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Research activities and recent developments in the area of three-dimensional zeolites and their

two-dimensional analogues are reviewed. Zeolites are the most important industrial heterogeneous

catalysts with numerous applications. However, they suffer from limited pore sizes not allowing
penetration of sterically demanding molecules to their channel systems and to active sites. We briefly

highlight here the synthesis, properties and catalytic potential of three-dimensional zeolites followed by
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a discussion of hierarchical zeolites combining micro- and mesoporosity. The final part is devoted to
two-dimensional analogues developed recently. Novel bottom-up and top-down synthetic approaches

for two-dimensional zeolites, their properties, and catalytic performances are thoroughly discussed in

rsc.li/chem-soc-rev this review.
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1. Introduction

Zeolites are widely used in petroleum and chemical industries
due to their exceptional catalytic and selective adsorption
properties in combination with thermal and chemical stability
as well as environmental friendliness. At present, the dominant
role of zeolites (as catalysts) is in crude oil upgrading. Most
petrochemical processes employ zeolites, in particular for shape-
selective reactions. Recently, a number of exciting examples of
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Fig. 1 Main strategies applied for tailoring the zeolite properties. TEM pictures adapted with permission from ref. 12-14.

highly active zeolites have been shown in selective synthesis of
fine chemicals and environmental protection.'™

The name zeolite, coined in 1756 and meaning ‘boiling stone’,
refers to a diverse but uniform class of natural and synthetic
crystalline aluminosilicates and related compositions with frame-
work structures containing well-defined micropores, which are
able to adsorb and discriminate molecules based on their size
and shape. Zeolites crystallize under hydrothermal conditions
from suitable synthesis mixtures. There is a continuous effort in
numerous academic and industrial laboratories to discover new
framework structures for particular processes and to gain a better
fundamental understanding of synthetic mechanisms.
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Despite a significant effort in the synthesis of zeolites, there
are still limitations in increasing their pore sizes. While some
zeolites have entrance windows consisting of up to 30 T-atoms
(silicon or other atoms with tetraheral coordination in the
framework),” the largest industrially relevant windows are
formed by 12 T-atoms in the case of zeolite FAU. This strongly
limits possibilities of using zeolites for transformation of larger
(bulkier) substrates. As a result, several important approaches
have been recently developed to overcome this limitation. All
of them target at an increased accessibility of active sites in
zeolites but in different ways. In the case of nanozeolites, size
limitation of zeolite crystals to dozens of nanometers increases
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the external surface of zeolite crystals and decreases diffusion
paths inside the crystals. In contrast, hierarchical zeolites
consist of both micropores and mesopores facilitating diffusion
of reactants and products.>” Both bottom-up and top-down
approaches have been described providing hierarchical zeolites
with improved catalytic properties. While traditional zeolites
have been conceptualized as 3D networks, a recent breakthrough
revealed their formation as crystalline layered solids,*" which
can lead e.g. to creation of expanded architectures. Fig. 1 sum-
marizes the major advances achieved in tailoring the properties
of zeolites.

The aim of this review is to discuss the relationship among
synthesis - properties - catalytic performance of three-
dimensional (3D) zeolites including nanozeolites and hierarchical
ones in comparison to the variety of forms with two-dimensional
(2D) structures (Fig. 1). Similarities and differences in chemical
and textural properties of different zeolites are highlighted based
on different examples of catalytic performance including cracking
reactions, biomass transformations, shape selective aromatic
chemistry and fine chemical synthesis.

2. Classical three-dimensional zeolites

2.1. Synthesis

Although the first known zeolites were naturally occurring
minerals, those having currently the most relevant applications
are synthetic zeolites, which have been discovered and developed
in laboratory research.'® Synthetic zeolites are typically obtained
by crystallization of gels containing water, silica and alumina
sources (other metals) under hydrothermal conditions at
basic pH, temperatures in the range 60-200 °C and autogenous
pressure. The synthesis gel usually contains also basic agents
and alkali cations, as well as organic compounds that may act
as structure-directing agents."®

The Si/Al ratio is a key parameter of the synthesis as it may
determine the type of zeolite structure being formed, its crystal-
linity, as well as the kinetics of the crystallization process. In
general, the Si/Al ratio of the zeolite is lower than that of the gel.
A variety of silica and alumina sources can be employed including
polymeric and monomeric reagents."”

Due to the low solubility of silica and alumina in water,
mineralization agents, like NaOH or KOH, must be added to
the gel in order to solubilize the precursors and promote the
formation of Si-O-Si and Si-O-Al bonds through condensation
reactions. The alkali concentration is also a key parameter of
the synthesis that must be conveniently balanced. Similarly,
severe crystallization conditions, such as high temperature and
long time, favour the formation of more thermodynamically
stable phases.

Stirring also has a strong influence on zeolite crystallization.
It may be accomplished in different ways, such as using
mechanical agitators placed internally or by rotating the crystal-
lization vessel. Many zeolite syntheses carried out in the laboratory
proceed under static conditions, which may lead to a non-
uniform composition of the gel and contamination. In general,
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stirring causes the crystallization to take place with a more
favourable kinetics, leading to the formation of smaller crystals
with a narrower size distribution."”

The crystallization mechanism of zeolites is usually described
by a classical combination of nucleation and crystal growth
steps.'®'® An amorphous solid phase (hydrogel) is often formed
at the beginning of the crystallization. In the solution-mediated
mechanism, both nucleation and crystal growth are assumed to
proceed just with the participation of soluble species, whereas
any amorphous solid phase, that could be present, acts as a
reservoir of nutrients. In contrast, in the hydrogel-mediated
mechanism the zeolite crystallization is considered to occur
by the reorganization of the amorphous solid phase formed
during the early stages of the hydrothermal treatment. An
intermediate scheme, which tries to reconcile the previous ones,
proposes nucleation to occur within the hydrogel, whereas the
crystal growth would take place by incorporation of soluble
species. Taking into account the great diversity of gel composi-
tions, synthesis conditions and zeolite structures, it is a majority
opinion that a general zeolite crystallization mechanism does
not exist.

Incorporation of organic compounds into the synthesis gel
has been instrumental in the discovery of new zeolite structures
(mainly with high silica compositions) over the past few
decades revealing their role as structure-directing agents.>"'”
They influence the crystallization process via modification of
the gel chemistry, as pore filling agents or templates. In the last
case, a very high specificity exists between the organic template
and the zeolite structure. This is, for instance, the case of tetra-
propylammonium cation and the MFI zeolitic structure due to
the almost perfect fitting of the organic molecule and the
zeolite microporosity.'®

Seeding has been widely applied in zeolite synthesis to
accelerate the crystallization process as it provides an external
source of nuclei, thus reducing the induction period associated
with the nucleation step. Seeding is also effective for the
organotemplate-free synthesis of zeolites, which has important
advantages in terms of reagent cost reduction and avoiding the
zeolite calcination treatment for removal of organics.>*"

The presence of water is necessary for zeolite crystallization
as it makes possible the solubilisation of the Si and Al pre-
cursors and is deeply involved in the gel chemistry. However,
an excess of water may have also undesired effects, such as a
decrease in the zeolite yield and generation of aqueous waste
streams. Accordingly, a number of methods have been developed
to minimize the water content during the zeolite crystallization.
These are dry-gel conversion, vapour-phase transport and steam-
assisted synthesis.>* Zeolite synthesis has also been conducted
by hydrothermal treatment of wetness-impregnated xerogels.**>*
These non-classical approaches have been reviewed together
with contributions related to green routes for the synthesis of
zeolites in a recent work.”

An alternative to hydroxide based syntheses is the use of
fluoride-containing media. It allows the crystallization of zeolites
at neutral or even slightly acidic pH.>*">® Under these conditions,
fluoride anions replace hydroxide anions as mineralizers and the
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solubility of silica increases significantly due to the formation
of hexafluorosilicate species. Typically, zeolite synthesis in
fluoride media leads to large crystals with a lower concentration
of defects and highly hydrophobic properties.

Microwave heating has been employed for zeolite synthesis,
dramatically reducing synthesis times compared to conven-
tional heating.>> Moreover, microwave heating has been very
effective for the preparation of zeolite membranes, enabling
the control of a number of properties of the membrane i.e.
morphology, orientation and permeation characteristics.>
Ultrasound application in zeolite synthesis has also resulted
in shorter crystallization times, as it contributes to a reduction
of the induction period. Moreover, ultrasonication influences
the size and morphology of the crystals and improves the
crystallinity of the zeolite.*’

Recently, the ADOR (assembly-disassembly—organisation—
reassembly) methodology has been developed for the prepara-
tion of novel zeolite structures that could not be obtained by
conventional hydrothermal synthesis.>® This approach is dis-
cussed in Section 5.3.

2.2. Zeolite structures and properties

According to the classical definition, zeolites are crystalline
microporous aluminosilicates with the general formula M,,,,0-
Al,05-YSi0,, where “n” represents the valence of the cation M.
The structure of the zeolites is formed by a 3D arrangement of
TO, tetrahedra (T corresponds to Si and Al atoms), connected
by oxygen bridges, which generates an open framework with
pores and cavities accessible to molecules having kinetic diameter
small enough to penetrate into the zeolite channels.

Taking into account all the possible arrangements of the
TO, units, a great number of zeolitic structures could be gene-
rated.>”> However, in practice, just a relatively small number of
structures have been synthesised. Nevertheless, the number of
known zeolites is increasing continuously and by April 2018, the
International Zeolite Association (http://www.iza-online.org/) has
recognized 235 known structures, represented by three-letter
framework codes.

The pore sizes existing within zeolite structures are mostly
below 1 nm, so they are clearly within the micropore range
(<2 nm). The size of these channels is directly related to the
number of T atoms present in the pore rings. They are usually
classified as small-pore zeolites (8-rings), medium-pore zeolites
(10-rings), large-pore zeolites (12-rings) and extra-large pore
zeolites (>12-rings). Accordingly, the pore size is typically
specified by its minimum and maximum dimensions. In the case
of zeolites with multidimensional pore systems, the occurrence of
intersections between the channels has a very positive effect on
their catalytic behaviour as this attenuates significantly their
deactivation by pore blockage when coke is deposited.

Classical aluminosilicate zeolites are known by their acidic
and cation-exchange properties, which derive from the extra
negative charge of the framework associated with the Al tetra-
hedra that needs to be balanced by external counter-cations.
The counter-cations can be exchanged by contacting the zeolite
with a solution of another cation until reaching the equilibrium
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between the zeolite and the liquid phase. Typically, zeolites
are synthesized in sodium or potassium form (related to the
mineralisation agent) that can be transformed into the protonic
form by ion-exchange with ammonium salts followed by calci-
nation to remove ammonia. Acidic zeolites, prepared in this
way, are used in a wide variety of acid-catalysed reactions.**"*
In principle, acidity in zeolites arises from the presence of
Brensted acid sites directly linked to Al atoms in tetrahedral
framework positions (see Section 6.1.1); however, zeolites may
also contain significant amounts of Lewis acid sites, formed by
dehydration of the Brensted sites or linked to extra-framework
Al species which can be formed during the synthesis or calci-
nation treatments. The ratio between Brensted/Lewis acid sites
typically decreases for low Si/Al ratios in the framework. Thus,
whereas high silica zeolites exhibit mainly Brensted type acidity,
both Brensted and Lewis acid sites are present in significant
concentrations in zeolites with low Si/Al ratios. It is remarkable
that, compared to amorphous aluminosilicates, the acid sites
in zeolites are stronger and more uniform, which is a direct
consequence of the crystalline nature of zeolites. Various
theoretical methods and experimental techniques have been
developed and applied for the characterization of the zeolite
acid sites®*° (see Section 6.1).

Although quite less developed than the acidic features,
zeolites may also present basic properties.’’*® This is the case
of zeolites ion-exchanged with alkali cations, as well as of
zeolites containing occluded basic metals and metal oxides.
Thus, reactions such as alkylation of toluene with methanol,
cyclo-addition of carbon dioxide to ethylene oxide, isomeriza-
tion of 1-butene, and alkylation of toluene with ethylene occur
e.g. over basic X zeolites.

