative charge to the silicate framework. This negative

charge has to be compensated by extra-framework cationic

species—protons, metal, and metal-oxo cations. These ex-
changeable, positively charged extra-framework species can

act as catalytic and sorption centers. The extremely wide range
and also variable nature of extra-framework cationic species
(i.e. , Brønsted and Lewis acids, various redox and base cen-
ters)[6b, 8] acting as active sites in tandem with the tunable ge-

ometry and the architecture of the pore structure result in an
enormously broad array of possible zeolite applications in cata-
lytic processes. The structure of the pore system is responsible

for the shape selectivity controlled by the transition states and

the transport of the reactants and products through the pores.
As mentioned above, the active sites balance the negative

charge of the AlO4
@ species in the zeolite framework. There-

fore, the organization of Al atoms in the zeolite framework de-

termines the location, distances, properties, and nature of the

active sites in the zeolite catalysts. The organization of Al in-
cludes two features that are relevant for Si-rich matrices. First,

the Al siting in individual crystallographically distinguishable
framework T sites controls the location of monovalent active

sites in the zeolite channel/cavity system and also governs the
local arrangement of the active sites regarding the nearest

pore structure.[9] This in turn controls the intimate confinement

of the reactants and transition states in the pore void volu-
me.[8a] Second, the Al distribution describes the relation of two

or more Al atoms in the framework, their distances, and the
possibility of neighboring Al atoms to cooperate in the forma-

tion of active sites.[8a, 10] Thus, the Al distribution significantly af-
fects the formation and the location of polyvalent active sites

and the cooperation of the monovalent sites, including pro-

tons. Furthermore, it influences the local arrangement of the
polyvalent active site or two cooperating monovalent sites, the

possibility of their cooperation, their nearest pore geometry,
and thus the intimate confinement of the reactants and transi-

tion states in the pore void. Figure 1 shows various types of
active sites related to one and two Al atoms.

Recent research clearly shows that the organization of Al

(both Al siting and Al distribution) in the zeolite framework is
not random or controlled by some simple rules but is instead

The organization of Al atoms in the framework of Si-rich zeo-
lites is very important and includes two classes: (i) the Al siting
that determines which individual, crystallographically distin-
guishable framework T sites are occupied by Al atoms and
(ii) the Al distribution, which describes the relation of two or
more Al atoms in the framework, their distances, and the pos-

sibility of neighboring Al atoms to cooperate in the formation

of active sites. The organization of Al significantly affects the
catalytic properties of Si-rich, zeolite-based catalysts in acid

and redox catalysis. Herein, what is known about the organiza-
tion of Al in the framework of industrially very important pen-

tasil-ring Si-rich zeolites (ZSM-5, beta zeolite, mordenite, ferrier-
ite, MCM-22, and TNU-9), as well as the very promising SSZ-13
Si-rich zeolite with the CHA structure, is summarized.
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Figure 1. Schematic depiction of some types of active sites related to one
and two Al atoms. a) Two close protonic sites, b) isolated protonic site,
c) bare M2 + cations in different rings, d) monovalent [M3 +@O2@ ]+ oxo-spe-
cies, and e) Cu2 +@O@Cu2+ bridging structure.
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governed by the conditions used during the synthesis of the
zeolites.[8a, 11] This findings has opened various possibilities to

optimize zeolite-based catalysts by tuning the organization of
Al in the zeolite and to develop new generations of highly

active and selective catalysts/catalytic processes.[8a, 10b, 12] Signifi-
cant achievements have been achieved in the analysis and

control of the distribution of Al in zeolites in recent years.
Thus, this Review is devoted to this subject to facilitate appli-
cations of this knowledge in the field of catalysis.

2. Classification of the Al Distribution in
Si-Rich Zeolites

Only one type of the Al organization can be conclusively ex-

cluded from the zeolite family—two Al atoms connected by an
oxygen bridge in an Al@O@Al structure. Such species have

never been observed in zeolites or in any other aluminosilicate
material (Loewenstein rule).[6b, 13] In the case of Al-rich materials
(zeolites A, X, and Y; chabazite; etc.), the high Al content in the

framework causes most Al atoms to be separated by only one
Si atom.[4b, 14] Conversely, a low Al content in Si-rich zeolites
allows a huge variety of Al arrangements, and according to the
present knowledge, there are no restrictions in this area.[8a]

Classification of the Al distribution results from a combina-
tion of the catalytic point of view (historically mainly related to

the use of metallozeolites in redox catalysis) and the available

analytical methods, as follows: 1) arrangement of Al atoms in
aluminosilicate chains; 2) possibility to accommodate various

types of divalent cationic species; 3) possibility of cooperation
between two Al-related acid sites. These parameters are not

unambiguously connected with the distance of the Al atoms.
Regarding point 1, we can identify only two Al atoms sepa-

rated by only one Si atom. Thus, we can distinguish AlSiAl se-

quences from AlSin>1Al sequences. The Al atoms of AlSiAl se-
quences can be arranged in one or two rings and in one or

more channels/cavities. The two Al atoms have various possi-
bilities for cooperation and can exhibit various Al@Al distances.

Note that the distance of the Al atoms in an AlSi3Al sequence
arranged linearly along the channel can be longer than the dis-

tance of the Al atoms in an AlSi5Al sequence arranged on the

perimeter of the zeolite channel. Figure 2 schematically depicts
the types of Al distances in zeolites.

Concerning point 2, the main criterion for the description of

the Al arrangement in the zeolite represents a possibility of
two Al atoms to accommodate divalent cationic species—

smaller bare divalent (Co2 +) cations in the dehydrated zeolite

or hexaaqua complexes of such cations [Co2 +(H2O)6] .[8a, 10a, 15]

This combines the distance of the Al atoms in an AlSinAl chain

with their location in one or two rings and one or two chan-
nels.

In terms of point 3, the possibility of the cooperation of two
Al-related acid sites does not reflect the length of the AlSinAl
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Figure 2. Schematic depiction of the types of Al distances in zeolites. a) Dis-
tance by the SiAl sequence, b) geometrical distance, and c) visible distance.

ChemSusChem 2019, 12, 556 – 576 www.chemsuschem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim558

Reviews

http://www.chemsuschem.org


chain or the location of Al in the rings, but only the distance
of the Al atoms through the empty space of the zeolite chan-

nel.
Note that the above classification was first developed for

ZSM-5 zeolite and was then continuously extended to other
pentasil-ring zeolites.[8a] Recently, the synthesis of Si-rich zeo-
lites of a family other than the pentasil-ring family (ABC-6
family) was reported, and the Al distribution in these materials
was analyzed.[16] The study required actualization of the defini-
tion of the individual types of Al species, as shown below.

2.1. AlSiAl sequences

These Al species are well known for Al-rich matrices such as
faujasite and A-type zeolites, but they are only rarely reported

for Si-rich materials (Si/Al>5), and their relation to the zeolite
properties is typically discussed separately for individual

cases.[17] There are two possible ways in which AlSiAl sequen-
ces can be arranged in the zeolite framework:

1) Both Al atoms face the same channel. In this case, the Al
atoms are able to accommodate both Co2+ hexaaqua com-

plexes and bare Co2 + cations, and the acid sites related to
them can cooperate in acid-catalyzed reactions[17c]

2) Each Al atom of the AlSiAl sequence faces different chan-
nels. Such an arrangement is possible only in zeolites with

a wall formed by bilayers of TO4 tetrahedra (typically penta-

sil-ring zeolites). In this case, the Al atoms cannot accom-
modate Co2+ hexaaqua complexes or bare Co2 + cations,

and the acid sites related to the Al atoms cannot cooper-
ate. From the point of view of both acid and redox cataly-

sis, these Al atoms exhibit behavior of distant isolated Al
atoms.[17d] Figure 3 depicts AlSiAl sequences in which the

two Al atoms face either the same channel or different

channels.

2.1.1. Al triads (AlTRI)

AlSiAlSiAl sequences represent a specific case of AlSiAl atoms

located in the silica environment in zeolites with walls formed
by a single layer of TO4 tetrahedra. Owing to the odd number

of Al atoms in this sequence, the isolated Al triad is able to ac-
commodate only one divalent cation. Conversely, the acid sites

related to all three Al atoms have to be close enough to coop-
erate in acid-catalyzed reactions.[16]

2.2. Other types of Al distribution

In contrast to AlSiAl sequences, the following types of Al distri-

bution are defined in terms of their behavior with regard to

the accommodation of divalent cations.

2.2.1. Al pairs (AlPAIR)

Al pairs represent two Al atoms located in one zeolite ring that
are able to accommodate both Co2+ hexaaqua complexes and

bare Co2 + cations.[8a, 10a, 18] The acid sites related to these Al
atoms can cooperate in acid-catalyzed reactions. The Al atoms

of these Al pairs should be separated by two or three Si atoms
(AlSi2Al or AlSi3Al sequences). Whereas the presence of AlSi2Al

sequences has been confirmed for a number of zeolites, the

formation of AlSi3Al sequences is rare. Recently, they have
been proven for SSZ-13, but they represent only a minor Al

species in that zeolite.[16] We can also speculate on their forma-
tion in zeolites in other frameworks with Al pairs (sites for diva-

lent cations) located in the 8-ring, for example, mordenite.
Note that there is not a simple way by which they can be dis-

tinguished from AlSi2Al sequences in the same ring. Figure 4

shows the schematic representations of Al pairs, close un-
paired Al atoms, and single Al atoms.

2.2.2. Close unpaired Al atoms (AlCLOSE)

Close unpaired Al atoms are able to accommodate Co2 + hex-

aaqua complexes, but they are unable to form cationic sites
for bare Co2 + cations.[8a, 16, 19] We can speculate that acid sites

related to these Al atoms can cooperate in acid-catalyzed reac-
tions. The two Al atoms of AlSin>1Al sequences are suggested

to be located in two rings close enough to accommodate a
Co2 + hexaaqua complex. The stabilization energy of bare M2 +

Figure 3. AlSiAl sequences with the two Al atoms facing a) the same or
b) different channels.

Figure 4. Schematic representations of a) Al pairs, b) close unpaired Al atoms, and c) single Al atoms.
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containing only one Al atom (with the second one located in a
different ring) is very low,[20] and the highly reactive M2 + cation

most likely forms monovalent (oxo)species (e.g. [M2 +OH@]+ or
[M3 +O2@]+ , see Refs. [17d, 19, 21]). A second possibility of the

arrangement of this species in the zeolite framework corre-
sponds to the two Al atoms of AlSi3Al sequences located in an
8-ring with the ring geometry not providing a site for a bare
divalent cation but only for the highly reactive M2 + cation that
forms some oxo species.

2.2.3. Single Al atoms (AlSINGLE)

The Al atoms of AlSin>3Al sequences are located so far from

each other that they do not accommodate either bare Co2 +

cations or Co2+ hexaaqua complexes, and the Al atoms of

these sequences can be regarded as isolated.[8a, 10a, 18] The acid

sites related to these Al atoms are suggested to be unable to
cooperate in acid-catalyzed reactions of smaller molecules.