The size of the zeolite micropores is on the level of molecular
dimensions of small organic molecules. As a result, they exhibit
so-called shape selectivity and molecular sieving effects.**™** A
zeolite may discriminate between molecules having just a small
variation in their size or shape, so the larger molecule cannot
penetrate the zeolite micropores or it diffuses very slowly
through channels while the smaller one can diffuse substan-
tially faster. As a result, great differences have been observed in
the uptake and reactivity of compounds such as xylenes or n- vs.
iso-alkanes. The concept of shape selectivity was introduced in
the 1960s, being initially classified according to three types:
reactant, product and transition state shape selectivity depending
on which of the species the most important steric restriction
is related to.*>*' Subsequently, a number of terms have been
coined closely related to shape selectivity effects, such as mole-
cular traffic control, surface pocket catalysis, and pore-mouth
selectivity.

2.3. Zeolite modification

While traditional zeolites were known as aluminosilicates,
it was realized early on that there is a possibility of preparing
some of the zeolitic structures in pure silica form. Resulting
materials possess almost no acidity or ion-exchange capacity,
but the objective was to use them as supports for other cata-
Iytically active phases or in separation and purification processes

This journal is © The Royal Society of Chemistry 2018
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taking advantage of their high hydrophobicity and molecular
sieving effects.*** However, the number of zeolitic structures,
which have been prepared as pure silica zeolites, is relatively
limited since the presence of Al species in the gel is essential in
many cases for the synthesis of the desired zeolite with high
crystallinity. Thus, for instance, the pure silica form of zeolite
Beta was difficult to synthesize in alkaline media, which was
achieved instead by the fluoride route.**

Increasing the Si/Al ratio has been commonly employed as a
method for enhancing the zeolite stability. For low silica
zeolites this is achieved by post-synthesis treatments that cause
the extraction and removal of Al species. This is the case of the
USY (ultrastable Y) zeolite, prepared usually by steam treatment
to extract a great part of the Al from the structure followed by
washing the extra-framework species with dilute acid.*® USY is
a remarkable catalyst used in the cracking of heavy oil fractions
in the FCC process.*®

A variety of metallosilicates with a zeolite structure have
been prepared through direct synthesis by isomorphous sub-
stitution of the AI>* atoms by other trivalent cations, such as
Sb**, B®', Ga*" and Fe®'. These zeolitic materials contain
Bronsted acid sites with a diversity of strengths, which have a
remarkable effect on their catalytic properties in many reac-
tions. Thus, antimonosilicate, borosilicate, ferrisilicate, and
gallosilicate with a MFI structure have been found to exhibit
much higher para-selectivity for the alkylation of ethylbenzene
with ethanol than the HZSM-5 zeolite, since the weaker acid sites
of the metallosilicates catalyse to a lesser extent the undesired
isomerization of p-diethylbenzene.*” Likewise, zeolites containing
Ga®" in the framework have shown excellent catalytic properties in
alkane aromatization,*® whereas zeolites with Fe** incorporated
into them have exhibited a remarkable catalytic activity for NO,
decomposition.*’

Replacement of Al by tetravalent cations has yielded materials
with Lewis acidity, showing catalytic properties very different
from those exhibited by the corresponding aluminosilicates.
Thus, incorporation of Ti*" into zeolitic frameworks opened the
way for the development of materials, like titanium silicalite 1
(TS-1) zeolite, with redox properties and remarkable catalytic
performance in partial oxidation reactions.>>* Moreover, zeo-
litic catalysts containing Sn, Zr, Hf or Nb atoms in the structure
have shown remarkable properties in a number of biomass
conversion reactions due to the unique Lewis acid character of
the corresponding tetrahedral metal sites, which promotes the
activation and conversion of oxygen-containing molecules.>>
Last but not least, isomorphous incorporation of Ge*" opened
a way towards a number of large and extra-large pore zeolites™
and in addition some of these zeolites can be transformed into
others via the ADOR mechanism (see Section 5.3).

Zeolites have also been employed as supports for a wide
variety of active phases in order to modify and complement
their properties.>*° These active phases include metals,
metal oxides, metal salts and metal complexes, generating
materials with multifunctional properties and applications
in a great variety of reactions in various sectors such as oil
refining, petrochemistry, fine chemicals, waste valorization,

This journal is © The Royal Society of Chemistry 2018
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pollutant removal in gaseous and liquid streams, biofuel
production, etc.

Finally, a huge research effort has been made aiming to
tailor zeolite properties directly related to their porosity and
accessibility of the active sites in order to improve their catalytic
behaviour, mainly in reactions involving bulky substrates that
are controlled by steric and diffusional limitations. Accordingly,
a new type of zeolitic material showing enhanced accessibility
and external/mesopore surface area has been developed, which
includes nano-sized, hierarchical and 2-dimensional zeolites, as
reviewed in the following sections.

3. Nanozeolites

The intrinsic microporosity of zeolites, with uniform pore shapes
and narrow size distributions, provides excellent properties as
molecular sieves and as shape-selective catalysts. However, it is
their main weakness when zeolites need to process bulky com-
pounds that cannot access the internal active sites. This limita-
tion has motivated the worldwide intensive research attempting
to develop zeolitic materials with enhanced accessibility.*°

Decreasing the crystal size to the nanometer scale is an
effective way to enlarge the external surface area and the ratio of
external/internal active sites, with the consequent improvement
of their accessibility to bulky molecules. Besides, the diffusion
path lengths are shortened enhancing the mass transport of
reactants/products. According to these modifications, the cata-
Iytic applications of zeolites can be expanded to those reactions
involving large molecules. Other benefits reported include an
increased lifetime and a higher tolerance to coke than conven-
tional zeolites.®*®'

Among the different crystal sizes obtainable within the
category of nanozeolites, there is a special interest on reaching
values below 100 nm due to the unique properties they pro-
vide.®® Below this size, nanozeolites can be obtained in the
form of stable colloidal suspensions with narrow particle size
distributions, which are excellent precursors for the prepara-
tion of either membranes, films, composites or hierarchical
structures, with potential applications in a variety of fields such
as heterogeneous catalysis, molecular separation, ion exchange,
chemical sensors and medicine."” There are several reviews
presenting the latest advances in the study of synthesis strate-
gies, mechanisms of formation, properties, applications and
types of zeolites prepared as nanocrystals.'>*°®* Traditional
synthesis methods to obtain zeolite nanocrystals use clear
solutions or gels containing zeolite precursors. Clear solutions
are recommended when stable suspensions with smaller and
narrow particle size distribution are desired. The synthesis
conditions must be carefully controlled in order to promote
nucleation over crystal growth. For instance, it is preferable to
work at low synthesis temperatures, since the activation energy
of nucleation is generally lower than that of crystal growth.'>%3%¢
In order to avoid aggregation of zeolite nanocrystals, large
concentrations of organic structure-directing agents (OSDA) are
employed, whereas the alkali cation content is reduced as such

Chem. Soc. Rev., 2018, 47, 8263-8306 | 8267
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cations neutralize the negatively charged (alumino)silicate sub-
colloidal particles. Moreover, if the objective is to attain a colloidal
suspension of nanocrystals, the as-synthesized suspension must
be subjected several times to the sequence of high-speed
centrifugation-redispersion in a liquid (using an ultrasonic device).

It can be inferred that traditional synthesis strategies of
nanozeolites present serious difficulties to reach the industrial
viability due to the large amounts of OSDA employed, together
with the long synthesis times and low mass zeolite yields.
Likewise, removal of the organic templates from as-synthesized
nanozeolites is done by calcination at relatively high tempera-
tures, which may cause aggregation of nanocrystals with some
loss of size homogeneity and external surface area, or even
destruction of the zeolite structure.®® For these reasons,
template-free strategies have been explored. The generation of
small and homogeneous nanocrystals is more successful under
mild synthesis conditions, vigorous stirring, and crystallizations
in several steps. One of the first zeolites successfully prepared in
the absence of an organic template was FAU-type, in particular
Y and X zeolites.®”~*° Control of both the amount of water in the
initial gel and temperature of crystallization, carried out in 2 or
3 stages, allowed obtaining individual particles as small as
30 nm.%”"*® Quite recently, the low-cost synthesis of NaX nano-
zeolites by the hydrothermal method without organic template
addition and using agricultural wastes, in particular stem seep
ash (SSA), as silica source has been reported.”””" Aggregates of
nanoparticles with a mean size below 70 nm were attained from
a clear solution hydrothermally treated at 60 °C and containing
sodium aluminate, sodium hydroxide, water and silica extracted
from SSA. Rice husk ash (RHA) has been also used as a low-cost
source of silica by Ng et al.”* to synthesize EMT-type nanocrystals
by an organic-free hydrothermal route. Highly crystalline EMT-
type nanocrystals with a mean size of 15 nm, narrow particle size
distributions and relatively high yields based on silica (75 wt%)
were obtained after 28 h of hydrothermal crystallization at 28 °C
under strongly basic conditions.

The use of organic structure-directing agents can also be
avoided by seeding the initial synthesis gel with small amounts
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of zeolite seeds, as is the case reported for Mordenite,”® Beta”*
and ZSM-5 zeolites.”>”® Together with the synthesis conditions,
the amount of seeds introduced influences the final crystallite
sizes. For instance, when the seeding was applied to prepare
nanosized ZSM-5, it was observed that lower synthesis tem-
peratures and higher seed concentrations led to smaller nano-
particles, with values ranging from 140 and 230 nm depending
on the conditions.”® Moreover, the solid yields were signifi-
cantly higher (80%) than the typical values corresponding to
the traditional synthesis routes. More examples regarding the
use of seeds on the preparation of nanozeolites can be found in
the review literature.®"

Many other approaches have been proposed for the prepara-
tion of nanosized zeolites in the absence of organic templates.®®%*
Some of them are modifications of the traditional synthesis
procedures, such as replacing conventional heating with
microwave-irradiation,?*”””® fluid microreactors’®*® or inert
solid matrixes as templates (confined-space synthesis).®' %
Top-down strategies have also been reported, as is the case of
milling the primary zeolites with micro-meter sizes, usually
followed by recrystallization.®*~%¢ Nevertheless, top-down routes
are characterized by broader particle size distributions.

After appropriate post-synthesis treatments (intensive washing
and pH neutralization), nanosized zeolites are usually very
stable in different solvents. This allows their further processing
to final shapes or macroscopic structures depending on their
application (Fig. 2). For sorption and catalytic applications,
nanosized zeolites are usually moulded as extrudates with
different shapes (spheres, cylinders) with the aid of binders
(silica or alumina). For optical devices and chemical sensors,
thin-to-thick layers of nanozeolites can be created by different
routes, including screen-printing, sol-gel techniques, dip- or
spin-coating and direct growth of the substrates. Zeolites are
also usually employed to fabricate membranes for gas-vapour
and liquid-liquid separation processes.®*

At present, there exist around 20 types of zeolites synthe-
sized at the nanoscale (including SOD, LTA, MTW, MEL, FAU,
EMT, MFI, BEA, MOR),* but it is presumable that this number

1D assembly

Self assemb!ed bodies

Membranes

Fig. 2 Zeolite nanocrystals with diverse morphologies and sizes in colloidal suspensions and examples of processed forms as self-supported shapes,
porous membranes, and optical quality films. Reproduced from ref. 64 S. Mintova, J. Grand and V. Valtchev, C. R. Chim., 2016, 19, 183-191. Copyright (c) 2016,

published by Elsevier Masson SAS. All rights reserved.
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will increase progressively. The challenge is to develop efficient
strategies to stabilize the nanocrystals into small (<100 nm),
discrete and homogeneous particles as well as to improve the
control of their physico-chemical properties. The success on
these targets will allow their expansion into new applications in
different industrial fields, including food, cosmetics, medicine
and nanotechnology.

4. Hierarchical zeolites

The term “hierarchical zeolite” was first applied at the beginning
of the XXI century to zeolitic materials possessing a bimodal
pore size distribution,?” " consisting of zeolitic micropores and
a secondary porosity (usually in the range of mesopores). This
mesoporosity can be generated by a variety of top-down or
bottom-up synthesis strategies.”> Some authors also call these
materials as “mesoporous zeolite”,”>°" which can be somewhat
misleading as it may suggest the presence of only mesopores,
while in reality they still contain a great proportion of micro-
pores. Accordingly, the term “hierarchical zeolites” seems to be
more convenient.

Hierarchical zeolites exhibit enhanced accessibility of the
active sites, faster mass transport of molecules and they are
usually more resistant against coke deactivation. Therefore, they
often show a higher catalytic activity than conventional zeolites,
in particular in those reactions suffering from steric and/or
diffusional limitations. Moreover, the secondary porosity pro-
vides an ideal space for the incorporation and grafting of other
components and phases, opening a great diversity of routes for
the preparation of multifunctional materials.

In the past 15 years, a large number of original papers have
been published on the synthesis, properties and catalytic appli-
cations of hierarchical zeolites, which are now briefly reviewed.
It must be noted that several review articles have also been
published on this emerging and relevant topic.®%>7%%

4.1. Synthesis strategies for the preparation of hierarchical
zeolites

The methods reported for the preparation of hierarchical
zeolites were classified as bottom-up and top-down approaches,
depending on whether the creation of the secondary porosity is
induced during or after the zeolite crystallization.> However,
this classification is rather simplistic taking into account the
great diversity of synthesis strategies that have been developed
in the past few years, such as dealumination, desilication
and degermanation treatments, fluoride etching, zeolitization
of preformed solids, assembly of zeolite nanocrystals, hard-
templating by carbon materials, use of organosilanes, templating
by polymers and addition of surfactants to the synthesis gel.
Those routes that have been more widely applied in the literature
are briefly commented below.

Dealumination is a classical treatment of low silica zeolites
that very often provokes the development of mesoporosity,
being carried out by steaming at elevated temperatures and
acid leaching.”® This treatment has been traditionally applied
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to zeolite Y to remove a part of the aluminium in the zeolite
framework, thus increasing its hydrothermal stability aimed
to improve its performance when used as a catalyst in fluid
catalytic cracking (FCC), which has also been noted to create
some mesoporosity.

Degermanation is a method based on the liability of Ge-O
bonds, which are usually located anisotropically in the frame-
work of some microporous germanosilicates." ™% This method
is discussed in more detail in Section 5.3 dedicated to the ADOR
mechanism.?!

Desilication is based on the treatment of zeolites with a base
(usually sodium hydroxide), which causes creation of mesopores
due to preferential removal of silica from the framework.'*® The
alkali treatment can also be performed using organic bases
(e.g. tetrapropylammonium hydroxide and tetrabutylammonium
hydroxide) allowing mesopore volume to be optimized,'®* since
these organic cations act as pore growth moderators. Desilica-
tion is a quite versatile method as it has been successfully
applied to a large number of zeolite structures,'®® although a
significant destruction/dissolution of the zeolite structure can
happen.

Fluoride etching is somewhat similar to desilication; how-
ever, it is not selective to silicon or aluminium (or any other
element). It starts from the boundaries of intergrown crystals
or crystal domains, thus separating twins into single crystal
parts.'®®'%” Under certain conditions, the formation of uniform
rectangular mesopores was observed yielding a material with
an Emmental cheese-like morphology, but being fully crystal-
line and with the same acidic properties as the parent one.'%®

Hard-templating by carbon materials is another route widely
employed for the synthesis of hierarchical zeolites. In this
approach, the zeolite crystallizes around and/or within particles
of a carbon matrix, which is removed by combustion after the
formation of the zeolite crystals. Thus, mesopores are generated
between or inside the zeolitic entities. A diversity of carbon
sources have been employed, including active carbons (both
micro- and mesoporous), colloid imprinted carbons, carbon
nanoparticles, multi-walled carbon nanotubes (MWNT), carbon
aerogels and ordered mesoporous carbons (CMK-3)."%°'" In
the case of carbon nanoparticles, a substantial effect of micro-
wave regime has been documented.'"®

Hierarchical zeolites have also been prepared starting from
pre-formed solids, which are then subjected to crystallization
into zeolites, preserving their initial shape and meso-/macro-
porosity. The crystallization is performed by the Vapour Phase
Transport (VPT) method, in which a mixture of water and
structure directing agents is vaporized and brought into contact
with the dry gel. Alternatively, Steam-Assisted Conversion
(SAC) can be applied for promoting the zeolitization process.
In the SAC route only water is vaporized and the structure
directing agents (non-volatile compounds) are already included
in the solid gel. These approaches have been used for the pre-
paration of hierarchical zeolites from different types of solid
precursors, such as dry gels,'"” silica-based nanoparticles,"*®
mesostructured solids,""® or macroscopic hierarchical amor-
phous solids.*?%*
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Different types of polymers (cationic, amphiphilic and block
polymers) have been added to the zeolite synthesis gel to act as
porogens of the secondary porosity. Thus, mesoscale poly-
diallyldimethylammonium chloride has been used for the pre-
paration of hierarchical Beta zeolites,'** whereas polystyrene
spheres have been employed for obtaining hierarchical zeolites
with a microporous/macroporous pore structure.'?® Likewise,
ZSM-5 single crystals with b-axis-aligned mesopores have been
prepared using a designed cationic amphiphilic copolymer as a
mesoscale template.’** In the same way, hierarchical zeolite Y
has been directly synthesized using a block copolymer (Pluronic
F127) as the template, which guides the aluminosilicate gel to
assemble into a zeolite with significant mesoporosity.'*®

Organosilane-based methods have also been reported as
very effective strategies to develop mesoporosity in zeolites.'>®
They are based on the addition of different types of organo-
silanes (simple organosilanes, silylated polymers or amphiphilic
organosilanes) to the zeolite synthesis gel in order to perturb the
crystallization process, causing the generation of secondary
porosity.”*** Their effect is noticeable even when incorporating
relatively small amounts of the organosilane. Amphiphilic organo-
silanes become linked to the aluminosilicate species in the gel,
promoting their arrangement around the formed amphiphile
micelles. In the case of using simple organosilanes or silylated
polymers, these reagents are anchored on the external surface of
protozeolitic nano-units, partially hindering their aggregation
and, therefore, the growth of standard zeolite crystals (Fig. 3).
In all cases, the removal of the organosilane generates the
mesoporosity finally present in the hierarchical zeolite.

Hierarchical zeolites have also been prepared by surfactant-
assisted crystal rearrangement of the zeolite framework."3*™*3”
Thus, dealuminated zeolite Y was treated with an NH,OH/
surfactant (cetyltrimethylammonium bromide) solution, followed
by heating at 150 °C under autogenous pressure.* This treat-
ment augmented the mesoporosity initially present in the sample,
leading to a material showing a quite uniform mesopore size
distribution. The authors proposed that a local rearrangement
of the zeolite structure takes place around the micelles of the
surfactant, which provokes the transformation of the initial
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mesoporosity into a more uniform one, so the final materials
exhibit mesostructured features. Fig. 4 illustrates digital analyses
of TEM micrographs of hierarchical USY samples obtained by
this approach, as well as of the parent zeolite.

Other methods for the preparation of hierarchical zeolites have
been envisaged by combining several of the above mentioned
strategies in order to achieve a better control of the properties
of the final zeolite, and in particular of its mesoporosity. In this
way, the sequential combination of desilication/dealumination
treatments has been explored for the synthesis of a number of
zeolites, such as ferrierite, clinoptilolite and L zeolites.'**"*°
The main challenge in the post-synthetic modification of these
zeolites is their high Al content, requiring a tailored deal-
umination prior to the desilication step. On the other hand, a
combination of seed silanization and surfactant-assisted crystal
rearrangement strategies has been very effective for obtaining
zeolites TS-1, MFI and *BEA with quite uniform mesopore size
distribution.*'"'*?

4.2. Properties of hierarchical zeolites

The presence of bimodal porosity in hierarchical zeolites causes
sharp changes in many physicochemical properties of these
materials compared to conventional zeolites. Thus, hierarchical
zeolites typically exhibit enhanced accessibility, improved
textural properties, faster intraparticle transport properties,
changes in the acidity and better resistance against deactivation
by coke formation compared with their conventional counter-
parts. In addition, as has been indicated earlier, hierarchical
zeolites can be transformed into multifunctional materials by
incorporation and/or grafting of other components taking advan-
tage of their large share of mesopore volume and surface.

4.2.1. Accessibility and textural properties. While for
conventional zeolites the textural properties are mainly deter-
mined by the zeolitic micropores, in hierarchical zeolites
both micro- and mesopores contribute significantly to the
BET area and pore volume. Thus, depending on the preparation
method and type of zeolite, mesopores may account for up to
50% of the overall BET area."** This fact enables a high accessi-
bility as the mesopore surface may interact and adsorb bulky

Fig. 3 TEM images of hierarchical ZSM-5 prepared using organosilanes in the synthesis ge
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USY (Si/AI=15)

Fig. 4 TEM micrographs and digitally treated TEM micrographs of the
parent USY zeolite (left) and ex situ surfactant-templated USY zeolites
treated at 373 K for 30 min (center) and 60 min (right). Reprinted with
permission from ref. 138.

compounds that, on the contrary, cannot penetrate into the
zeolitic micropores.

The mesopores occurring in hierarchical zeolites, as well as
their connectivity with the zeolitic micropores, have been
visualized using transmission electron microscopy,’®'*>'%¢ as
well as by other techniques, such as hyperpolarized '**Xe-NMR,*”
positron annihilation'*® and electron tomography.'*® A variety of
2D and 3D microscopic techniques have been demonstrated to
probe the pore structure of hierarchical zeolites.”® Thus, zeolite
single crystals with intracrystalline mesopores incorporating
metal oxide particles have been characterised by direct TEM
stereo-imaging,'*> whereas polarized-light microscopy has been
used to unravel the pore geometry of ZSM-5 crystals containing
mesopores.™*® Likewise, one- and two-dimensional '*Xe-NMR
spectroscopy has been employed to study the porosity of hier-
archical zeolites under the continuous flow of laser-hyperpolarized
xenon gas, demonstrating that these hierarchical pores have
connected networks that facilitate xenon diffusion and exchange.'"”
On the other hand, the porosity of hierarchical zeolites has also
been characterized by high-contrast electron tomography, the
samples being supported with platinum.*° The resultant tomo-
grams showed disordered and interconnected networks of
Pt nanowires and nanosheets, which corresponded to the shape
of the surfactant-directed mesopores. It was proposed that
the micropores and mesopores could be connected through
apertures, in which the neck of the surfactant molecule had
been located.

Hierarchical zeolites usually present enhanced BET areas in
comparison with conventional ones. This fact is a result of the
lower restrictions that exist for the adsorption of gases over the
mesopore surface, as it occurs also on the external surface of
zeolite nanocrystals.'*® Accordingly, a general trend is observed
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for hierarchical zeolites, showing an increase in the BET area
due to the contribution of the secondary mesoporosity. In the
case of hierarchical ZSM-5 zeolites, values of the BET area of up
to 800 m* g~ ! have been reported for samples prepared using
organosilanes, which represents almost twice that of a conven-
tional zeolite sample."”' Regarding the assessment of the pore
size distribution, the application of NLDFT models has made
calculation of the individual contribution of the micro- and the
mesoporosity to the overall zeolite textural properties possible,
also providing a continuous pore size distribution curve extending
from micro- to mesopores.”" Fig. 5 shows the cumulative pore
volume and pore size distribution curves obtained applying the
NLDFT model to Ar adsorption isotherms (87 K) of a hierarchical
Beta zeolite before and after being subjected to (above mentioned)
mesopore narrowing treatment with a surfactant/ammonia
solution.