Note that this aspect is not (in contrast to that previously dis-
cussed) exactly defined and can vary for different lengths of in-

volved molecules. AlSin>1Al sequences with Al atoms located
in two different zeolite channels represent another possibility

for the arrangement of single Al atoms.

2.2.4. Two Al atoms in the hexagonal prism

The two Al atoms of some AlSin>1Al sequence can be located

in different rings of the hexagonal prism or in a similar struc-
ture (the beta cage of beta zeolite.).[7] These Al atoms are able

to accommodate bare Co2 + cations but not Co2 + hexaaqua
complexes.[22] The acid sites connected with these Al atoms are

believed not to cooperate in acid-catalyzed reactions. Each of

these Al atoms can also accommodate monovalent cationic
species in the ring in which the Al atom is located. Bare diva-

lent cations accommodated in these sites are not accessible to
guest molecules owing to the fact that access to the cation is

possible only through the 6-ring or even a smaller ring. Thus,
upon analyzing the Al distribution in zeolites, these Al atoms

have to be regarded as isolated. Figure 5 shows two Al atoms

in D6R (i.e. , double 6-ring).

2.2.5. Other possibilities

Note that other possibilities of the Al distribution in Si-rich zeo-
lites can be suggested if more than two Al atoms are consid-

ered. Analogously to AlSiAl triads, the arrangement of three
close atoms forming one Al pair or two close unpaired Al

atoms with a close third Al atom can also be considered. How-
ever, methods for evidence of such species have not yet been

developed, and we can only speculate on the presence of such
Al species in zeolites. Nevertheless, the low content of frame-

work Al in Si-rich zeolites makes the occurrence of such Al spe-
cies improbable. Note that the abovementioned Al triads have

been reported for a highly specific method for the synthesis of
SSZ-13, moreover, with a relatively high content of framework

Al. Conversely, the arrangement of four Al atoms into two Al

pairs enabling the cooperation of two bare divalent cations
has unambiguously been proven in ferrierite.[23]

3. Methods to Analyze the Al Distribution in
Si-Rich Zeolites

The methods described in this chapter result from the need to
analyze the organization of Al in some zeolites (ZSM-5, ferrier-

ite, mordenite, beta zeolite, TNU-9, and SSZ-13) that have ap-
peared during the last decades.[8a, 16, 24] The developed methods
are, therefore, without doubt affected by the nature of the in-
vestigated matrices. Thus, analysis of the distribution of Al in

new matrices requires, at a minimum, modification of the ap-
proaches described and will eventually require the develop-
ment of new methods.

3.1. 29Si MAS NMR spectroscopy for analysis of AlSiAl
sequences

29Si magic angle spinning (MAS) NMR spectroscopy represents

the oldest method used to analyze the Al distribution in zeo-
lites. It is connected with the analysis of the organization of Al
in Al-rich zeolites (e.g. , A-type and zeolites X and Y).[14, 25] 29Si

MAS NMR spectroscopy allows the individual types of
Si(n Si,4@n Al) atoms (n = 0–4) to be discriminated (for details,

see Refs. [6b, 26]). However, the presence of Si atoms with n<
3 in the framework does not unambiguously reflect the ar-

rangement of the AlSiAl atoms. The AlSiAl sequence can be ar-

ranged in Si-rich matrices in different ways, and only a rough
estimate of the limit values of the AlSiAl concentration can be

made. Figure 6 shows the 29Si MAS NMR spectrum of a zeolite
with Si(n Si,4@n Al) atoms (n = 1–4). Figure 7 reveals a schemat-

ic depiction of an isolated AlSiAl sequence, an AlSiAl sequence
in a ring or an infinite chain, and an AlSiAl sequence in an iso-

lated triad.

The first possibility of the arrangement of (AlSi)n sequences
in Si-rich zeolites represents isolated AlSiAl sequences in the

all-silica environment. One Si(2 Si,2 Al) and six Si(1 Si,3 Al) atoms
correspond to two Al atoms of the AlSiAl sequence in this

case. This arrangement corresponds to the upper bound of the
concentration of Al atoms in the AlSiAl sequences in the zeo-

lite. The concentration of Al atoms in these isolated sequences

(in % of all Al atoms) is given by Equation (1):

AlAlSiAl ½%A ¼
2 I2

ð1:25 I2 þ 0:25 I1Þ > 100 % ð1Þ
Figure 5. Two Al atoms in D6R.
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in which I1 is the intensity of the signal corresponding to
Si(3 Si,1 Al) and I2 reflects the intensity of the resonances re-

flecting the Si(2 Si,2 Al) atoms (for details, see Ref. [17d]).

Note that this equation is valid only if Si(n Si,4@n Al) atoms

(n = 2–4) are exclusively present in the zeolite. In the presence
of Si atoms with n<2, there is huge variability in the number
of possible Al arrangements, which makes even a rough esti-
mate unclear.

The Al arrangement resulting in the lower bound of the con-
centration of AlSiAl is as follows: (AlSi)n sequences form an in-

finite chain or a closed loop (i.e. , zeolite ring). In this case, one
Si(2 Si,2 Al) and two Si(1 Si,3 Al) atoms correspond to one Al
atom, and the concentration of Al atoms in this Al species is

given by Equation (2):

AlAlSiAl ½%A ¼
I2

ð0:5 I2 þ 0:25 I1Þ > 100 % ð2Þ

A specific case of AlSiAl atoms represents an Al triad. In the
case of a triad forming a 6-ring, the concentration of Al atoms

is given by Equation (2). In the case of a linear Al triad or a
triad in a ring larger than a 6-ring, two Si(2 Si,2 Al) and eight

Si(3 Si,1 Al) atoms belong to three Al atoms. The concentration
of Al atoms of such an Al triad is given by Equation (3):

AlTRI ½%A ¼
3 I2

ð2:66 I2 þ 0:5 I1Þ > 100 % ð3Þ

Note that the concentration of Al triads cannot be estimated

by using only 29Si MAS NMR spectroscopy, and an additional

experiment providing the ion-exchange capacity of the zeolite
for divalent metal cation aqua complexes is required. More-

over, Al triads can be analyzed only in zeolites with walls
formed by only one layer of T(Si,Al) framework tetrahedra as it

is, for example, in SSZ-13 zeolite, but not in pentasil-ring zeo-
lites with walls formed by a bilayer of T(Si,Al) tetrahedra. This
follows from the fact that their analysis is based on their ability

to accommodate only one divalent metal cation aqua complex
by three Al atoms, whereas the (AlSi)n sequence with an even

number of n is able to accommodate one divalent metal
cation aqua complex by two Al atoms. In the case of zeolites

with walls formed by a bilayer of T(Si,Al) tetrahedra, the Al
atoms can face different channels and are, thus, unable to ac-

commodate divalent species.

3.2. Homonuclear correlation 27Al–27Al MAS NMR spectrosco-
py for evidence of close Al atoms

This type of 27Al MAS NMR spectroscopy experiment represents

the only direct proof of close Al atoms in sequences other
than the AlSiAl sequence in zeolite frameworks.[27] The evi-

dence of close Al atoms is based on so-called correlation ex-

periments. Homonuclear and heteronuclear two-dimensional
(2D) MAS NMR spectroscopy correlation experiments provide

indications about the atoms that are either close in space (di-
polar interaction) or chemically bonded (scalar interaction).

Details of this experimental approach are far beyond the scope
of this Review; for a deeper introduction to the method, see

Refs. [26a, c, 28] . In principle, correlation experiments are based

on the arrangement of the MAS NMR experiment (pulse se-
quence), which allows magnetization of one nucleus and its

transfer to another nucleus. In the analysis of the vicinity of Al
atoms, homonuclear 27Al–27Al correlation involves transfer of

magnetization from one Al atom to a neighboring one.[27]

27Al is a quadrupolar nucleus, and for a long time a correlation
experiment sensitive enough to monitor close Al atoms in Si-
rich zeolites was not available. The first successful experiments

dealt with the analysis of distances of framework Al atoms
bearing Brønsted acid sites and extra-framework Al Lewis sites
in dealuminated Al-rich materials.[29] However, they were also

able to indicate close Al atoms in Si-rich materials, such as
mordenite and MCM-22 with Si/Al>8.[30] Nevertheless, an ultra-

high field spectrometer has to be applied for this purpose. The
recently developed 27Al–27Al double-quantum single-quantum

(DQ-SQ) MAS NMR spectroscopy experimental method allows

the monitoring of close Al atoms in zeolites with a Si/Al ratio
of at least 40 by using a 500 MHz spectrometer, which can be

regarded as standard instrumentation in materials research.[27]

Figure 8 shows the 27Al DQ-SQ NMR spectra of ZMS-5 samples

containing 15 and 65 % Al pairs recorded for various excitation
times.

Figure 6. 29Si MAS NMR spectrum of a zeolite with Si(n Si,4@n Al) atoms
(n = 1–4).

Figure 7. Schematic depiction of AlSiAl a) isolated, b) in ring or infinite
chain, and c) in an isolated triad.
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Although the 27Al–27Al DQ-SQ MAS NMR spectroscopy ex-
periment represents a powerful tool for analysis of the organi-

zation of Al in zeolite matrices, it suffers from three obstacles.
The principal one represents the fact that this correlation ex-

periment cannot distinguish whether the close Al atoms are
facing the same channel or not. Thus, it cannot distinguish

whether the Al atoms exhibit properties of cooperating Al

atoms (AlPAIRS or AlCLOSE) or of isolated ones. Second, the correla-
tion experiment is not yet able to estimate the distances be-

tween the Al atoms in Si-rich zeolites, although this can be
overcome by rapid progress in this area. Nevertheless, the dis-

tances between the Al atoms in different Al species (AlSiAl,
AlPAIRS, and AlCLOSE) can be similar, and the correlation experi-

ment is, thus, unable to discriminate between the different Al

arrangements. Third, the correlation experiments are not quan-
titative (similar to all NMR spectroscopy experiments with the

exception of single-pulse-type experiments). Thus, they cannot
be employed for quantitative analysis of Al species in the

framework, and even their application for qualitative compari-
son of the Al distribution in two different samples is strictly

limited. To conclude, the 27Al–27Al correlation experiment repre-

sents an extremely powerful proof of concept and is a tool for
the verification of the suggested Al distribution (“whether Al
species with close Al atoms are present or not”) or for measur-
ing the Al–Al distances in specific materials and is not a

common tool for the analysis of the Al distribution in zeolites.