4.2.2. Mass transport properties. The presence of meso-
pores in hierarchical zeolites leads to a faster diffusion of the
reactants towards the active sites, which results in enhanced
reaction rates for systems under diffusion control. Likewise,
products formed within the zeolite micropores diffuse out more
rapidly, limiting secondary reactions and bringing improved
selectivity. When using conventional zeolites, the intracrystal-
line mass transport is strongly hindered due to the similarity
between the kinetic diameters of reactants/products and the
zeolite micropore diameter (configurational diffusion). In hier-
archical zeolites, the major kinetic effect derived from the
secondary porosity is the shortening of the effective length
of the diffusional pathway what leads to an increase in the
overall diffusion rate. Thus, the existence of an interconnected
network of mesopores and micropores has been proposed to
favour also the intracrystalline mass transport in hierarchical
zeolites.'**

Different literature studies investigated experimentally the
expected enhancement of the mass transport rates in hier-
archical zeolites. Two-order of magnitude improvement in the
diffusion rate of neopentane within desilicated ZSM-5 has been
observed, due to both shorter diffusion path length and the
presence of an accessible network of mesopores.'>* Similarly,
water diffusion is favoured in Na* zeolites in which, in addition
to the micropores, the crystals are traversed by a network of
mesopores.'>* For instance, for zeolite *BEA, an increase in
water diffusion rate by a factor of 3 was observed. The effect of
mesopores on the adsorption and diffusion properties of MFI
zeolites was studied for n-heptane and toluene using the zero
length column (ZLC) method."*® The effective diffusion coeffi-
cients of these hydrocarbons increased greatly in the presence of
mesopores, while the corresponding activation energy decreased.
Expectably (having in mind size and shape of the two molecules),
a higher enhancement was observed for toluene relative to that
for n-heptane.

The increase in the mass transport rate is preserved even
when the hierarchical zeolites are shaped into technical forms
using binders. The influence of shaping on the adsorption and
diffusion properties of hierarchical ZSM-5 has been assessed
by studying gravimetric uptake of 2,2-dimethylbutane over
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Fig. 5 Cumulative pore volume curves (upper graph) and pore size
distribution curves (lower graph) of the h-Beta and h-Beta (mnt) samples
obtained using the NLDFT method to analyse Ar adsorption—desorption
isotherms measured at 87 K. Reprinted with permission from ref. 143.

powders and millimeter-sized bodies.” Improved intracrystalline
diffusivity (due to the presence of interconnected mesopores)
was observed in powder as well as in the macroscopic bodies,
independently of the shaping method or binder applied.

4.2.3. Acidity. Despite the fact that many of the reactions,
in which zeolites are used as catalysts, occur over acid sites,
the effect that the secondary porosity has on the zeolite acidity
has been relatively less investigated than other factors in the
literature; in some cases with contradictory conclusions, in
particular about the strength and nature of the acid sites located
on the mesopore surface.

For hierarchical zeolites prepared by desilication, it has
been concluded that the acid strength of the Brgnsted sites of
zeolites does not change significantly after the generation of
mesopores.'”® For mesoporous ZSM-5 prepared using amphiphi-
lic organosilane, a lower concentration of Brensted acid sites
compared to conventional ZSM-5 was assessed by infrared-mass
spectroscopy/temperature-programmed desorption (IRMS-TPD) of
ammonia."””” Characterization by FTIR/pyridine of hierarchical
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ZSM-5 zeolites, prepared using organosilanes, has shown that
they contain a higher proportion of Lewis acid sites compared to
conventional samples, which arise probably from the larger
concentration of extra-framework Al species in the former.'**

The formation of Lewis acid sites in hierarchical ZSM-5
samples during a typical air calcination has been investigated,"’
showing that it occurs to a higher extent than for conventional
ZSM-5, due to lower stability of the Al atoms located on the
mesopores. However, when a two-step (nitrogen/air) calcination
treatment was applied, the so obtained hierarchical ZSM-5
preserved most of the Al atoms in tetrahedral coordination
having the acid sites mainly of Brgnsted type. This result noted
the possibility of limiting the formation of extra-framework Al
species, as well as of the associated Lewis acid sites, providing a
convenient calcination treatment.

To describe in detail acid sites in hierarchical ZSM-5 materials,
the so-called “accessibility index” has been determined from the
FTIR spectra obtained after adsorbing substituted alkylpyridines
with different molecular size: pyridine (0.57 nm), 2,6-lutidine
(0.67 nm) and 2,4,6-collidine (0.74 nm)."*® The accessibility index
is defined as the ratio between the number of Brgnsted acid sites
probed by the employed alkylpyridine and the total amount of
Bronsted acid sites determined from pyridine adsorption. While
2,6-lutidine has access to roughly 50% of the ZSM-5 acid sites,
collidine only probes the acid sites present on the external/
mesopore surface.

Accessibility studies of acid sites in hierarchical ZSM-5
zeolites have also been carried out by IR measurements after
adsorption of pivalonitrile, determining the corresponding
accessibility factor (AF) referenced to pyridine.'®" The main
advantage of this probe molecule is that it can interact and,
therefore, assess both Brgnsted and Lewis acid sites. This tech-
nique was applied to desilicated ZSM-5 zeolites, observing that
the accessibility of Lewis acid sites in the desilicated samples is
even more enhanced than that of Brgnsted sites. The authors
proposed that in desilicated zeolites the majority of Lewis sites
originate from dehydroxylation of the Si-OH-Al groups, pre-
viously formed by the reinsertion of Al extracted from zeolite
during alkaline treatment. Accordingly, newly formed Lewis
sites are expected to be located mainly on the mesopore
surfaces, which facilitates the accessibility of bulky molecules
like pivalonitrile.

4.2.4. Retardation of deactivation effects. Hierarchical zeo-
lite catalysts exhibit in many reactions increased lifetime due to
their higher resistance to coke deactivation in comparison with
conventional zeolites. Interestingly, in many cases this is not
caused by a lower formation of coke. The deactivating effect of
the coke deposits is attenuated in hierarchical zeolites thanks
to the connectivity between micro- and mesopores existing
in these materials which lowers the extension of pore block-
age phenomena when coke is deposited. In addition, coke
precursors formed in the micropores can diffuse out more
easily in hierarchical zeolites, avoiding their transformation
into coke.

Retardation of deactivation has been observed in a number
of reactions over ZSM-5 zeolites,'®> such as isomerisation of
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1,2,4-trimethylbenzene, cumene cracking and esterification of
benzyl alcohol with hexanoic acid. In all cases, the hierarchical
ZSM-5 showed a lower deactivation rates than conventional
ZSM-5. In the methanol-to-hydrocarbon reaction,'®® the catalyst
lifetime was more than three times prolonged using the hier-
archical ZSM-5 in comparison with a conventional ZSM-5. The
impact of the textural properties of both hierarchical and
nanocrystalline ZSM-5 zeolites has been investigated in conver-
sion of ethanol to hydrocarbons.'®* The lifetime of the catalysts
is not correlated with the coking rate but with the number of
pore mouths. Thus, the longest catalyst lifetime (>100 h) was
observed with a hierarchical nanosized zeolite even though
most of its acid sites were poisoned.

Extension of the catalyst lifetime has also been reported for
other types of hierarchical zeolites. Thus, isomerization and
cracking of n-hexadecane have been investigated over ZSM-12
zeolites containing mesopores, showing significantly improved
resistance to poisoning by coke formation.'®® Similarly, hier-
archical zeolite Y has been found to exhibit remarkably higher
resistance to deactivation in the aldol condensation of benz-
aldehyde with n-butyl alcohol than a commercial zeolite Y,
which is attributed to its highly mesoporous structure mini-
mizing the diffusion length of coke precursors out of the zeolite
matrix.'®®

4.2.5. Multifunctional features. The secondary porosity
present in hierarchical zeolites is an ideal space for incorpora-
tion of other active phases, opening new routes for the prepara-
tion of multifunctional materials. This fact has been reflected in
numerous recent papers using hierarchical zeolites as supports
for a variety of catalytically active phases.

Different metals, such as Pt, Pd, Ni, Co and Cu, have been
added to hierarchical zeolites by impregnation of the pre-
cursors."” """ These metals are present usually in the form of
nanoparticles located mainly in the mesopores in close contact
with the support and with an improved dispersion compared
with the use of conventional zeolites. These findings have been
related to the existence of a significant mesoporosity in hier-
archical zeolites, as well as to the occurrence of a high concen-
tration of structural defect sites, which act as preferred deposition
points for dispersion of metal phases.’”* Such materials exhibit
bifunctional properties, being applied in hydrogenation, hydro-
isomerization, Fischer-Tropsch synthesis, and hydrocarbon
abatement.

Metal oxides, sulphides and phosphides have also been
supported over hierarchical zeolites in order to expand their
catalytic applications in reactions such as aromatization,
alkylation, desulphurization and hydrodeoxygenation.'”*7¢
Thus, ZnO-containing MFI zeolite catalysts with bimodal and
trimodal hierarchical pore structures have been studied for the
conversion of methanol to aromatics. The presence of highly
dispersed ZnO clusters enhanced the selectivity for aromatics.’”
Interestingly, a catalyst with basic properties has been synthesized
by supporting of MgO over hierarchical silicalite-1, showing
an improved catalytic activity for the side chain alkylation
of toluene with methanol compared to bulk MgO."”* On the
other hand, mesoporous ZSM-5 modified with metal sulfides
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(NiMoS/ZSM-5 and CoMoS/ZSM-5) was active in deep hydro-
genation of phenanthrene.'”® Ni,P has been supported over
hierarchical ZSM-5 zeolites, showing an enhanced activity in
hydrodeoxygenation reactions of bio-oil model compounds.'”®

In addition to metals, metal oxides and salts, hierarchical
zeolites have been used as supports for other catalysts: encap-
sulation of Fe-Schiff bases and Ti-salen complexes, incorpora-
tion of heteropolyacids and enzymes, and functionalization by
grafting of sulfonic groups.'”” %!

5. Zeolites with 2-dimensional forms

A zeolite is considered 2-dimensional when one of the dimen-
sions of its crystals is less than several nanometres, corres-
ponding to about one or two unit cells. In such a case, the well
accessible external surface per mass/volume unit is highly
increased (in comparison with 3D (conventional) zeolites)
and a number of post-synthesis modifications (e.g. swelling,
pillaring, exfoliation etc.), characteristic of layered materials,
become possible.*'%

From the synthesis point of view, 2D zeolites have been
reviewed recently. Reviews by Roth and coworkers™®* and Eliasova
and coworkers®! are recommended for more details.

In principle, there exist 3 general approaches to the syn-
thesis of 2D zeolites. (I) Some zeolites (FER, MWW, NSI, SOD,
and several others) can be directly prepared as lamellar pre-
cursors (which can be processed or modified in a way that their
2D character is preserved). (II) 2D zeolites can be obtained via a
restricted crystal growth mechanism using a specially designed
(surfactant) structure directing agent which blocks crystal growth
in one of the crystallographic directions forming sheet-like single
crystals. (III) Top-down post-synthesis modification of zeolites
with anisotropic structures (namely germanosilicates).

5.1. Hydrothermal synthesis

3D zeolites traditionally crystallize under hydrothermal condi-
tions from appropriate synthesis gels or from clear solutions.
Some of them, however, form lamellar precursors, which are
intercalated with the structure directing agent (SDA). The mole-
cules of the SDA, inter alia, keep the layers organised in a way
that opposite silanol groups on the surface of two neighbouring
layers can condense into oxygen bridges thus forming a fully
4-connected zeolite upon calcination. In some cases the con-
densation does not produce the 3D framework (EU-19, RUB-20,
RUB-40)."%*

The first zeolite, for which the formation of a layered pre-
cursor was observed (and so far the most studied of the 2D
zeolites), is the MWW. In its 3D form (reported independently
as PSH-3,'8>1%¢ §§7-25 1% MCM-22,"®® ERB-1'%°), it is a medium
pore zeolite with two independent 2-dimensional channel
systems of 10-ring pores. One of the pore systems contains
7.1 x 18.1 A supercages.'”® The layered character of the as-
synthesised material was disclosed by the Mobil researchers in
1990s and confirmed by others."®*'°" Later on, synthesis routes
yielding directly 3D MWW (MCM-49'%%), delaminated MWW
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(MCM-56; material which does not condense into a 3D zeolite
upon calcination even without any further modification'®®) and,
recently, in situ swollen MWW (ECNU-7)'** were also disclosed.