3.3. 27Al and 27Al MQ MAS NMR spectroscopy for analysis of
AlSinAl species

27Al multiquantum (MQ) MAS NMR spectroscopy experiments
and recently also ultrahigh-field experiments have enabled Al

atoms occupying the individual crystallographically distinguish-
able T sites to be determined and also allowed their 27Al iso-

tropic chemical shifts (and other NMR parameters as well) to

be estimated. It should be noted that Al atoms located in the
individual crystallographically distinguishable T sites have very

similar local AlO4
- geometries. This approach is employed for

analysis of the Al siting in the individual framework T sites of

zeolites with more than one type of crystallographically dis-
tinct Al sites in combination with 27Al MAS NMR spectroscopy

for quantitative analysis of the Al siting.[9b, 17a, 31] However, differ-
ent geometries of AlO4 tetrahedra are caused not only by the

Al siting but also by neighboring Al atoms. It has been shown
that an Al atom as a next-next-nearest neighbor can change

the 27Al isotropic chemical shift up to 4 ppm.[17a] In the case of
zeolites with one crystallographic T site, it has been shown

that comparison of the 27Al isotropic chemical shifts of Al
atoms in various AlSi2,3Al species with their 27Al isotropic chem-
ical shifts predicted by using periodic DFT calculations enables

the presence of such species to be excluded or confirmed and
also allows their geometrical arrangement in the zeolite frame-
work to be solved .[16, 31a] Figure 9 depicts close unpaired Al
atoms in SSZ-13 and their 27Al isotropic chemical shifts.

3.4. Homonuclear correlation 1H–1H and heteronuclear
1H–27Al MAS NMR spectroscopy for measurement of the
distance of acid sites

1H–1H homonuclear correlation experiments are significantly
more sensitive (1H is not a quadrupolar nucleus) and simpler

than 27Al–27Al measurements.[26a, c, 32] Moreover, this type of ex-
periment gives information on the parameter that is directly
connected to catalysis—the distance of the Brønsted acid sites

of the bridging AlOHSi groups.[32, 33] Although this experiment
does not require specific instrumentation (spectrometers with
a 1H Larmor frequency of 400 MHz seems to be fully sufficient),
this type of experiment must be performed on fully dehydrat-

ed zeolites. Moreover, similar to 27Al–27Al correlation experi-
ments, it is not possible to discriminate between protons that

can cooperate and protons that are close but unable to coop-
erate in a catalytic reaction and it is also not possible to quan-
tify the number of close or isolated protonic sites.

In the case of the zeolite beta with a significant fraction of
acid sites in the form of framework Al Lewis sites, the 1H–1H

correlation does not provide representative information on the
distances of the acid sites. We suggest that for this type of cat-

alyst, the 1H–1H experiment should be combined with the 1H–
27Al heteronuclear experiment (magnetization is transferred
from the highly sensitive 1H nucleus to the 27Al one). This type

of experiment has already been applied to characterize the dis-
tances of the active sites in dealuminated zeolites, that is, with

the Brønsted acid sites of bridging AlOHSi groups and extra-
framework Al Lewis sites.[34]

Figure 8. 27Al DQ-SQ NMR spectra of ZMS-5 samples containing a) 15 % and
b) 65 % Al pairs recorded for various excitation times.

Figure 9. Close unpaired Al atoms in SSZ-13 and their 27Al isotropic chemical
shifts.
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3.5. M2 ++ cations as probes of Al distribution

In contrast to the above methods that directly investigate Al
atoms (or the related acid sites), the following approach is

based on the use of divalent transition-metal cations as probes
of the Al organization. This approach represents the simplest

way to characterize the Al distribution in zeolites. However,
from the point of view of acid catalysis, this characterization is

highly informative as well and, moreover, allows quantitative

analysis.[8a, 10a, 18] Note that the transport of M2 + aqua complexes
inside the zeolite without any restriction is essential for these
methods, that is, a well-calcined zeolite without trace amounts
of template, with the absence of extra-framework Al and Si

species, and without silylation of the zeolite crystals.

3.6. Monitoring of single Al atoms by the maximum M2 ++

ion-exchange capacity

3.6.1. Co2 ++ ion exchange

Single Al atoms are defined as Al atoms that are so far away

that they are not able to accommodate a Co2 + hexaaqua com-
plex. Thus, the maximum ion-exchange capacity of a zeolite

for the Co2 + hexaaqua complex can be used as a measure of
the single Al atoms according to Equation (4):

½AlSINGLEA ¼ ½AlFRA@2 ½CoMAXA ð4Þ

in which [AlFR] is the framework Al content and [CoMAX] is the

maximum Co2 + hexaaqua complex ion-exchange capacity of
the zeolite.[8a, 10a, 18] To guarantee that maximum ion exchange is

reached, ion exchange to the sodium form of the investigated
zeolite must be performed three times for 24 h. To guarantee

the exclusive presence of the Co2 + hexaaqua complex in the

ion-exchange solution, a maximum solution concentration of
0.05 m is recommended, along with ambient temperature and

Co nitrate as the Co2+ source. Note that these conditions pre-
vent hydrolysis of the Co2 + hexaaqua complex. The parent

zeolite in the Na form guarantees fast ion exchange and, more-
over, enables simple estimation of the total charge balance of

the Co-exchanged zeolite [(2 Co + Na)/Al] , which should be

close to unity.

In general, other divalent cations can also be employed to

monitor the Al distribution. However, Vis spectroscopy allows
simple monitoring of the exclusive presence of the Co2 + hex-
aaqua complex both in the ion-exchange solution and in the

Co2+-exchanged zeolite. The spectrum of the Co2 + hexaaqua
complex is well known, and all perturbations related to Co2 +

cation coordination are simply detectable as new bands with
extinction coefficients that are significantly higher than those

of the bands of the Co2 + hexaaqua complex (its d–d transi-

tions are symmetrically forbidden, and breaking of the octahe-
dral symmetry of the Co2 + hexaaqua complex makes d–d tran-

sitions symmetry allowed).[35] Figure 10 shows the Vis spectrum
of hydrated ZSM-5 ion exchanged by Co nitrate.

In hydrated zeolites and under the conditions of ion ex-
change of a solvated divalent complex, the location of both Al

atoms in one ring is not decisive, and the ion-exchange capaci-
ty is controlled by the “functional” distance (in one ring/cavity)

of the Al atoms. In the case of dehydrated zeolites, the stabili-
zation energy of bare M2+ cations is significantly affected by

the location of the Al atoms in one or two rings.[20] In the latter

case, the stabilization energy of a bare M2+ cation coordinated
only to one AlO4 tetrahedron is low, and the cation in such a

site is supposedly highly reactive. This results in the formation
of Co-oxo species ([Co2 +OH@]@ or [Co3+O2@]@) during dehydra-

tion of the hydrated sample (depending on the conditions of
dehydration).[15, 17d, 19, 21] Thus, the discrimination of Co-oxo spe-

cies from bare Co2+ cations and quantitative analysis of bare

Co2 + cations in the maximum Co-exchanged dehydrated zeo-
lites represent key issues of this method. There is no universal

method for this. Several approaches have been developed,
and each exhibits its own strong and weak points that have to

be taken into account. The concentration of Al atoms in Al
pairs is then given by Equation (5)[10a, 15, 18] and that of close un-
paired Al atoms is given by Equation (6):[15, 17d, 19, 21]

½AlPAIRSA ¼ 2 ½CoBAREA ð5Þ
½AlCLOSEA ¼ 2 ð½CoMAXA@½CoBAREAÞ ð6Þ

in which [CoBARE] is the concentration of bare Co2 + cations in
the dehydrated maximum Co-exchanged zeolite.

3.6.2. Cu2 ++ ion exchange

Exchange of the Cu2+ hexaaqua complex represents an analo-

gy to the ion exchange of the Co2 + hexaaqua complex.[36]

However, Cu2 + complexes are, according to our experience,

significantly more sensitive to the conditions both in the ion-

exchange solution and inside the channels of hydrated zeo-
lites. Thus, the pH of the solution has to be carefully tuned

during the ion-exchange process. Moreover, although the
spectra of Cu2+ aqua complexes reflect deviation from the oc-

tahedral symmetry, the change in the symmetry following hy-
drolysis of the Cu2 + hexaaqua complex is reflected, in contrast

Figure 10. Vis spectrum of hydrated ZSM-5 a) ion exchanged by Co nitrate
with the exclusive presence of Co2 + hexaaqua complexes and ion ex-
changed by Co acetate b) at RT and c) at 80 8C with Co2 + species exhibiting
perturbed octahedral coordination.
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to the Co2 + complexes, only by a not-well-pronounced shift in
the band edge to higher wavenumbers.[35, 37]

3.7. Adsorption of [D3]acetonitrile on dehydrated Co-zeolite

A bare Co2 + cation in a cationic site of a dehydrated zeolite is

an acceptor of an electron pair and behaves as a Lewis acid
site. Thus, adsorption of probe molecules with base properties,
as monitored by FTIR spectroscopy, represents a suitable tool

for the quantitative analysis of bare Co2+ sites. Although one
of the most used molecules for monitoring Brønsted and Lewis

sites in zeolites is pyridine, [D3]acetonitrile can also be used,
because, in contrast to pyridine, it is able to go through 8-

rings and to penetrate into the channels/cavities of all zeolites

(with some exceptions, see below). The advantage of this
method is simple analysis of the IR spectrum of [D3]acetonitrile

adsorbed in a dehydrated Co-zeolite. The concentration of Al
in Al pairs is then given by Equation (7), and the concentration

of close unpaired Al atoms is given by Equation (8):[17d, 19, 21, 24]

½AlPAIRA ¼ 2 ½CoLEWISA ð7Þ
½AlCLOSEA ¼ 2 ð½CoMAXA@½CoLEWISAÞ ð8Þ

in which [CoLEWIS] represents the concentration of bare Co2 +

cations adsorbing [D3]acetonitrile. Important for this method is
to guarantee that [D3]acetonitrile is adsorbed on all of the bare
Co2+ cations and, moreover, that only one [D3]acetonitrile mol-

ecule is adsorbed on one Co cation. The first requirement can
be proven by inspection of the antisymmetric Co2 +-related

T–O–T vibrations (see next paragraph), which have to disap-

pear. The second requirement can be proven by finding the
conditions of desorption (time, temperature) under which Co2 +

cations related to T–O–T vibrations start to reappear. It has to
be taken into account that [D3]acetonitrile is not able to pene-

trate through 6-rings. Thus, bare Co2 + cations in sites with
access strictly limited by such rings, for example, the sites

inside the hexagonal prism of FAU or CHA structures or inside

the cages of FAU or *BEA (the a and g sites of the beta zeolit-
e)[15,17d, 38] are not reflected in the adsorption of [D3]acetonitrile.

Nevertheless, this represents an advantage in redox reactions,

as although these sites accommodate bare divalent cations,
these cations are inaccessible and cannot act as an active site.

In protonic forms, the related acid sites face different chan-
nels/cavities and represents single acid sites, not sites related

to close unpaired Al atoms. This might require a correction ac-
cording to Equation (9); however, the concentration of this
type of cationic site is rather low.

½AlSINGLEA ¼ ½AlFRA@2 ð½CoMAXA@½CoxAÞ & ½AlFRA@2 ½CoMAXA ð9Þ

in which [Cox] (x =a in beta zeolite, g, D6R) is the concentra-

tion of bare Co2 + cations in the inaccessible cage obtained
from other methods (see below).

A significantly more important obstacle of this method origi-

nates from the fact that rings forming some cationic sites (the
b site in ferrierite and mordenite) in certain zeolites face a sig-

nificantly restricted channel/pocket. In this case, a high con-
centration of Al pairs in these rings can result in steric hin-
drance for the adsorption of [D3]acetonitrile to each Co2 +

cation located in these rings and, thus, in underestimation of
the concentration of bare Co2 + cations in the zeolite. Figure 11

shows the FTIR spectrum of [D3]acetonitrile adsorbed on the
dehydrated TNU-9 zeolite and the effect of the Co loading on

adsorption of acetonitrile in TNU-9 and beta zeolites.

3.8. Perturbations of antisymmetric T–O–T vibrations of
dehydrated Co-zeolites

Coordination of bare divalent cations to the oxygen atoms of
the AlO4 tetrahedra of the zeolite ring-forming cationic sites re-

sults in deformation of the ring and perturbation of the related

T–O–T vibrations.[15, 16, 18, 39] This is a consequence of the flexibili-
ty of the zeolite framework, on the one hand, and the strictly

preferred Co@O distance close to 2 a, on the other hand.[39d,e, 40]

In some zeolites, these perturbed T–O–T vibrations are shifted

to the window of T–O–T vibrations (exhibiting a low intensity
of all other skeletal vibrations) and can be monitored by FTIR

spectroscopy. Although the characteristic T–O–T vibrations re-

flecting M2 + siting in individual sites can be distinguished,
their extinction coefficients are highly similar.[15] Thus, the total

intensity of all Co2 +-related T–O–T vibrations can serve as a

Figure 11. a) FTIR spectrum of [D3]acetonitrile adsorbed on dehydrated TNU-9 and the effect of Co loading on acetonitrile adsorption in b) TNU-9 and c) beta
zeolite. Assignment of the bands: AlFR : 2330 cm@1, CoII Lewis sites: 2305 cm@1, NaI : 2280 cm@1, SiOH: 2264 cm@1, physisorbed CD3CN: 2249 cm@1.
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measure of the total concentration of bare Co2 + cations and,
thus, the total concentration of Al pairs ; hence, it can also be

employed to analyze the Co2 + siting and the location of Al
pairs in the individual rings/cationic sites. This represents a sig-

nificant advantage over the adsorption of [D3]acetonitrile.
Moreover, this approach is not affected by the accessibility of

the cationic sites or by spatial restrictions in the adsorption of
probe molecule. Further, divalent cations with adsorbed probe
molecules or impurities can be easy identified. The concentra-

tion of Al in Al pairs is then given by Equation (10), and the
concentration of close unpaired Al atoms is given by Equa-

tion (11):

½AlPAIRA ¼ 2 S½Coc
TOTA & 2 ½CoTOTA ð10Þ

½AlCLOSEA ¼ 2 ð½CoMAXA@½CoTOTAÞ ð11Þ

in which [CoTOT] is the concentration of bare Co2 + cations from

the total intensity of the perturbed T–O–T vibrations and
[Coc

TOT] is the concentration of bare Co2+ cations in the indi-

vidual cationic site c formed by the Al pair (not the site of the
cation in a cage) from the intensity of the corresponding T–O–

T vibrations. The concentration of Co cations in a cage can be

used as a correction for [Cox] in Equation (8). Also, other diva-
lent cations can be used with this method. However, the fre-

quencies of perturbed T–O–T vibrations related to bare M2 +

cations have been reported predominantly for Co-zeolites, and

the ion exchange of Co cations to the zeolite is robust and
easily monitored. The main obstacle associated with this ap-
proach is the quality of the window in the region of the anti-

symmetric T–O–T vibrations, which depends on the topology
of the zeolite (excellent for ferrierite; good for ZSM-5 the beta

zeolite, TNU-9, and SSZ-13) and on the crystallinity of the sam-
ple.[15, 16, 24, 39a, b, h, 40, 41] Figure 12 shows the effect of Co2+ coordi-

nation on the geometry of the zeolite 6-ring, the FTIR spec-
trum of dehydrated Co-TNU-9 in the region of T–O–T vibra-

tions with simulation of the spectrum to the individual bands,

and the effect of Co loading in TNU-9 on the total intensity of
the T–O–T vibrations.

3.9. Vis spectra of Co2 ++ d–d transitions in dehydrated
zeolite

Bare Co2 + cations located in cationic sites of zeolites exhibit

d–d transitions that are present in the Vis region of the spec-
trum of dehydrated Co-zeolites. These transitions are complex

but sensitive to the coordination of bare Co2 + cations. In con-
trast to T–O–T vibrations, the extinction coefficients in the indi-
vidual sites can significantly differ. Thus, analysis of Al pairs in

the zeolite first requires detailed analysis of the spectrum of
the dehydrated Co-zeolite, including identification of spectro-
scopic species corresponding to the base Co2 + cations (one to
four bands have been reported to reflect one coordination of

Co2 + cations) and estimation of the corresponding extinction
coefficients. Nevertheless, for several zeolites this analysis has

been done and reported (mordenite, ferrierite, ZSM-5, the zeo-

lite beta, and SSZ-13).[15, 24, 39c, 42] The concentration of Al in Al
pairs is then given by Equation (12), and the concentration of

close unpaired Al atoms is given by Equation (13):[8a, 10a, 18]

½AlPAIRA ¼ 2 S½Coc
ddA ð12Þ

½AlCLOSEA ¼ 2 ð½CoMAXA@S½Coc
ddAÞ ð13Þ

in which [Coc
dd] is the concentration of bare Co2+ cations in

the individual cationic site formed by the Al pair from the Co2 +

d–d transitions. In analogy to the approach based on the T–O–

T vibrations, the d–d transitions also reflect Co2 + cations locat-

ed in inaccessible sites in prisms or cages. The main disadvan-
tages of this method are difficult analysis of the spectrum, the

necessity to identify the spectroscopic species and the extinc-
tion coefficients, and the risk of the adsorption of impurities

(water molecules) on the bare Co2 + cations (the presence of
water in the sample can be monitored only by UV/Vis-near-IR
spectrometers). Conversely, this approach is necessary to iden-

tify the cation and, thus, the Al pair siting. Figure 13 depicts
the cationic sites and corresponding Vis spectra of Co cations

in a ZSM-5 zeolite.

3.10. Theoretical approaches based on minimization of
energies

As shown in the next sections, the Al distribution in the zeolite

is governed by the conditions used to synthesize the zeolite.

Moreover, zeolites do not represent a thermodynamically
stable system, as follows from the effects of temperature on

the synthesis of zeolite that indicate that formation of the zeo-
lite matrix is also affected by kinetics. Thus, the suggestion

that Al is organized in the zeolite framework on the basis of a
minimization of the lattice energy or even on a minimization
of the energy of the cations in individual cationic sites in dehy-

drated zeolites formed by different Al arrangements in the
framework does not represent a reasonable approach for the

analysis of the Al distribution in the zeolite framework, unless
all the conditions of the synthesis [the presence of water,
structure-directing agents (SDAs), inorganic cations, pH, tem-
perature, pressure, Al and Si species present in the synthesis

Figure 12. a) Effect of Co2 + coordination on the geometry of the zeolite
ring, b) FTIR spectrum of dehydrated Co-TNU-9 in the region of T–O–T vibra-
tions with simulation of the spectrum to the individual bands, and c) effect
of Co loading in TNU-9 on the total intensity of the T–O–T vibrations.
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gel] are included in the calculation. Without that, the calculat-

ed stabilization energies of the Al atoms in the framework

T(Al) sites or in individual SiAl species represent maximally a
measure of the stability of the individual Al species against

dealumination or a rough tool to predict if the zeolite with the
suggested Al organization can exist after removal of organic

SDA. The calculated stabilization energies of cations in the cat-
ionic sites in dependence of the organization of Al in the

framework can serve only to predict the preferences of the cat-

ions in the sites if the sites are really present in the zeolite
framework, that is, if the zeolite framework has Al atoms (i.e. ,

Al pairs) that form these sites.

4. Variability of the Al Distribution in Zeolites

There is only one type of Al distribution in zeolites that has

never been observed, and it is the Al@O@Al sequence. Its ab-
sence in aluminosilicate materials, in general, has resulted in

the formulation of the “Loewenstein rule”.[13] The fact that two
zeolites of the same topology and chemical composition can

exhibit markedly different Al distributions clearly suggests that
the Al distribution in zeolites is not random or controlled by
some statistical rules but depends on the conditions of the
synthesis of the zeolites.[8a, 11, 43] This clearly dispels the “Demp-
sey rule”, which suggests that the stabilization energy of the

Al@O@Si@O@Al sequence in zeolites governs their occur-
rence,[44] and the “Takaishi and Kato rule”, which forbids the

presence of two Al atoms in a 5-ring.[45] Thus, there are no

rules other than the “Loewenstein rule” to determine the or-
ganization of Al in the framework of zeolites, and with the ex-

ception of Al@O@Al species, all other possible types of Al or-
ganizations have already been reported for Si-rich zeolites.

State-of-art knowledge regarding the Al distribution in differ-
ent zeolite matrices is summarized below.