Ferrierite'®® (IZA code FER) is another important zeolite
found to form a lamellar precursor (denoted as PREFER).'
In fact, the PREFER layers do not condense only to form
ferrierite but when prepared using a different procedure, they
are shifted and condensed to form a CDO structure (CDS-1
zeolite), which is composed of the same layers but stacked in
a different symmetry."®”'® Similarly, RUB-36 (CDO lamellar
precursor) can be either directly calcined to form the CDO
zeolite, or swollen with cetyltrimethylammonium cations (see
Section 5.4) and de-swollen with EtOH/HCI which results in a
layer shift yielding PREFER and after calcination 3D FER.'®°
In fact it is possible to switch between the CDO and FER
arrangements by intercalation and pH adjustment.>®® Such
pairing on 3D zeolites composed of same layers, where in one
of them the layers are propagated by translation while in the
other by mirror plane, is observed also for NSI/CAS, RRO/HEU
and FAU/EMT structures’ (for FAU and EMT, lamellar pre-
cursors were not disclosed yet). Rich chemistry of the lamellar
zeolite precursors has been recently reviewed by Roth et al.® and
Diaz et al.**"

5.2. Surfactant templated synthesis

Until 2009, the only known lamellar zeolitic materials were
those forming lamellar precursors during crystallization. These
lamellar precursors can then condense into fully four-connected
3-dimensional zeolites upon calcination (e.gz MWW, FER; see
previous chapter). The main role of the SDA in crystallization of
these zeolites is the same as for those forming 3-dimensional
network directly; that is to fill and stabilize void volumes in the
structure of zeolites against dissolution or transformation into
more stable (denser) phases.>*®

In 2009, the Ryoo group introduced the concept of surfac-
tant structure directing agents enabling to prepare lamellar (or
nanosponge; vide infra) forms of zeolites such as MFI (Fig. 6) or
MTW, which were not yet known to form lamellar precursors
directly.””® Quaternary ammonium surfactants (e.g. cetyltri-
methylammonium (CTMA)) were used before in the synthesis
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of mesoporous molecular sieves;***** however, their templating
effect was not strong enough to promote zeolite crystallization.
Only very recently was a synthesis of hierarchical MFI using
CTMA in combination with KOH reported.>*® Choi et al. aug-
mented the structure directing effect designing a di-quaternary
ammonium surfactant, where the ammonium groups in the
hydrophilic part of the molecule are separated by an organic
linker of an appropriate structure and size (n-C¢ for MFI).>°* In
the pioneering work,*** a surfactant C,,H,5-N"(~CH;),~C¢H 1o~
N*(-CHj3),~CeH;; (denoted as C,,_¢_¢) was used to form MFI in a
form of nanosheets of about 2.5 nm thickness. The surfactant
nature of the SDA is a key to form the layered structure. The
hydrophilic end with two quaternary ammonium groups tem-
plates the zeolite crystallization while the long hydrophobic
chain prevents the crystal growth in one of the crystallographic
directions (b-axis for MFI). In addition, the hydrophobic chains
support (under certain conditions) regular stacking of the formed
(nanosheet) crystals. As a result, bigger aggregates of the nano-
sheets (not a colloidal suspension) are formed and these are
easy to process. Note an important difference in comparison
with zeolites forming lamellar precursors: the MFI nanosheets
(and generally all materials prepared using surfactant SDAs) do
not condense into a 3-dimensional zeolite upon calcination but
the layers stack randomly one to another forming a material
with slit-shaped mesopores because the nanosheets do not fit
regularly one on another (Fig. 6). Condensation of surfactant
templated nanosheets into a 3D structure is still a challenge
and particularly in the case of MFI nanosheets it may lead to a
new zeolite.

Deeper investigations of the surfactant templated syntheses**’
revealed that shorter hydrophobic chains (C;g, Cy6) also provide
the lamellar MFI phase and in some cases it is beneficial to
use them to shorten the crystallization time (e.g. for layered
titanium silicalite-1>'°). The minimum hydrophobic chain length
to form lamellar MFI is about C,**° and the hydrophobic chain
length enables to control the interlayer d-spacing.*'! Tailoring
of the hydrophilic part of the SDA controls the thickness of
the MFI nanosheet. Addition of third and fourth quaternary
ammonium groups results in the formation of nanosheets com-
posed of 5 resp. 7 pentasil layers instead of 3 for Cy ¢ ¢.>"

Fig. 6 TEM images of nanosheet MFI viewed along the b-axis (left), pillared nanosheet MFI viewed along the a—c plane (middle) and self-pillared-pentasil
zeolite (right). Reprinted with permission from ref. 207 (left, middle) and ref. 208 (right).

8274 | Chem. Soc. Rev., 2018, 47, 8263-8306

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cs00370j

Open Access Article. Published on 31 Phata 2018. Downloaded on 2024-07-22 17:28:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

On the other hand, the nanosheet thickness can be as low as
2 pentasil layers (MFI unit cell) when a surfactant with two
hydrophobic tails and 3 quaternary ammonium groups is used
[C‘l8H35_N+(_CH3)2_C6H12_N+(_CH3)2_C6H12_N+(_CH3)2_C18H35]
(in short C;g-N3-C;5).>'* Under certain conditions the
C13-N3-Cyg surfactant can also promote the formation of a
hexagonally ordered mesoporous material with walls of crystal-
line MFI instead of lamellar (nanosheet) MFI*** bridging the
boundary between zeolites and mesoporous molecular sieves.
This shows that the surfactant SDA is not the only driving
parameter determining the properties of the resulting material
but the gel composition, alkalinity and other parameters are
also important. Choi et al. demonstrated that concentration of
Na® ions influences the stacking of the formed nanosheets
(forming a material denoted as multilamellar (ordered stacking)
or unilamellar (disordered stacking))*** and studies on the
synthesis gel composition were conducted by Machoke et al.*"*
and Wei et al.*"®

The concept of surfactant templating was applied also to other
zeolites but the results were not so straightforward. Nanosheet MTW
was reported together with MFI**® using a ~CH,~(p-phenylene)-CH,~
spacer in addition to n-Cs. The same mechanism as for MFI
restricted crystal growth has been proposed (¢f TEM images in the
supplementary information of ref. 203); however, further studies on
this material have not yet been reported.

Interestingly, the surfactants with phenylene spacers among
ammonium groups can also be used for disordered meso-
porous molecular sieves with walls of zeolite beta®'® and similar
materials with *MRE and MTW structures.>'®>'” Based on the
TEM images,*"? it appears that the crystal growth is restricted
by the template in all 3 crystallographic directions in this case.
Nevertheless, these materials (later denoted as nanosponge
zeolites) have a hierarchical sponge-like structure composed
of intergrown zeolite nanocrystals with an intercrystalline
system of mesopores. In contrast to the above (*BEA, *MRE
and MTW), nanosponge MFI is obtained when the synthesis
mixture for nanosheet MFI is seeded with bulk MFI crystals®'®>'?
or a polymer (polystyrene) randomly grafted with ~-CH,-N'(-CHj),~
CeH1,-N"(-CH;),~C¢H;,-N*(-CH,),~C¢H;5 groups is used.”*® The
nanosponge MFI keeps the lamellar morphology according to
the TEM images although it is a 3-dimensionally intergrown
material and post-synthesis layer manipulations applicable to
2-dimensional materials have not been reported (and most
probably are not possible).

A similar sponge-like morphology of intergrown lamellar
MFI and MEL crystals was prepared also by Zhang et al.>%®
(referred to as self-pillared pentasil zeolite (SPP); Fig. 6 left) and
Chen et al.**" Interestingly, these materials were obtained using
tetrabutylphosphonium and tetrabutyl ammonium hydroxide
SDAs*%® and no surfactant was used to support the formation of
lamellar or hierarchical architecture.

The nanosheet MFI, the SPP, and nanosponge MFI zeolites
typically exhibit increased BET area (510-610 m> g~ ') in com-
parison with conventional MFI (300-400 m> ¢~ ') and almost
an order of magnitude increased external surface area
(270, 420, 360 m* g~ * respectively vs. 20-60 m* g~ ), which is

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effectiveness factor vs. Thiele modulus plot and experimental data
for etherification of benzyl alcohol over different MFI catalysts. Reprinted
with permission from ref. 208.

a direct consequence of their lamellar character.>®” Similarly,

their total adsorption capacity (total pore volume) increases
depending on their layer arrangement as follows: nanosheet
MFI 0.36-0.65 cm® < nanosponge MFI 0.56-0.62 cm® < SPP
0.73-1.0 cm® vs. conventional MFI 0.16-0.25 cm?® g~ *,207208,215,222
The improvement of transport properties of the above MFI
catalysts was nicely documented in etherification of benzyl
alcohol in the presence of di-tert-butylpyridine (DTBP) over SPP,
pillared nanosheet MFI (vide infra) and several conventional MFI
catalysts.”® DTBP was used to deactivate external acid sites thus
allowing observation of the transport phenomena via the etheri-
fication occurring exclusively in micropores. Observed data are in
perfect agreement with the plot of effectiveness factor vs. Thiele
modulus (Fig. 7) documenting that commonly observed improve-
ments of apparent reaction rates in 2D catalysts truly account for
suppressing the diffusion limitations.

Summarising the above discussed findings, it is clear that the
surfactant templating is a useful and versatile tool for preparation
of layered forms of zeolites, for which layered precursors have not
yet been synthesized by hydrothermal synthesis; however, in some
cases the nanocrystalline form rather than the layered one
(nanosheet) can be obtained.

5.3. ADOR

Synthesis routes to 2D zeolites described vide supra discussed
bottom-up approaches either with conventional or specially
designed templates.®'®> A top-down synthetic protocol is an
opposite way, which is applicable for zeolites with anisotropic
structures affording the possibility of chemically selective
removal of some structural units. This is nicely documented
for a series of germanosilicates, originally started with a UTL
zeolite followed by UOV and SAZ-1.%'2>372%°

Introduction of Ge allowed synthesizing a number of
new zeolites with large or extra-large pores. Simultaneously,
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it resulted in the formation of relatively labile Ge-O bonds.
Location of germanium in double-four-rings (d4r) is a charac-
teristic feature of germanosilicate zeolites (sometimes even
d3rs).>?®?*” The d4r units form connecting pillars between
individual layers (porous or non-porous depending on the zeolite
structure) in the framework. It was observed that Ge-O bonds
can be easily hydrolysed in aqueous solutions not depending on
the pH.>"**® This hydrolysis utilizes the chemical weakness of
Ge-O bonds and leads to the removal of species from the
destroyed d4r units leaving the rest of the zeolite structure
(mostly siliceous zeolitic layers) unaffected. In the case of the
UTL zeolite, a layered material called IPC-1P is formed."%***°
Obtaining the layers of IPC-1P from the UTL zeolite opened new
possibilities to manipulate with the layers in different ways. The
most important is the use of IPC-1P and related layered zeolites
prepared by the top-down approach for the preparation of new
zeolites. Hydrolysis of the UTL zeolite results in the formation of
4 silanol groups at each layer instead of 4 connections to each
original d4r. Thus, layers possess very high concentration of
available silanol groups, which can be used either for condensa-
tion or for another interlayer chemistry.>*°

Roth et al. described the formation of IPC-1P layers from
zeolite UTL when it was hydrolysed at ambient or increased
temperatures.'® Removal of the debris formed from d4r units
from the interlayer space depends on the pH of the solution.
While in diluted solutions practically all such species are
removed to the aqueous phase, at higher concentrations these
species remain partly in the interlayer space. As a result, calcina-
tion of layered materials formed under different pH leads to the
different outcome. In the case of IPC-1P formed under diluted
conditions, calcination provided a new zeolite PCR having the
individual layers connected just by oxygen bridges (10-8-rings).'**
When part of original d4r remained in the interlayer space,
calcination led to the OKO zeolite having single-4-rings (s4r)
connecting layers.***

The mechanism leading to PCR or OKO zeolites has been
named ADOR (A - assembly, D - disassembly, O - organization,
R - reassembly), see Fig. 8.*' This mechanism offers a variety of
possible outcomes in particular due to the top-down preparation of
layered precursors not available by direct synthesis. At present,
zeolites PCR, OKO, IPC-6, and IPC-7 have been prepared by
different condensation of IPC-1P layers. OKO has also been pre-
pared using high pressure (about 1 GPa) at 200 °C, which means at
a much lower temperature than that usually used for calcination
(500-550 °C).>** General applicability of the ADOR mechanism has
been recently confirmed starting from the UOV zeolite and obtain-
ing a new zeolite IPC-12*** by substituting d4r units for s4r ones
and recently from SAZ-1 creating IPC-15 and IPC-16.>*

In addition, the individual IPC-1P layers can be connected
with different organic or inorganic pillars making stable systems
with larger layer distance. This achievement opens new possibi-
lities in preparing porous hybrid materials being amenable
to different post-synthesis modifications involving addition of
functional groups with catalytic activity.>**

Next and very interesting target for the ADOR mecha-
nism was shifting of the individual layers prior to calcination,
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which could lead to new frameworks. In such a case, zeolites with
odd number of channels and having relatively high energy on the
energy/density plot proposed by Deem should be achieved.**?**
Those zeolites were considered as ‘‘unfeasible”. Mazur and
coworkers succeeded in this by intercalation of choline chloride
at a specific pH into the interlayer space, which induced shift of
the layers.”*® The condensation resulted in a new zeolite IPC-9
having a 10-7-ring zeolite while addition of silica to the inter-
layer space followed by condensation produced zeolite IPC-10
(12-9-rings)."** Structural features of novel zeolites are sum-
marized in Table 1. These zeolites have not yet been synthesized
by direct solvothermal synthesis.