4.1. ZSM-5

ZSM-5 is one of the most important zeolites in the field of cat-
alysis and attracts enormous attention. Moreover, its synthesis

is rather robust, and zeolites of the MFI topology can be pre-
pared by many different routes. This results in enormous varia-

bility in the Al distribution in this zeolite, and it is possible to
prepare zeolites with highly variable Al distributions between

single Al atoms and Al pairs over practically the whole range

of framework Al contents, which is typically Si/Al = 12 to
1.[8a, 10a, 11a, 12, 15, 38, 43] It is even possible to prepare ZSM-5 zeolites

with a semi-monomodal Al distribution (with more than 90 %
Al in one type of Al species) in the Si/Al range of 14 to 60.[12, 44]

AlSiAl sequences have not been reported for ZSM-5 samples
with Si/Al>10.[8a] Conversely, the Al atoms in Al-rich ZSM-5
samples with Si/Al<10 are predominantly present in the form

of AlSiAl sequences. Al atoms of these sequences face different
channels, and thus, these Al atoms exhibit the behavior of iso-
lated Al atoms from a catalysis point of view.[8a, 17a] In contrast
to laboratory samples, the Al distribution in commercial ZSM-5

zeolites is not more variable, and single Al atoms prevail over
the entire range of contents of framework Al. Only a small in-

crease in the concentration of Al pairs is observed for available
commercial samples at the lowest Si/Al ratio (Si/Al<18).[12, 38]

Al pairs in ZSM-5 are located in three cationic sites, designat-

ed as a, b, and g sites. The a and b sites represent 6-rings on
the channel walls (a site in the main channel, b site at the

channel intersection).[39c] The so-called boat-shaped g site is
rather complex, and the exact arrangements of the Al atoms

and bare divalent cations are unclear. Al pairs in b sites signifi-

cantly prevail and represent at least 50 % of the Al pairs in the
samples in the entire Si/Al region. Al pairs in a sites do not

exceed 35 % of Al in pairs, and the Al concentration in the g

sites is negligible.[11a, 39c, 43] Knowledge of the locations of Al

pairs in cationic sites allows the location of Al in samples with
predominating Al pairs to be analyzed. Al pairs in the b site

Figure 13. Cationic sites and corresponding Vis spectra of Co cations in a ZSM-5 zeolite.
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are located in the ZSM-5 intersection. In the case of the a site,
the site itself (or cations located in this site) faces the main

ZSM-5 channel, but the Al atoms of the Al pairs in this site are
each located at the edge of one channel intersection. Thus,

the Al atoms in samples with predominating Al pairs (all of
them prepared by using tetraalkylammonium cations as organ-

ic SDAs) are associated with the intersection of ZSM-5 chan-
nels. Moreover, isolated Al atoms in ZSM-5 samples with pre-

vailing single Al atoms (prepared by using tetraalkylammonium

cations as organic SDAs) are also mainly located at the channel
intersection. It can be concluded that in ZSM-5 zeolites synthe-

sized by using tetraalkylammonium cations as organic SDAs
the Al atoms are located at the channel intersection without

relation to the distribution of Al.[12, 46] Figure 14 reveals the Al
distribution in ZSM-5 and a schematic representation of the lo-

cations of single Al atoms and Al pairs.

4.2. Beta zeolite

Beta zeolite has also attracted significant attention, as this
structure represents the only Si-rich (but Al-containing) large-

pore zeolite with a 3D channel system. In discussing the Al dis-

tribution in beta zeolite with large pores, it is necessary to
keep in mind that significant dealumination can occur in these

zeolites during removal of the high concentrations of organic
SDAs needed for their synthesis. Thus, samples could be par-
tially dealuminated. Nevertheless, tetramethylammonium cat-
ions can be removed in a stream of ammonia without perturb-
ing the framework. The synthesis of beta zeolites with a low

concentration of tetramethylammonium (using the seed ap-

proach) cations provides unperturbed zeolites as well. This
allows characterization of the Al organization in the unpertur-

bed framework of the beta zeolite. Unperturbed Si-rich zeolites
(Si/Al>10) of the BEA topology are free of AlSiAl sequences.

The concentration of Al pairs can vary between 40 and 65 % of
the Al atoms (for Si/Al <18). However, in contrast to ZSM-5

and other pentasil-ring zeolites, the rest of the Al atoms in un-
perturbed beta samples with Si/Al<18 do not represent single
Al atoms, but instead represent close unpaired Al atoms.[19, 21]

This type of Al atom is, to the best of our knowledge, unique
(with the exception of the recently reported SSZ-13 zeolite[16])
to beta zeolites.

Al pairs in beta zeolites form three cationic sites, designated

as a, b, and g sites, with local arrangements similar to those
observed in the ZSM-5 zeolite. Also, their populations (b sites

at least 50 %, a sites less than 35 % of the Al in pairs, and Al in

g sites is negligible) are similar.[15] Nevertheless, there is a sub-
stantial difference in the relation of the cationic sites (Al pairs)

to the zeolite channel system. In contrast to the ZSM-5 zeolite,
not only divalent cations in the g sites but also those accom-

modated in the 6-ring of the a sites are not accessible to
guest molecules, as the divalent cations are located inside the

beta cage and are not reflected in the adsorption of

[D3]acetonitrile.[38] Therefore, their role in catalytic reactions is
most likely negligible. In the case of acid sites related to frame-

work Al forming these two cationic sites, that is, framework Al
Lewis sites (which can represent up to 60 % of the acid sites in

beta zeolite)[47] and Brønsted protonic sites, they face different
channels and cannot cooperate regardless of their type. Only

the Al atoms of the 6-ring of the b site face the same channel

and can cooperate, and cations in this site are accessible to
the reactants.

In the case of Al-rich beta zeolites (Si/Al = 4.5–6), Al in the
AlSiAl sequences predominates and represents at least 60–

80 % (the lower bound) of the Al atoms. These AlSiAl sequen-
ces are arranged across the zeolite walls and face different

channels without any manifestation of their presence as close

acid sites or as cationic sites for divalent cations. Close un-
paired Al atoms represent up to 80 % of the Al atoms on the

channels’ surface, whereas Al pairs represent a maximum 30 %
of the Al atoms at the channel surface in Al-rich beta zeoli-
tes.[17d, 41a] Recently, post-synthetic modification of boron beta
zeolite has been developed to prepare beta zeolites containing

exclusively single Al atoms. Figure 15 depicts the schematic
representation of Al siting in beta zeolites.[15, 17d]

Figure 14. Al distribution in ZSM-5 and schematic representation of the loca-
tion of single Al atoms and Al pairs. Laboratory (*) and commercial synthe-
ses (^).

Figure 15. Schematic representation of Al sitings in beta zeolites.
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4.3. SSZ-13

SSZ-13 has recently emerged as a material from industry, and
it shows enormous potential in catalysis (i.e. , in NOx abatement

from diesel exhausts) as the first available Si-rich small-pore
zeolite. Catalytic results indicate variability in the Al distribu-

tion.[36b, 48] Tuning of the Al distribution by varying the SDA and
the Al source results in dramatic variation in the content of
single Al atoms in the zeolite (Si/Al = 14–18). Nevertheless, de-

tailed analysis of the Al distribution was not performed[49] until
recently.[16] Detailed analysis has shown that tuning the synthe-

sis properties results in samples with a semi-monomodal distri-
bution with single Al atoms (75–90 % of Al for Si/Al = 9–13) or

a high concentration of close unpaired Al atoms (54 % for Si/
Al = 12).[16, 17c] It has to be pointed out that this type of Al ar-

rangement is known only for beta zeolites. Conversely, the Al

atoms in Al pairs do not exceed 25 % of Al for samples below
Si/Al = 13. These Al pairs are formed by both AlSi2Al and

AlSi3Al sequences (the only zeolite proven to have AlSi3Al
pairs) and form three cationic sites: s sites of the 6-ring with

two Al atoms in the AlSi2Al pair and t2Si and t3Si sites formed
by AlSi2,3Al pairs located in the 8-ring. Moreover, w sites are

formed by the AlSi2Al sequence with each Al atom in a differ-

ent 6-ring. Note that cations in these w sites are not accessible
to the reactants, and the related acid sites are separated and

face different cavities. For Al-rich SSZ-13 samples (Si/Al<7),
AlSiAl sequences (similar to Al-rich beta zeolite and ZSM-5) are

typically dominant. AlSiAl sequences have also been reported
for SSZ-13 samples with Si/Al>11.[50] In contrast to pentasil-

ring zeolites, the Al atoms of AlSiAl sequences cannot be sepa-

rated by zeolite walls, and the related monovalent centers can
cooperate. For some Al-rich samples prepared from A and X

zeolites, a unique Al organization has been reported. Al atoms
in Al triads (AlSiAlSiAl sequences) forming the 6-ring represent

a significant fraction of the Al atoms (>50 %) in these sam-
ples.[17c] Although they are formed by neighboring Al atoms

and face the same cavity, their capacity to accommodate diva-

lent species is low, that is, only one divalent cation per three
Al atoms. However, the acid sites related to them are very
close and can cooperate. Figure 16 reveals the siting of Al
pairs and close unpaired Al atoms in SSZ-13.

4.4. Ferrierite

Ferrierite is a pentasil-ring zeolite that is applied in industry,
and its channel system is formed by a combination of 10-ring
channels and 8-ring channels. Samples with various Al distribu-
tions have been prepared for Si/Al&10. Samples with Al pairs

representing between 65 and 12 % of Al in pairs and 35 and
88 % of single Al atoms have been reported.[8a, 42b] AlSiAl se-

quences have not been reported for ferrierites with Si/Al>7.5,

and close unpaired Al atoms are not known for this type of
framework.[8a] In samples with Si/Al>20, single Al atoms pre-

dominate and represent 75–95 % of the Al atoms.[31a] The a, b,
and g cationic sites exhibit arrangements similar to those in

ZSM-5 (two types of 6-rings and a boat-shaped site). Al pairs in
b sites predominate (60 % of Al pairs), and this is followed by

Al pairs in a sites, which make up a maximum of 35 % of the

Al pairs in Al pair-rich samples.[42b] A unique feature not report-
ed for any other zeolite is a “superstructure” of four Al atoms

of two Al pairs in two opposite rings of the b sites.[8a, 23]

Figure 17 shows Al pairs located in ferrierite[8a, 31a] and

mordenite.[8a, 42a]

4.5. Mordenite

After beta zeolite, mordenite is the second largest pore penta-
sil-ring zeolite with Al in the framework and a mono-dimen-
sional channel system formed by 12 ring channels and side
pockets that are accessible through 8-rings. It is possible to

prepare samples with 44–62 % Al in pairs and 56-38 % single Al
atoms for Si/Al&8.[8a, 42a] For the sample with Si/Al = 5.5, 35 %

Al atoms in Al pairs (CoMAX/Al = 0.17) and 65 % single Al atoms
are observed. Nevertheless, a significant fraction of Al atoms in

the AlSiAl sequence (>60 %) is present in this sample.[8a, 42a] The
discrepancy between a low CoII ion-exchange capacity and a

high population of AlSiAl sequences indicates that, similar to

the above-reported Al-rich beta zeolites, AlSiAl sequences in
Al-rich mordenite are arranged across the zeolite wall. Thus,

the related acid sites exhibit single Al atom behavior. Close un-
paired Al atoms have not been reported for the mordenite

topology. Al pairs in mordenites form three cationic sites, a, b,
and g. The arrangement of the a and g sites located in theFigure 16. Sitings of Al pairs and close unpaired Al atoms in SSZ-13.

Figure 17. Al pair sitings in a) ferrierite and b) mordenite.
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main channel and the mordenite pocket is practically identical
to that in ferrierite. Nevertheless, the b sites, which are located

at the mordenite pocket and predominate (>60 % of Al pairs),
are formed by an 8-ring and can correspond to either AlSi2Al

or AlSi3Al pairs.