To increase the stability of these zeolites the substitution of
Ge for more stable Si was carried out. Tuel, Eliasova or Wu and
their teams replaced substantial part of Ge with Si, which
increased dramatically the stability of these zeolites. In addi-
tion, Si can also be replaced by Al introducing acid sites to the
structure sites.>*®> Opanasenko et al. evidenced for zeolites ITH
and IWW that aluminium can be incorporated either directly
into the synthesis mixture or via post-synthesis substitution

Table 1 List of zeolites prepared by the ADOR protocol

Parent zeolite New zeolite Channel structure

UTL IPC-2 (OKO) 12 x 10
IPC-4 (PCR) 10 x 8
IPC-6 10 x 8 +12 x 10
IPC-7 12 x 10 + 14 x 12
IPC-8 10 x 8 + 14 x 12
IPC-9 10 x 7
IPC-10 12 % 9

uov IPC-12 12-8 (1D)

CIT-13 IPC-13 12 x 8

SAZ-1 IPC-15 10
IPC-16 12 x 8

TWR IPC-17 12 x 8

WW IPC-18 12-8 x 8

This journal is © The Royal Society of Chemistry 2018
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of Ge with Al, thus introducing activity for acid-catalysed
reactions.”**>¥’

There is no doubt that the ADOR protocol represents a
substantial breakthrough in the synthesis of new zeolites com-
plementing the traditional synthesis approaches. Until now
ADOR has been limited to germanosilicate zeolites, posing an
important challenge for synthesis, namely how to extend ADOR
applicability to zeolites without germanium.

5.4. Post-synthesis modifications

The great advantage of 2D zeolites lies in their structural
flexibility and rich post-synthesis modification chemistry,'®®
especially layer manipulations with increasing, decreasing or
preserving the interlayer distance (Fig. 9). The present figure is
based on the modifications of the MWW zeolite (a zeolite with
hydrothermally synthesised lamellar precursor); however, it can
be considered universal for all of the 2D zeolites. The variations
for surfactant templated synthesis and ADOR mechanism are
discussed below.

As shown in the scheme in Fig. 9, a 2D zeolite precursor
consists of alternating crystalline siliceous layers and the SDA
molecules in between the layers. In contrast to the 3D zeolites
(where the structure is fully covalently bonded directly after the
synthesis), there are no covalent bonds between the individual
layers and the whole structure (crystalline layers and SDA
molecules) is kept together only by interactions with SDA
molecules and hydrogen bonds.’

In the case of ADOR transformation, the layered precursor is
formed without the SDA (e.g. IPC-1(P)) but subsequent inter-
calation with an appropriate molecule (the organisation step in
the ADOR mechanism) is the key to the layer manipulation and
even lateral shift of the layers yielding ‘“unfeasible” zeolites
IPC-9 and IPC-10>"'°%1°%228 (yide supra). The third approach -
surfactant template synthesis yields a swollen 2D zeolite
intrinsically.

3D framework
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The SDA molecules prevent full 3-dimensional covalent
connection (during the hydrothermal synthesis) but keep the
layers in regular orientation one to another (or intercalated
molecules helps to orient the layers in the ADOR mechanism).
Upon calcination, the SDA molecules are removed and sub-
sequently a dehydration of two corresponding silanol groups
occurs forming a covalent oxygen bridge connecting the
discrete layers into a fully connected 3D framework (Fig. 9,
“standard route”’).

In some cases, the SDA can be removed from the lamellar
precursor not only by calcination, but also at low temperature
(below 80 °C; Fig. 9 “‘detemplated”), under conditions when the
silanol condensation into oxygen bridges does not occur. For
instance, the template from MCM-22(P) can be removed by
diluted HNOj; solution (<2 M).”*® In the resulting material,
called a MCM-56 analogue, the layers are randomly oriented
one on another and the detemplated MWW material exhibits
increased external surface area (150 vs. 117 m” g ') and decreased
micropore volume (0.13 vs. 0.17 cm® g~ ') with respect to the
3D-MWW. Similarly, textural properties of IPC-1 (a partially
disordered material formed by disassembly of UTL) exhibit
lower micropore volume in comparison with corresponding
reassembled PCR (0.095 cm® g~ ' vs. 0.106 cm® g~ *)."°%"°" These
collapsed materials were called sub-zeolites.***

Besides simple calcination, forming a fully connected
3D framework, also an additional bridging group (either addi-
tional silicon atom or e.g. organic bridge**°) can be inserted in
between the layers and connected to the silanol groups. As a
result so-called interlayer expanded zeolites (IEZ) are obtained.>*"
The process of interlayer expansion is sometimes referred to
as stabilisation. The IEZ zeolites are characterised by larger
interlayer pore openings in comparison with their parent struc-
tures. For instance IEZ-MWW has 12-ring pores and 2.7 nm basal
d-spacing while conventional MWW has 10-ring pores and a basal
d-spacing of 2.5 nm. Except for IPC-2 and IPC-10 materials,'"**%
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Fig. 9 Post-synthesis modifications of layered zeolites. Reprinted with permission from ref. 182.
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the IEZs are not fully connected 3D-frameworks and free silanol
groups are present on the bridging atoms.

A critical step in the 2D zeolite modification is breaking of
the interlayer hydrogen bonds and expansion of the interlayer
space. This process is called swelling (Fig. 9) and it is well
described for lamellar materials such as clays, phyllosilicates
and layered metal oxides.”**> In the case of 2D zeolites, the
swelling was first performed using a concentrated (25 wt%)
quaternary ammonium surfactant (e.g. cetyltrimethylammonium
hydroxide) in a high pH medium."" The swollen material
exhibits a highly increased interlamellar distance (e.g. MWW:
d-spacing 5.2 nm vs. 2.6 nm in MWW(P)**?). It should be noted
that the materials prepared using a surfactant®® are swollen
intrinsically but in contrast the surfactant tail is not easily
removed from interlayer space as it is part of the SDA.

The swelling is not a final step of the post-synthesis
modification and once layers are separated, a number of other
materials can be prepared. The layers are kept apart from each
other by organic surfactants and when these are removed e.g. by
calcination, the layers collapse. However, if an additional sup-
port, which can withstand calcination, is inserted, the inter-
layer distance can be preserved. It was found that the tetraethyl
orthosilicate (TEOS) easily penetrates among the surfactant
chains in the interlayer space, where it is converted into meso-
porous amorphous silica pillars**® (Fig. 6 middle). The first
pillared zeolite material is MWW denoted as MCM-36.""" Pillaring
is nowadays one of the standard modifications of 2D zeolitic
materials (as well as of e.g. clays®**); however, the true structure
of the pillars remains uncertain because of lack of regularity.’
Besides pure TEOS, also its mixtures with other metal-alkoxides
(e.g: titanium(iv) butoxide, tin(iv) iso-propoxide) can be used for
pillaring, which results in the formation of additional catalytically
active sites.?*»?**>24¢

Besides amorphous silica-based pillaring, also other groups,
such as silsesquioxanes or organic linkers may be inserted.>**>4%>%”
The latter provide hybrid organic-inorganic materials with inter-
esting adsorption properties. Recently, also covalent insertion
of iron, titanium, tin, zinc and europium has been reported into
RUB-36 (CDO lamellar precursor).”*® Besides that, metallic
species, which are turned into metallic nanoparticles upon
calcination, can be inserted using the advantage of enlarged
space between the zeolite layers.>**>>°

A delaminated material is composed of randomly oriented
lamellae (ultimately a house-of-cards morphology). A highly
open structure is the main feature of this material and ideally
the whole external surface of the lamellae is accessible from the
interparticle space or wide mesopores. Corma et al. established
this group of materials by ultrasonic treatment of swollen
MWW layers, forming a material denoted as ITQ-2.>>' However,
the MWW delamination procedure is not generally applicable
and examples of other delaminated zeolites are sparse (only
NSI, FER, RWR precursors).’ Several attempts to delaminate
nanosheet MFI using conditions similar to the ITQ-2 have
been made; however, TEM analysis revealed that the product
(although having BET area up to 800 m> g~ and total adsorp-
tion capacity 1.50 cm® g~') is only a physical mixture of parent
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nanosheet MFI and amorphous silica coming out from partial
dissolution of the zeolite in the basic medium.>**

Last but not least, the swollen material can be dispersed into
a single lamellae colloidal solution.?**?** The so-called exfolia-
tion into single layers has been reported for zeolites MWW?>>>
and MFL>*°

6. Catalytic investigations of
2D vs. 3D materials

6.1. Active sites in 2D zeolites

The main advantage of 2D zeolites in comparison with their 3D
analogues lies in an improved accessibility of the active sites
(resulting from their location on the external surface of the
lamellae) while their other characteristics (such as geometry,
coordination, strength of acidity etc.) are desired to remain the
same as for conventional zeolites. Here we review ways of
analysis and the literature data confirming or challenging the
above statement.

In both 2D and 3D zeolites, active sites in zeolite-based
catalysts are usually represented by isomorphously substituted
silicon atoms for three- or four-valent elements and/or defects
in the crystalline silica structure. To introduce catalytic activity
to the structure of zeolites, appropriate heteroatoms (Al, Ti, Sn,
Zr, Fe, Ga, Ge, B etc.) need to replace silicon atoms in the zeolite
frameworks. Exceptionally, various atoms in extra-framework
positions or vacancies (defects) as silanol groups (e.g. for
Beckmann rearrangement) can also be catalytically active. In
addition, the concentration of silanol groups defines other
important properties such as hydrophilicity.>*”

All mentioned heteroatoms isomorphously incorporated
into the framework represent acid sites of Brensted or Lewis
nature. Strong Breonsted acid sites (comparable to mineral
acids) are formed by bridging [Si(OH)AI] sites and other tri-
valent metal ions can also form this type of sites. The other
tetravalent (divalent Zn) heteroelements form mostly Lewis acid
sites of a different strength. Extra-framework heteroatoms are
in a number of cases considered undesirable but there are
examples when they significantly contribute to the catalytic
activity'222,245,258

6.1.1. Aluminum active sites. Aluminum atoms can be
directly observed by solid state >’AI-MAS-NMR. Tetrahedrally
coordinated framework Al atoms exhibit a signal in the range
51.5-65 ppm (depending on the type of zeolite and Si/Al ratio)
while octahedrally coordinated species (which may be extra-
framework) exhibit a chemical shift of 0 ppm.>**?°° The shape
of spectra and signal position are independent of the crystal
size, shape and dimensionality of a particular zeolite.”*"*** In
addition, a weak signal around 30 ppm is sometimes reported>'®
and ascribed to penta-coordinated species.?®

Bronsted acid sites can be observed directly using IR
spectroscopy as the acidic [Si—-(OH)-Al] group exhibits a vibra-
tion band clearly distinguishable from other silanol signals. Its
precise position alternates with the zeolite structure (e.g. FER:
Y(OH) = 3605 cm ™" vs. FAU (OH) = 3645 cm ™ * (ref. 264)) and

This journal is © The Royal Society of Chemistry 2018
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it is also dependent on the zeolite dimensionality (e.g. MWW
3-dimensional MCM-22: »(OH) = 3625 cm ' (ref. 264) vs.
2-dimensional ITQ-2: 1(OH) = 3620 cm " (ref. 265)). Molecular
modelling showed that the precise position of the band even
reflects the crystallographic position of the corresponding
aluminium atom;*** however, distinguishing between several
bands corresponding to different positions (which are close to
each other) as well as their proper assignment is rarely possible.
Laforge et al. distinguished acidic OH groups in supercages
(/(OH) = 3621 cm ') and in the sinusoidal channel (¢(OH) =
3608 cm ') of the MWW zeolite and provided a comparison
of its 3-dimensional (MCM-22) and 2-dimensional (MCM-36)
forms.?*® The signal belonging to Brgnsted sites in supercages
was about 7 times weaker for MCM-36 in comparison with
MCM-22 reflecting that the supercages are not formed when the
zeolite does not condense into a 3D connected structure. In
contrast, Lewis sites cannot be observed directly.

To analyze the character (Lewis or Brensted), location and
(relative) strength of the (not only) aluminum acid sites,
techniques using basic probe molecules need to be employed.
In general there are three approaches for identification and
quantification of the adsorbed probe molecules: (i) in situ
IR analysis,'®*?**2°® (ii) *'P-NMR spectroscopy’®"****”° and
(iii) temperature programmed desorption (TPD) experiment.>”"*”>
The in situ IR analysis is a widespread method, used in combi-
nation with probe molecules including CO, amines, nitriles,
pyridine and its derivatives and others, which exhibit bands
characteristic for the corresponding species interacting with
Bronsted or Lewis acid sites.””® *'P-NMR can be used for
observation of trialkylphosphine oxides, which adsorb on the
acid sites in a one-to-one manner. The TPD experiments give
information about the strength of acid sites (the higher the
desorption temperature, the stronger the site) but the adsorbed
species are not observed directly.>”* The in situ IR and TPD
techniques can also be combined into so called IRMS-TPD
providing a deep understanding of the surface processes as
well as quantitative information.>”>>”®

The choice of the probe molecule determines the informa-
tion possible to obtain similarly to Hammett indicators used to
estimate acid strength in non-aqueous media (i.e. in homo-
geneous catalysis).”’”?”® In fact, it was demonstrated that a
carefully chosen set of Hammett indicators can be used to probe
even zeolite acidity (namely large-pore zeolite Y); however, steric
limitations restrict the application for porous materials.””® For
2D materials, the enhanced accessibility of the acid sites is the
key feature. Therefore, a combination of a small probe molecule,
which can access all the acid sites, and a bulky analogue, which
cannot enter the system of micropores, provides information
about the sites located on the external surface of the crystals or
lamellae. For instance, a commonly used pair of such molecules,
in connection with IR spectroscopy, is pyridine (kinetic diameter
0.54 nm) together with lutidine (2,6-dimethylpyridine, 0.67),
collidine (1,3,5-trimethylpyridine; 0.74 nm)*®” or 2,6-di-tert-
butylpyridine (DTBpy, 1.05 nm). The pyridine molecule is small
enough to enter medium-pore zeolites such as MFI or MWW
while DTBpy in particular is too bulky to enter even the channel

This journal is © The Royal Society of Chemistry 2018
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systems of extra-large zeolites and its nitrogen atom is strongly
hindered so it can interact only with Brensted acid sites (not
Lewis).”®® All the (substituted) pyridines exhibit characteristic
vibrations of the aromatic ring attached to different acid sites
(and silanol groups) in the region 1400-1800 cm ™, where they
do not overlap with e.g. framework vibrations of the zeolite.

An accurate quantification of the acid sites requires reliable
determination of the extinction coefficients (either for a single
wavenumber or integrated molar extinction coefficient for
the whole band), which is a complex problem reviewed e.g.
in ref. 273.

Phosphine oxides are also bases and therefore they can be
used similarly to substituted pyridines and other amines. Their
size (determining their ability to enter the porous system of the
catalyst) can by adjusted by choosing an appropriate length of
the alkyl substituents. Trimethylphosphine oxide (TMPO) has a
kinetic diameter of 0.55 nm and therefore it can enter even
10-ring pores. On the other hand, e.g. tributylphosphine (TBPO,
kinetic diameter 0.82 nm) is suitable to assess external surface
acidity. The acidic proton interacts with the oxygen atom of the
phosphine oxide, resulting in a change in the electron density
and thus chemical shift of the phosphorus atom. Hence, the
phosphine oxide species can be observed and distinguished
using solid state *'P-NMR. Pure solid TMPO exhibits a chemical
shift of 30 ppm, TMPO interacting with silanol has a chemical
shift of 42 ppm and the signal of TMPO bound to Brgnsted acid
sites is observed between 66 and 86 ppm depending on the
acid site strength.?®* The stronger the acid site, the higher the
phosphorus chemical shift. Considerable drawbacks of this
method are high demands on experimental equipment (glovebox,
MAS-NMR spectrometer) in comparison with FT-IR techniques. In
addition, quantification of Lewis sites is complicated and uncer-
tain because the corresponding TMPO signal (37 ppm)**>*” is
very close to the signal of TMPO interacting with silanol (42 ppm),
which can be very intensive especially in layered or hierarchical
zeolites.

6.1.2. Titanium active sites. Since the disclosure of titanium
silicalite 1 (TS-1) by the Eni researchers in 1983,>%°
silicate zeolites have become well established selective oxidation
catalysts. They are able to activate hydrogen peroxide in the
presence of water. Nature of their active sites has been reviewed
in detail in ref. 281.

In titanosilicate zeolites, the titanium atoms can basically
adopt 3 different states. Generally, the desired species is an
isolated titanium atom (not connected to another titanium atom
via an oxygen bridge) with tetrahedral coordination, iso-
morphously incorporated into the framework. Titanium can also
be present as isolated 5- or 6-coordinated species in the extra-
framework position or it can form clusters of more titanium
atoms connected directly with oxygen bridges (referred to as
anatase or anatase-like phase). Catalytic activity of isolated extra-
framework titanium atoms is a subject of debates. Previously,
they were considered inactive; recently multiple pieces of evi-
dence have been found proving their catalytic activity.>>>%>728*
On the other hand, the anatase phase is inactive in selective
oxidation but it has its irreplaceable role in photocatalysis.

the titano-
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The titanium species can be qualitatively distinguished using
UV/Vis spectroscopy in diffuse-reflectance mode (DR-UV/Vis).
Tetrahedrally coordinated titanium atoms exhibit absorption
centred at about 205-210 nm (corresponding to ligand-to-metal
charge transfer from oxygen to titanium atom), 6-coordinated
titanium species absorbs in the range 260-290 nm and anatase
phase exhibits a band centred at 330 nm. In fact, the position of
the absorption band red-shifts with increasing coordination
number and a change of the geometry from tetrahedral to
octahedral.”®' The isomorphous incorporation of titanium is
evidenced by an IR vibration band at 960 cm ™. The true origin
of this band was a subject of debates but the most reliable
assignment appears to be to antisymmetric stretching mode of a
TiO, unit.>®®

Isolated titanium atoms act as weak Lewis acids, which are
able to coordinate molecules such as H,0, NH;, H,0, and
organic peroxides. In particular, in the case of peroxides, Ti
withdraws electrons from adsorbed species making the O-O
bond more susceptible towards a nucleophilic attack e.g. of an
alkene, which can be then oxidized to the corresponding epoxide.

It is very important to note that the initial step, a titano-
silicate catalysed reaction, is the weakening or even hydrolysis
of one of the Ti-O-Si bridges, forming a Ti(OSi);(OH) defective
species (which is then able to extend its coordination).”®® This
is proof for the catalytic activity of extra-framework isolated
titanium species, which are, most probably, attached to the
framework by 2 or 3 oxygen bridges (especially in the case of
post-synthesis titanium incorporation).”****>>3%287 Note how-
ever, that leaching of titanium from a titanosilicate zeolite is
rarely observed.

6.1.3. Tin active sites. Tin-silicate zeolites are somewhat
similar to titanosilicate zeolites but they recieved less attention.
The first synthesis of aluminum free Sn-zeolite (Beta) dates
back to 1999.>%% Nevertheless, they are interesting solid cata-
lysts showing high activity in Baeyer-Villiger oxidation,>%>%
Meervein-Pondorf-Verley reduction®*' or glucose isomerisa-
tion.>*>°* The nature of Sn active sites has been investigated
mostly for Sn-beta®®>*°° but it apparently fits well also to 2D
Sn-SilicateS.246‘293’295’296

Just as with titanium, tin can be isomorphously incorpo-
rated into the zeolite framework or it can be present in the
extra-framework positions or to form the bulk SnO, phase.
Isomorphously incorporated tin atoms are the desired active
sites. The tin species can be observed and to some extent
distinguished using DR-UV/Vis spectroscopy. Similarly to titanium,
4-coordinated (framework) tin atoms exhibit an absorption band
centred at 205 nm and bulk SnO, absorbs at 280 nm.??*297729°
In contrast to titanium, a Sn active site can be easily hydrated
extending its coordination number to 5 or 6 resulting in a red-
shift of the absorption band to 220 nm resp. 255 nm. This may
cause some confusion, because extra-framework Sn species
(or small SnO, domains) also absorb in this wavelength range
(around 240 nm). The band shifts accompanying dehydration/
rehydration can be easily observed and therefere can be used
to distinguish qualitatively the framework Sn sites from SnO,
domains.>**
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The framework Sn site has a Lewis acid character and can be
investigated by probes e.g. by adsorbed CD;CN, which exhibits
a characteristic vibration band at 2311 cm '. Physisorbed
CD;CN is observed at 2273 cm™'.?® Boronat et al.>°° and later

1.%°* showed that in fact, two distinct
1

in more detail Harris et a
bands of CD;CN on Sn sites can be observed around 2311 cm™
characterising two different types of sites. One of them (2308 cm ™)
characterises adsorption on a closed site (Sn atom is bound by
four oxygen bridges) while the other (2316 cm™") characterises
an open site, where two hydroxyl groups (one on Sn, one on
neighbour Si) are present instead of one of the oxygen bridges. The
latter sites are considered more active in sugar isomerisation.”**
Note the similarity to opening of the titanium site (vide supra).
However, in most publications these two bands are not distin-
guised. In some reports, a vibration band at about 970 cm™*
(ref. 297 and 301) is reported. A similar band is observed for
titanosilicates (being considered as proof of titanium iso-
morphous incorporation)®® and vanadium silicates;**> however,
for tin silicates its origin, as well as whether it proves Sn incorpora-
tion, is unclear.