4.6. MCM-22

MCM-22 is a pentasil-ring zeolite with a complex channel

system formed by very large cavities open to the external sur-
face or interconnected by 10-ring channels. Al contents from

18 to 68 % in Al pairs and from 82 to 32 % in single Al atoms
have been reported for MCM-22 samples with Si/Al ratios rang-

ing from 25 to 40. For Si/Al = 18, the Al pairs can vary between

36 and 72 %.[8a] Close unpaired Al atoms as well as AlSiAl se-
quences have not been reported for MCM-22 materials.

4.7. TNU-9

TNU-9 is a 10-ring channel pentasil-ring zeolite, and its channel

system, size, and arrangements are similar to those of ZSM-5

but are significantly more complex. There is no information on
the variability of the Al distribution, as the organization of Al

has been analyzed for only one sample. Single Al atoms repre-
sent 40 % and Al in Al pairs represent 60 % of all the Al atoms

for Si/Al = 14. AlSiAl sequences and close unpaired Al atoms
are not observed.[24] The Al pairs form three cationic sites, a, b,

and g, and they are highly similar to those in ZSM-5. The only
one substantial difference is that the concentration of Al pairs

in the g site is negligible. The b sites of the 6-ring at the chan-

nel intersection represent 85 % of Al pairs (50 % of total Al),
and for the a sites in the channel with the Al atoms belonging

to two intersections, the value is only 15 % of the Al pairs. At
least 60 % of Al has, thus, been suggested to be located at the

TNU-9 intersection. Therefore, from the point of view of the Al
distribution, TNU-9 can be regarded as analogous to those lab-

oratory-prepared ZSM-5 zeolites, which are rich in Al pairs.

5. Tuning the Al Distribution

The above-described variability in the Al distribution in zeolites
with similar framework Al contents clearly evidences that the
Al distribution in zeolite frameworks is not random or con-

trolled by some simple rules (including thermodynamics of the
framework), but it has to depend on the conditions used for
zeolite synthesis. This brings up the question as to how the
synthesis can be tuned to govern the Al distribution to opti-
mize the properties of zeolite catalysts. The mechanism for the

synthesis of zeolites is out of the scope of this review. More-
over, it has to be pointed out that tuning the Al distribution in

zeolite synthesis, as a starting point, involves the successful
synthesis of the zeolite, and thus, the synthesis parameters can
only be manipulated slightly. For the purpose of tuning the Al

distribution in zeolites, it has to be noted that the building of
zeolite frameworks is a result of the interplay among the (or-

ganic) structure-directing agent, other cations balancing the
negative charge of the formed framework, and the Al and Si

sources used to build the framework (the main partners in the
formation of the synthesis gel). The effects of the individual

partners of the synthesis and mechanisms affecting the Al dis-
tribution have recently been studied in detail for ZSM-5. The

authors focus their attention on the synthesis by using a
“dense” gel analogous to the conditions used in industrial syn-

thesis, whereas they exclude the use of clear gels and seeds.
Note that the formation of close Al atoms has not yet been

studied.

5.1. Polarization of the SDA (variation of the Al source)

Polarization of the SDA cation in the synthesis mixture has

been suggested to affect the formation of single Al atoms and

Al pairs. The SDA+ plays two roles in the synthesis process. It
organizes various types of (alumino)silicate species to form a

complex framework with a defined channel system and balan-
ces the negative charge of AlO4

@ tetrahedra in the framework.

A high polarization of SDA+ by OH@ present in the basic syn-
thesis mixture results in the highest probability that SDA+ cat-

ions are able to balance two close negative charges connected

with two AlO4
@ anions to form an AlSi2Al sequence. A decrease

in the polarization of SDA+ by replacement of OH@ by less-po-

larizing anions results in an increase in the fraction of isolated
Al atoms in the framework, as less-polarized SDA+ balances

only one AlO4
@ tetrahedron. Replacement of OH@ by Cl@ de-

creases the concentration of Al pairs to one half, and replace-

ment of OH@ by NO3
@ decreases the concentration of Al pairs

even to less than one sixth of their original concentration. The

simplest way to change the polarization of SDA+ without

changing the other parameters of the synthesis is to vary the
Al source and to replace metallic Al or Al(OH)3 by various Al

salts. The following polarization effect has been suggested:
OH@>Cl@&PO4

3@>NO3
@ .[11a, 43] It can be speculated that the

effect of different SDAs on the Al distribution in ZSM-5 can
also be explained by this mechanism.[51]

5.2. The presence of an inorganic co-cation in the synthesis
mixture

In the growing zeolite framework, AlO4
@ tetrahedra can be bal-

anced not only by SDA+ but also by other cations such as Na+

. The addition of Na+ from various salts results in the synthesis

of Si-rich matrices with a significant increase in single Al atoms
compared to the synthesis without added Na+ . Note that a
synergistic effect of the polarization of the SDA+ can be

reached if a properly selected sodium salt is used. It has to be
pointed out that for zeolites with a higher number of crystallo-

graphically distinguishable framework T sites, the addition of
Na+ to the synthesis mixture results in a wider dispersion of Al

atoms in these sites. In the synthesis for which only SDA+ cat-

ions are used, Al atoms are located in the vicinity of the cation-
ic part of the SDA+ molecules (e.g. , N atom in tetraalkylammo-

nium cations), whereas the presence of significantly smaller
Na+ cations also allows the Al atoms to be balanced in other T

positions. In the synthesis of Al-rich materials (e.g. , ZSM-5 with
Si/Al<20) for which the presence of Na in the synthesis mix-
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ture is required, the Na+ cation represents a significant obsta-
cle that has to be overcome; moreover, Na+ may be the

reason why commercially available Al-rich ZSM-5 has a low
concentration of Al pairs.[11a, 39c] Figure 18 reveals the effect of

polarization and the addition of NaCl on the distribution of Al
in ZSM-5 synthesized by using tetraethyl orthosilicate (TEOS)

as the Si source and tetrapropylammonium hydroxide (TPAOH)

as the SDA.

5.3. Composition of the aluminosilicate pool in the synthesis
mixture

Recent results have indicated that in the synthesis of zeolites
from mixtures/gels, the mixtures do not decompose into indi-

vidual AlO4
@ or SiO4 tetrahedra, but a significant fraction of

larger aluminosilicate species (e.g. , linear AlSi chains with at

least 5 T atoms in the case of SSZ-13) is used to construct the
new zeolite framework and is transferred from the synthesis

mixture to the framework of the zeolite products. Thus, specia-

tion of aluminosilicate species and the arrangement of Al
atoms in the synthesis mixture can affect the organization of

Al in the zeolite framework. Several methods can be employed
to tune the organization of Al in the synthesis gel.

The presence (or current formation) of isolated AlO4
@ in the

synthesis mixture significantly supports the formation of isolat-

ed Al atoms in the framework. The presence of isolated, not
networked Al atoms can result from the use of Na silicate as

the Si source, as in this case for which the Si source is already
networked. Conversely, the incorporation of Al atoms into the
silicate framework is difficult.

Even so, a high concentration of close Al atoms in the syn-
thesis mixture, also including a fraction of AlSi2Al sequences,

can result in a significant increase in Al pairs in the zeolite
framework. The increase in AlSi2Al sequences can simply be

reached by changing the mixing order during the preparation

of the synthesis mixture. The addition of TPAOH to a well-
mixed mixture of an Al salt and TEOS results in a lower fraction

of Al pairs in the ZSM-5 product compared to the synthesis in
which TEOS and TPAOH are added first. In the former case, a

homogeneous distribution of Al atoms in the mixture minimiz-
es the formation of AlSi2Al sequences in the Si-rich gel, where-

as partial networking of TEOS in a basic environment after the
addition of TPAOH results in a non-homogeneous gel with a

fraction that is significantly enriched by Al.[11a, 39c]

A more sophisticated but extremely powerful variation of

the above method that is based on a high concentration of
AlSi2Al sequences in the synthesis gel is the so-called “Al-rich

gel” method, which is able to provide ZSM-5 samples with

more than 90 % of Al in pairs for Si/Al up to 60. In this case,
the enrichment of the synthesis gel by AlSi2Al sequences is

reached by preparing the gel by mixing the two components,
that is, an all-silica gel and a gel so rich in Al that AlSi2Al se-

quences must be significantly present in it (e.g. , for ZSM-5, the
optimum Si/Al ratio for an Al-rich gel is close to 7).[11a, 43]

Another possible way to maximize or minimize the concen-

tration of AlSi2Al sequences in the synthesis gel is to select a
zeolite with a proper Al distribution if the parent zeolite serves

as the source of Al and Si for the synthesis (e.g. , synthesis of
SSZ-13). In this case, larger zeolite fragments are transferred

from the parent zeolite through the stage of the synthesis mix-
ture to the zeolite product.[17c]

Notably, none of these methods represents a universal ap-

proach that can be applied for all types of zeolites, although
the “Al-rich gel” method appears to be the most universal one.
Nevertheless, in some cases the combination of the above
methods results in the successful synthesis of zeolites with a

(semi)monomodal Al distribution.

6. Al Distribution and Catalysis

The development of methods to tune the Al distribution in the

zeolite and mainly to analyze the Al distribution represents a
necessary starting point for elucidation of the relationship be-

tween the Al distribution and the activity as well as the selec-
tivity of the zeolite catalyst. Although a significant step forward

has recently been taken in this field, our knowledge regarding

the effect of the Al distribution on catalyst performance is
rather limited, especially in the field of acid-catalyzed reactions.

This is due to the fact that redox metal ion/metal-oxo centers
represent the only active sites in redox reactions over metallo-

zeolites.[8a, 38, 41c, 52] Moreover, in the case of N2O and NOx abate-
ment, the reactants are small molecules. Thus, the effect of the

Figure 18. Effects of a) the polarization (i.e. , of the Al source) and b) the addition of NaCl on the Al distribution in ZSM-5 synthesized by using TEOS as the Si
source and TPAOH as the SDA.
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Al distribution on the properties and the concentration of the
redox cationic centers cannot be significantly affected or over-

lapped by other parameters of the metallozeolite catalyst. Con-
versely, the activity and mainly the selectivity of acid-catalyzed

hydrocarbon transformations can be significantly affected by a
number of other parameters, including the crystal size and the

morphology, the presence of competing acid sites (Lewis Al
sites), defects formed on the internal or external surfaces, dif-

ferences in the concentrations and properties of the active

sites on the outer and inner surfaces, and the location of the
active sites in the zeolite channel system. Thus, conducting a

study of the impact of the Al distribution on acid-catalyzed re-
actions is extremely difficult. Therefore, with the exception of a

few studies, we can only speculate on the effect of the Al dis-
tribution in the field of acid catalysis.

It has to be pointed out that there are several ways how the

Al distribution in the framework of protonic forms of zeolites
can affect the properties of zeolite catalysts and, thus, their ac-

tivity and selectivity in acid-catalyzed reactions. Besides the
distance of acid sites, the types of acid sites and their acid
strength are also suggested to affect the performance of zeo-
lite catalysts.

6.1. Al distribution and type of acid sites

Although Brønsted acid sites of the Al@OH@Si bridging group
predominantly represent acid sites in zeolite catalysts, Al Lewis

sites can also be present in the protonic forms of zeolites. It is
generally accepted that the presence of Al Lewis sites in zeo-
lite catalysts is key in terms of the selectivity of the catalyst

and in specific cases for which Lewis acid sites are also re-
quired for catalyst activity (e.g. , Meerwein–Ponndorf–Verley re-

duction).[53] Two types of Al Lewis sites have been reported for
zeolites, that is, extra-framework Al Lewis sites and framework

Al Lewis sites.[8a]

Extra-framework Al Lewis sites represent extra-framework Al
species located in the zeolite channel system. They can be

formed in the zeolite intentionally by the release of framework
Al atoms from the framework by steaming the parent zeolite

(e.g. , USY) or unintentionally as a result of dealumination oc-
curring during template removal (typically in the case of beta

zeolites). It has been shown that single Al atoms are released
preferentially from the framework during calcination, whereas

Al pairs are preserved in the framework in the case of beta
zeolites.[15, 21] This suggests that the Al distribution represents
an important parameter affecting the stability of Al in the zeo-

lite framework. Thus, the presence of extra-framework Al Lewis
sites is assumed to be significantly less pronounced in samples

with Al pairs than in samples with prevailing single Al atoms
after calcination under the same conditions. Nevertheless, it

has to be mentioned that the formation of extra-framework Al

Lewis sites can be avoided by careful template removal, even
in the case of beta zeolites as opposed to the steaming proce-

dure.
Framework Al Lewis sites are formed in substantial amounts

only in beta zeolites. This type of Al Lewis site corresponds to
perturbed, approximately planar framework Al atoms three co-

ordinated to the zeolite framework in the dehydrated zeo-
lite.[54] Upon rehydration, the structure of the zeolite framework

is at least partially recovered, and the Al atoms are not leached
from the zeolite. The significant formation of framework Al

Lewis sites in beta zeolites with Si/Al<18 correlates with an-
other unique property of beta zeolites related to Al—the pres-

ence of close unpaired Al atoms. DFT calculations have shown
that two Al atoms separated by three or four Si atoms in

AlSiAlSi sequences are essential for opening the framework,

enabling access of a guest molecule/reactant to the framework
Al atoms without releasing some T atoms from the frame-

work.[55] This allows us to suggest that the presence of close,
unpaired Al atoms in the zeolite is a necessary condition for

the formation of framework Al Lewis sites in dehydrated zeo-
lites.

6.2. Al distribution and strength of Brønsted acid sites

Discussion of the acid strength of the Brønsted acid sites in
zeolites and its variability is still ongoing. It is undisputed that

the strength of Brønsted protons in Al-rich zeolites with pre-

vailing AlSiAl sequences is significantly weaker than that in Si-
rich matrices. Sierka et al. showed that the acidity of Brønsted

acidic sites was primarily determined by Al-for-Si substitutions
in the nearest neighborhood of the Si atom of the Al@O(H)@Si

bridge. The role of other next-nearest neighbor Al atoms is
less important.[56] Notably, the effect of AlSiAl sequences on

the acid strength of protonic sites is not a key issue affecting
the Al distribution, as these Al species are only rarely observed

in Si-rich zeolites.

The abovementioned calculations indicate that a significant
effect of the vicinity of a second Al atom in the Al pair on the

acid strength (deprotonization energy or desorption of ammo-
nia) of related protons cannot be supposed. The change in the

local geometry of the Al@OH@Si site between an isolated Al
atom and Al atoms in pairs is supposed not to be significantly

higher than the variability in the Al@OH@Si arrangement con-

nected with the location of Al@OH@Si sites in matrices with dif-
ferent topologies. This suggestion is confirmed by the fact that

according to our knowledge the differences in acid properties
(1H chemical shift, OH stretching vibration, and vibrations of
adsorbed [D3]acetonitrile or pyridine) are not observed for
ZSM-5 zeolites with prevailing single Al atoms and Al pairs.[57]

Thus, whereas close unpaired Al atoms can be associated with
the formation of framework Al Lewis sites, both single Al
atoms and Al atoms in Al pairs provide, according to contem-

porary knowledge, Brønsted acid sites with indistinguishable
acid strengths.

6.3. Al distribution and distances of acid sites

In fact, the distance of acid sites is unambiguously given by
the Al@Al distance only in the case of two framework Al Lewis

sites.
In the case of the distance of two Brønsted acid sites, it has

to be taken in account that the protons of these sites can be
coordinated to any oxygen atom of the AlO4

@ tetrahedron. Be-

ChemSusChem 2019, 12, 556 – 576 www.chemsuschem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim571

Reviews

http://www.chemsuschem.org


cause significant energy barriers have been reported for some
cases for the migration of protons between oxygen atoms of

the same AlO4
@ tetrahedron,[58] the protons should, in these

cases, be strictly correlated to the individual oxygen atoms.

Thus, the proton distance is rather unclear, as two Brønsted
protons can be, on the one hand, at the same distance for

both the AlSiAl and AlSi3Al sequences and, on the other hand,
the distances between protons in the Al pair can significantly
differ (even twice). Thus, the exact proton–proton distance can

be obtained only by using a proton correlation NMR spectros-
copy experiment (see Section 3). Nevertheless, this type of ex-

periment also cannot provide exact information on the dis-
tance of acid sites in the catalysts under the reaction condi-
tions. The elevated temperatures of catalytic reactions are
most likely high enough to allow the barrier (if present) for

proton migration to be overcome. Moreover, for the majority
of Al species with two Al atoms, their exact arrangement in
the framework is not known (with the exception of ferrierite

and SSZ-13). Thus, the distances of acid sites only roughly cor-
relate with the distances of the Al atoms in the zeolite, and in-

formation on the Al distribution represents only an indicative
parameter in discussing a cooperation of the acid sites of

AlSiAl sequences, Al pairs, and close unpaired Al atoms. Similar

conclusions can also be drawn for cases in which framework Al
Lewis sites and Brønsted acid sites are present in the catalyst.

Whereas the position of the Al Lewis site is given by the Al dis-
tribution, its distance to the Brønsted site only roughly reflects

the Al distribution.
For a reaction catalyzed by extra-framework Al Lewis sites

by the cooperation of framework Al Lewis sites or Brønsted

acid sites with these extra-framework Al Lewis sites, the effect
of the Al distribution has also been suggested. Nevertheless,

the Al distribution after dealumination has to be taken into ac-
count. Although the detailed structure of extra-framework Al

Lewis sites is not known, it is suggested that they represent
positively charged extra-framework species. Thus, they will be

located in a dehydrated zeolite in the vicinity of framework Al

atoms to compensate their negative charge. Thus, the distance
of the framework and extra-framework acid sites in the catalyst

represents the distance between the cationic position and the
protonic site, and it is also driven by the Al distribution.

6.4. The distances of acid sites and catalysis

Because of limited information concerning the effect of the Al

distribution on the catalytic performance of zeolite catalysts,
the three mechanisms discussed below are speculative and re-

quire further experimental confirmation.
It is supposed that a reaction mechanism over an isolated

acid site should vary from the bicentric one. Such a mechanism

of the effect of the Al distribution should be reflected not only
in the reaction rate but also by a significant effect on reaction

selectivity.
A second possible mechanism represents the possibility that

the reaction occurs on one center and that a second acid site
serves as a reservoir for the substrate. The effect of the Al dis-

tribution on the course of the reaction should, in this case,
also be reflected in both the rate and the selectivity.

Surprisingly, the only two experimentally proven mecha-
nisms for control of the reaction by the Al distribution involve

the effect of the second acid site on catalyst activity.[12, 33b, 59]

1) The proximity of two protons results in pronounced polari-

zation of alkanes, and this gives rise to a more positive appar-
ent activation entropy. Both the reaction rate and selectivity
are affected by Al organization.[33b] 2) The vicinity of the

second center should facilitate substrate adsorption or product
desorption, whereas the reaction should occur identically on
both the isolated acid sites and the two close acid sites. In this
case, only the rate of the reaction is affected, and the selectivi-
ty of the reaction remains unchanged by the Al distribution.

6.5. Case examples of the effect of the Al distribution on
the performance of zeolite catalysts

The number of these studies is significantly limited because of
two reasons. First, the preparation of catalysts with different Al

distributions and all other properties unchanged is a difficult
task. Second, it is extremely difficult to distinguish between

the effect of the Al distribution and the effect of shape selec-

tivity resulting from different Al sitings. Thus, only zeolites with
a simple cavity system or catalysts with an analyzed Al siting

can be employed for this purpose.

6.5.1. Oligomerization of propene over H-ZSM-5

The development of procedures to control the Al distribution

by zeolite synthesis and the analysis of the Al siting in ZSM-5
samples synthesized by using TPA+ cations as the SDA has en-

abled detailed study of the effects of single Al atoms and Al
pairs on oligomerization reactions for Si/Al = 12–30. Note that

in the synthesis with TPA+ cations, the Al atoms are located
predominantly at the channel intersections, and the shape se-
lectivity effect of Al located in the ZSM-5 channels is sup-

pressed. The rate of propene oligomerization by zeolites with
a monomodal distribution of Al pairs is up to eight times
higher than that by samples exclusively containing single Al
atoms.[12] Relative to the activity of commercial samples, the
activity of catalysts with Al pairs is four times higher. Converse-
ly, the selectivity of the reaction is the same for both types of

catalysts. An FTIR spectroscopy study including operando con-
ditions has clearly shown that all steps of the intrinsic reaction,
as well as the steps for the adsorption of the substrate mole-
cule to the protonic site, proceed faster on isolated protonic
sites. Nevertheless, decomposition of the late transition state

and release of the products to the gas phase occur significant-
ly faster from the close centers of the Al pairs, causing the ob-

served higher activity for samples with Al pairs.

6.5.2. Cracking of hydrocarbons

In the cracking of 1-butene over H-ZSM-5, a set of samples

with Si/Al = 12–40 prepared by using TPA+ and thus having Al
atoms at the intersection have been studied. Marked differen-
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ces in the yield and selectivity in the cracking of 1-butene are
observed (note that the conditions for the reaction are differ-

ent, and the conversion of the substrate is significantly higher
than that for propene oligomerization). Distant single protons

support cracking of butene and octene (formed by dimeriza-
tion). Close protonic sites enhance oligomerization and hydro-

gen-transfer reactions leading to aromatics.[57] Figure 19 reveals
the effect of the Al distribution on the cracking of 1-butene.

Similarly, the effect of the Al distribution on product selectiv-
ity has been reported for the cracking of liquefied petroleum

gas to ethylene and propylene. Greater yields of olefins are re-
ported for samples with higher fractions of single Al atoms,

whereas greater yields of C5 + alkanes and coke are associated

with Al pairs.[60]

In the cracking of alkanes (propane, n-butane, and n-pen-

tane), close protonic sites in ZSM-5 catalyze the reaction at
higher turnover rates than the isolated ones. 13C MAS NMR

spectroscopy evidences more pronounced polarization of the
alkanes in zeolites with close Brønsted acid sites. This results in
similar apparent activation energies for the catalysts with

single Al and Al pairs. Conversely, more positive apparent acti-
vation entropies are connected with Al pairs. DFT calculations,
confirmed by catalytic tests, prove that higher cracking rates at
Al pairs are mainly due to more positive intrinsic activation en-

tropies, which suggests that the protonation transition state
occurs later along the reaction coordinate on adjacent Brønst-

ed acid sites. Moreover, the Al distribution also affects the se-
lectivity of this reaction. Al pairs favor cracking over dehydro-
genation and favor central cracking over terminal cracking.[33b]

Figure 20 shows the effect of Al pairs and single Al atoms on

the formation of H-bonded C3H6 and on the reaction rate for
C3H6 oligomerization to C4–C9 olefins (C).

6.5.3. Methanol-to-olefin (MTO) reactions over SSZ-39 and
SSZ-13

Dealumination of the SSZ-39 zeolite has been reported to sig-
nificantly decrease the number of close Al atoms (Al pairs and

close unpaired Al atoms are not discriminated in the study) in

the framework. The decrease in the total Al content and in the
concentration of Al pairs results in effective olefin-producing

catalysts. Conversely, the presence of close Al atoms results in
the formation of higher alkanes and carbonaceous deposits

under the same reaction conditions. Although it is not possible
to distinguish the effect of the decrease in the Al content from

the decrease in Al pairs on catalyst performance, the simple

cavity system with the AEI topology of SSZ-39 excludes the
effect of the position in the channel system.[7]

The significant effect of the Al distribution in the catalyst on
MTO reactions has been further confirmed for SSZ-13. In this

zeolite with CHA topology, only one T atom forms the frame-
work with only one type of large cavity. Fewer close Al atoms

(Al pairs or close unpaired Al) in dealuminated samples lead to

more stable light olefin selectivity, with a reduced initial transi-
ent period, lower initial propane selectivity, and longer catalyst

lifetime. The crucial role of the Al distribution in MTO reactions
and the exclusion of the substantial role of the total Al content

have been confirmed by the selective dealumination of sam-
ples to provide species with a lower framework Al content but

with preserved Al pairs.[36b]

7. Outlook

As shown in the previous sections, the main limits to employ-

ing the distribution of Al to control acid-catalyzed reactions
over zeolites have been overcome. Methods to tune the Al dis-

tribution in the zeolite framework and methods to analyze the
Al distribution in prepared catalysts have been successfully de-

veloped. Nevertheless, many challenges in this field remain.

Figure 19. Effect of the Al distribution on the cracking of 1-butene over
ZSM-5 with Si/Al = 15 and 84 % (&) and 40 % (&) of single Al. T = 500 8C, time
on stream: 20 min; gas hourly space velocity: 15 h@1.

Figure 20. The effect of a) Al pairs and b) single Al atoms on the formation of H-bonded C3H6 and c) on the reaction rate for C3H6 oligomerization to C4–C9

olefins.

ChemSusChem 2019, 12, 556 – 576 www.chemsuschem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim573

Reviews

http://www.chemsuschem.org


The effect of the Al distribution has, to date, only been stud-
ied for a few types of reactions—cracking and oligomerization

of alkenes and MTO reactions—and only for ZSM-5, SSZ-13,
and SSZ-39. Thus, there is plenty of room from the points of

view of reactions and topologies of zeolite matrices, including
industrially widely applied matrices such as beta zeolites, mor-

denites, ferrierites, and MCM-22.
We can say that the management of the Al distribution has

been fully mastered only for the ZSM-5 zeolite. Some partial

success has been achieved for beta zeolites and small-pore
zeolites such as SSZ-13 and SSZ-39. For ferrierites and MCM-22

zeolites, it has only been demonstrated that the Al distribution
in these matrices can be tuned. Thus, there is a broad un-

touched area for the development of new catalysts with a
tuned Al distribution. Note that there is a set of methods that
enable tuning the Al distribution. Nevertheless, their applicabil-

ity for the synthesis of individual matrices has to be elucidated,
as does the effect of the combination of several approaches.

As shown for the cracking of 1-butene and MTO reactions,
the Al distribution can significantly affect the selectivity of the
reaction towards large molecules and coke deposits. This
opens the possibility to design highly stable catalysts by

tuning the Al distribution. The effect of the Al distribution on

the formation of Al Lewis sites, which often favor the forma-
tion of carbon deposits, also cannot be omitted in this field.

Preliminary results indicate that the Al distribution in a zeo-
lite can significantly affect the stability of the Al atoms in the

framework. Perturbation of the framework during zeolite treat-
ment can result in the formation of framework Al Lewis sites

and in the leaching of Al atoms from the framework, which re-

sults in the creation of extra-framework Al Lewis sites. On the
one hand, this suggests the possibility to control the nature of

the acid sites by tuning the Al distribution. On the other hand,
this effect can be employed to tune the Al distribution in the

framework if attempts to tune the Al distribution by synthesis
do not provide appropriate results. Notably, successful accom-

plishment of the above tasks will also benefit the area of redox

catalysis over metallozeolites.

8. Summary

Various arrangements of framework Al atoms in Si-rich zeolites

are possible. The following Al species are significant because
of the effect of the arrangement of Al atoms on the properties
of acid catalysts: First, Al atoms in such an arrangement that

their related acid sites can be regarded as isolated without the
possibility to cooperate in the reaction. Single Al atoms (not

able to accommodate divalent cationic complexes in hydrated
zeolites) and AlSiAl sequences separated by zeolite walls

belong to this class. Second, Al atoms close enough that their

acid sites can cooperate. Al pairs of AlSi2,3Al sequences located
in one ring and accommodating bare divalent cations in dehy-

drated zeolites and close unpaired Al atoms that are able to
accommodate only divalent cationic complexes in hydrated

zeolites belong to this group, as well as AlSiAl sequences
facing the same channel or cavity.

Several experimental approaches have been developed to
analyze the Al distribution in zeolite frameworks. The most ef-

fective way to analyze the Al distribution involves the combi-
nation of 29Si MAS NMR spectroscopy with FTIR and Vis spec-

troscopy of Co2 + cations as probes in hydrated and dehydrat-
ed zeolites. 29Si MAS NMR spectroscopy can be employed to

evidence AlSiAl sequences, whereas Co2 + cations enable the
monitoring of single Al atoms, close unpaired Al atoms, and Al
pairs. Theoretical methods based on the application of a statis-

tical approach or on the prediction of the stabilization energy
of Al atoms in individual arrangements cannot be employed to

predict the Al organization in zeolite frameworks.
AlSiAl sequences have been reported only for a few types of

Si-rich zeolites (ZSM-5, beta, SSZ-13) with higher framework Al
contents (Si/Al<10). Close unpaired Al atoms are known only

for SSZ-13 and beta zeolites with Si/Al<18. Conversely, both
single Al atoms and Al pairs can be found in various topolo-
gies, independent of the framework Al content.

The distribution of Al atoms between the individual Al spe-
cies is, in general, not random or controlled by simple rules or

the framework Al content but depends on the conditions used
for zeolite synthesis. Al pairs can prevail in zeolites with low

framework Al contents, whereas single Al atoms can predomi-

nate in Al-rich samples of the same topology. Thus, matrices of
the same topology and framework Al content can dramatically

differ in the concentrations of the individual Al species, as it
was reported for ZSM-5, mordenite, ferrierite, beta zeolite,

MCM-22, and SSZ-13. The distribution of Al atoms in the zeo-
lite product is affected by several parameters during the syn-

thesis. Polarization of the template, the presence of inorganic

co-cations, Al organization in the synthesis mixture obtained
by controlling the Si source, and the order of mixing the indi-

vidual components of the gel have all been reported to affect
the Al distribution. This enables the synthesis of zeolites with a

(semi)monomodal Al distribution (with one type of Al species
significantly prevailing), as it was demonstrated for ZSM-5,

SSZ-13, and beta zeolites. Methods for tuning the Al distribu-

tion are well developed for the ZSM-5 zeolite, which can be
prepared with any distribution of single Al and Al pairs over a

broad range of framework Al contents (Si/Al = 13–60). Methods
for substantial tuning the Al distribution have also been re-

ported for beta zeolite and SSZ-13.
The crucial effect of the Al distribution on catalytic per-

formance has mainly been reported for zeolites containing

transition-metal cations applied as catalysts in redox reactions.
Nevertheless, it has unambiguously been shown that the Al

distribution can also markedly affect the activity and selectivity
of zeolite catalysts in acid-catalyzed reactions. Besides the

direct effect of the (non)cooperation of two acidic centers in
the reaction, the Al distribution can also affect the nature of

the active sites. The effect of the Al distribution on the forma-

tion of framework and extra-framework Al Lewis sites has been
reported for some zeolites.

Methods for both the analysis of the Al distribution in the
zeolite framework and for its control by governing the condi-

tions of the synthesis have successfully been developed for
some industrially relevant zeolite matrices. Thus, tuning the Al
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distribution in the zeolite framework can be employed to opti-
mize the properties of the zeolite catalysts towards the re-

quirements of individual reactions. The significant effect of the
Al distribution on catalyst activity and selectivity has clearly

been demonstrated for the oligomerization of propylene, the
cracking of butane, and methanol-to-olefins reactions. Because

individual Al species are in some amount present in the zeo-
lite, tuning the Al distribution cannot represent a really dra-

matic breakthrough in zeolite activity. Nevertheless, an increase

in the activity/selectivity ranging from many tens of percent
up to one magnitude should make it easier to reach the cata-

lyst/process parameters that are required for industrial applica-
tions. A significant advantage connected with optimization of

zeolite properties for the development of new highly active,
selective, and stable catalysts and catalytic processes by tuning
the Al distribution is that neither the synthesis of zeolites with

a tuned Al distribution nor the technology of the catalytic pro-
cess itself require substantial changes compared to the stan-

dard catalyst synthesis and technology.
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[42] a) J. Dědeček, B. Wichterlova, J. Phys. Chem. B 1999, 103, 1462 – 1476;
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54, 541 – 545; Angew. Chem. 2015, 127, 551 – 555.

[55] L. Kobera, J. Dedecek, V. Pashkova, P. Klein, E. Tabor, M. Urbanova, J.
Brus, H. M. Thomas, A. V. Fishchuk, S. Sklenak, unpublished results.

[56] M. Sierka, U. Eichler, J. Datka, J. Sauer, J. Phys. Chem. B 1998, 102, 6397 –
6404; Corrigendum: M. Sierka, U. Eichler, J. Datka, J. Sauer, J. Phys.
Chem. B 1998, 102, 10468.
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