An important feature of Sn-silicates, and, in fact, the origin
of their unique catalytic activity, is their ability to bind and
activate a carbonyl group. This is evidenced e.g. by a shift of the
cyclohexanone 1(C=0) vibration band (48 cm™' for Sn-Beta)
towards lower wavenumbers.>8%2%%:393

Sn active sites can also be studied using ''°Sn-MAS-NMR
spectroscopy. The SnO, phase exhibits a sharp signal at
—604 ppm.>??9%298:301 1 contrast, 4-coordinated Sn sites are
observed at —420 to —450 ppm in dehydrated samples. The
signal of 4-coordinated Sn disappears upon hydration and a
new signal appears in the range —690 to —740 ppm (character-
istic of the hydrated 5- or 6-coordinated Sn).>°%29%:295:3%1 Thig
observation is in accordance with the DR-UV/Vis observations
(vide supra). It was mentioned above that there exist two types
of framework Sn-sites (open and close) and these have been
distinguished, besides IR analysis of adsorbed CD;CN, also
in the '°Sn-MAS-NMR spectra: open site —423 ppm; closed
site —443 ppm.>**

6.2. Industrial processes

Zeolites dominate the world catalyst global market due to their
enormous use in oil refining and petrochemistry with increas-
ing applications in fine chemical synthesis and environmental
catalysis. Fluid catalytic cracking (FCC) and hydrocracking are
the most important processes using zeolites, in particular USY
(ultra stable zeolite Y, FAU topology). FCC catalysts have been
developed using hierarchical USY zeolites, stabilized by ion
exchange with Rare Earth elements, showing improved hydro-
thermal stability, increased bottom conversion capacity and
better product selectivity in comparison with a conventional
commercial USY based catalyst.>*> Additions of MFI zeolites are
important to increase the ‘“sharpness” of the catalyst to pro-
duce more propylene. Regardless of the knowledge gained on
cracking of oil-based feedstocks, catalytic cracking of other
bulky feedstocks remains widely investigated particularly over
hierarchical zeolites.”*® Thus, it has been applied to many
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diverse raw materials such as vacuum gas-oi
and polyolefins, as main components of plastic wastes.

Zeolites were firstly used in large-scale applications in the
1960s for cracking, which was followed by the breakthrough
discovery of high-silica zeolites including the most important
ZSM-5 (MFI topology). This enabled relating the catalytic
behaviour of different structural types of zeolites to different
topologies and understanding in detail the structure-activity—
selectivity relationship. At present there are about 130 indus-
trial processes using zeolite catalysts from about 850 of total
processes.>® The combination of acid functionalities, uniform
micropores providing shape selectivity and easy regeneration
allowed zeolites to revolutionise the chemical industry through
replacement of hazardous catalysts like H,SO,, HF, and AICl; in
the early 1960s. Table 2 provides a list of the most important
processes over zeolites indicating the type of zeolite catalyst
employed in each process. An in-depth discussion of industrial
applications of zeolites is outside the scope of this review, but
for an excellent survey the readers are referred to the chapter by
Abdo and Wilson.**°

It should be noted that further expansion of zeolites as
industrial catalysts has been connected with successful iso-
morphous substitution of Si for Ti by Eni researchers.*®*° They
succeeded in synthesising a TS-1 zeolite (MFI morphology)
without the presence of aluminium. The lowest Si/Ti molar ratio
is close to 30 and this zeolite is currently used in large scale
applications for phenol hydroxylation.*'? In addition to titanium,
a Sn-containing zeolite (Sn-Beta, BEA) is also currently used for
Baeyer-Villiger oxidation of some cyclic ketones to lactones using
hydrogen peroxide as the oxidation agent. Last but not least,
SAPO-34 (CHA) with an 8-ring channel system is used for the
methanol-to-olefin (MTO) reaction, providing substantially
higher selectivities to ethylene and particularly propylene when
compared with MFI zeolites.

6.2.1. Hierarchical zeolites in industrially relevant pro-
cesses. As in the case of cracking (vide supra), a remarkable
enhancement of the catalytic activity over hierarchical zeolites
is observed in most reactions when compared with conven-
tional zeolite samples. This is due to the improvement of the
accessibility and mass transport in hierarchical zeolites thanks
to their secondary porosity. However, the picture is not so clear

vegetable oils
308
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in terms of selectivity. In principle, the mesopore surface of
hierarchical zeolites lacks the shape selectivity, which is char-
acteristic of the micropores. Accordingly, a decrease in the
selectivity towards the target products could be expected for
hierarchical zeolites. However, the overall selectivity observed
in a specific reaction may depend on other factors. In this way,
the changes induced in the acidic features of hierarchical
zeolites may also influence the product selectivity and not
necessarily in a negative way. Usually, selectivity to primary pro-
ducts can increase over mesoporous zeolites due to a decrease
in the contact time.

Hierarchical zeolites have been investigated in the following
industrially relevant reactions:

e Aromatization of light alkanes and alcohols to produce
aromatic hydrocarbons with applications in the formulation of
fuels or as raw chemicals. Aromatization of hexane and pro-
pane has been investigated over Pt promoted mesoporous
gallium-containing ZSM-11 zeolites, improved conversion and
selectivity being obtained owing to the enhanced accessibility
to the active extra-framework Ga species due to the presence
of mesopores.** ZnO-containing ZSM-5 zeolite catalysts with
bimodal and trimodal hierarchical pore structures have been
studied for the conversion of methanol to aromatics."”® The
authors propose that the presence of highly dispersed ZnO
clusters enhances the selectivity towards aromatics by catalysing
the dehydrogenation pathway, whereas the hierarchical pore
structure facilitates the transfer of reaction intermediates and
thus accelerates the formation of aromatics.

e Isomerization and rearrangement reactions of different
substrates, such as xylenes, epoxides and oximes.*'*3'® Hier-
archical Beta zeolites have been investigated as catalysts for
epoxide rearrangement reactions, being compared with hybrid
zeolitic-mesoporous materials. When tested in the liquid phase
rearrangement of cyclic, branched, and linear epoxides, hier-
archical Beta zeolites exhibited the best combination of cata-
Iytic activity and selectivity due to enhanced accessibility and
appropriate balance of Brgnsted and Lewis acid sites.*"® Like-
wise, hierarchical Beta zeolites with different Si/Al molar ratios
showed significant improvements in the catalytic behaviour
in liquid-phase Beckmann rearrangement of cyclohexanone
and cyclododecanone oximes compared to conventional Beta

Table 2 Commercial zeolite catalytic processes and types of catalysts; based on ref. 311

Structural type Catalytic process

FAU (zeolite Y)
MOR (mordenite)
MFI (ZSM-5, TS-1)

Catalytic cracking, hydrocracking, NO, reduction, acylations
Alkane hydroisomerisations, hydrocracking, dewaxing, aromatic alkylations, olefin oligomerisation
MTO, MTG, olefin cracking, olefin oligomerisation, aromatic alkylations, isomerisations, disproportionations,

aromatisation, NO, reduction, selective oxidations, hydration, amination, Beckmann rearrangement, cyclodimerisation

*BEA (Beta)

LTL (zeolite L)
MWW (MCM-22)
CHA (SAPO-349)
AEL (SAPO-11)
ERI (Erionite)
RHO (Rho)

TON (Theta-1)

Alkane aromatisation
Benzene alkylations
MTO

Selectoforming
Amination

Long-chain alkane hydroisomerisation

¢ Zeotype - silicoaluminophosphate.

This journal is © The Royal Society of Chemistry 2018

Benzene alkylations, aliphatic alkylations, acetylation, Baeyer-Villiger reaction, etherification

Long-chain alkane hydroisomerisation, Beckmann rearrangement
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samples due to a number of factors: faster intracrystalline
diffusion, availability of non-sterically hindered mesopore/surface
area and lower deactivation through product inhibition.*'®

e Incorporation of noble metals into hierarchical zeolites
has allowed preparing catalysts for hydrotreating processes,
such as alkane hydroisomerization and hydrogenation of
aromatic compounds. Hydroisomerization and hydrocracking
of n-decane, n-nonadecane and pristane (2,6,10,14-tetramethyl-
pentadecane) over a hierarchical Pt/ZSM-22 zeolite noted the
contributions of both the acid sites located in the pore mouths
and within the micropores to the skeletal rearrangement
and cracking reactions.>"” Pd supported on a hierarchical Beta
zeolite evaluated in both absence and presence of 4,6-dimethyl-
dibenzothiophene showed a better sulphur tolerance than a
Pd/AI-MCM-41 catalyst in hydrogenation of naphthalene and
pyrene.*'® Likewise, hierarchical Ni/Beta zeolites have been
studied in the hydroreforming of the oil obtained from the
thermal cracking of low-density polyethylene, showing to be an
adequate catalyst for obtaining gasoline and diesel fractions
that could be employed in the formulation of transportation
fuels.'®

e Transesterification reactions of fatty feedstock. Trans-
esterification of fatty acids to produce bio-diesel is traditionally
a domain of homogeneous base or acid catalysts (KOH, NaOH,
H,S0,);*"® however, heterogeneous catalysts are also a subject
of investigation due to their obvious advantages. Among these,
hierarchical Beta zeolites exhibited a remarkable activity in bio-
diesel production using microalgae lipids as feedstock. Hierarchical
character of the catalyst is essential in this case.**® Likewise,
hierarchical zeolite Beta has exhibited significant activity in the
transesterification of triolein to afford methyl oleate.*>*

e Hydrodesulfurization of oil fractions has also been studied
over hierarchical zeolites. Thus, zeolite L containing meso-
pores®*> has been incorporated as a component of a catalyst for
gasoline hydrodesulfurization, showing excellent performances
in terms of desulfurization, aromatization, isomerization and
preservation of the RON value compared with the catalyst into
which ordinary microporous zeolite L was introduced.*** CoMo
catalysts supported on ZSM-5 zeolite-alumina composites
have been tested in the hydrodesulfurization of 4,6-dimethyl-
dibenzothiophene.?**

e Finally, an emerging and relevant field of application of
hierarchical zeolites is their use in catalytic treatments for the
removal of pollutants in gaseous and liquid streams. Hierarchical
Cu/H-ZSM-5 zeolite-based systems, with improved Cu dispersion,
have been employed with remarkable performance as a catalytic
trap for the retention of propene and toluene, enabling their
further conversion to carbon dioxide and water instead of being
emitted in the exhaust."”* Cu-Modified ZSM-5 and ZSM-11 type
zeolite catalysts, both containing mesopores, have been used as
catalysts for direct NO decomposition, concluding that the
presence of mesoporosity leads to a significant improvement
of the catalytic activity regarding conventional zeolites.**
Fe-Containing ZSM-5 and ZSM-12 catalysts, possessing meso-
porosity, have been tested in the selective catalytic reduction
(SCR) of NO, with NH3, exhibiting a significantly higher activity
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326 This difference has been

than conventional samples.
assigned to both faster diffusion of reactants and products in
the mesopores and better dispersion of the iron particles.
Pd-Containing hierarchical ZSM-5 zeolites have been explored in
hydrodechlorination of trichloroethylene in the aqueous phase,
showing enhanced catalytic performance compared to the use of a
pure microporous zeolite sample.**” Hierarchical ZSM-5 zeolites,
containing iron, have been tested in H,O, decomposition reac-
tions in the absence and presence of an iron-complexing agent, as
well as in oxidation of low and high molecular weight organic
compounds by H,0,, noting that the presence of secondary
porosity in the zeolite resulted in a significant improvement of
the catalyst properties.***

6.3. Biomass transformations

The versatility of the catalytic properties of zeolites has allowed
their expansion to new applications demanded by worldwide
socioeconomic progress. This is the case of the search for new
and sustainable routes to deliver for the needs of humanity
driven by the climate change. Among these routes, there are all
those processes based on the use of biomass as a raw material,
such as the production of bio-based chemicals and biofuels
within the “biorefinery” concept.’*’

Biomass is defined as any kind of organic material of either
animal or plant origin.**® Its renewable character, abundance
and worldwide distribution have prompted its use as an energy
source. This encouraging scenario is even more attractive when
the biomass feedstocks comprise any material not competing
with the food sector, such as forestry and agricultural residues.

The routes to convert biomass into both bio-based chemi-
cals and biofuels can be grouped in terms of the chemical
nature of the biomass feedstock (sugars, lipids or lignocelluloses).
Some general aspects regarding the most relevant conversion
routes are outlined here:

Sugars or starch as feedstocks are used to produce biofuels,
in particular bio-ethanol. The process comprises sacchari-
fication or hydrolysis into simple sugars and fermentation.
Recently, the use of sugars has been expanded to produce
platform molecules by catalytic routes, such as isomerization
(e.g. from glucose to fructose), dehydration (e.g. production of
5-(hydroxymethyl)furfural (5-HMF), furfural and levulinic acid)
and hydrogenation (e.g. conversion of glucose and xylose into
sorbitol and xylitol, respectively).

Lipids or oleaginous materials can be transformed into
biodiesel by the transesterification reaction with alcohols.
Together with bioethanol they are currently commercially avail-
able as biofuels and blended with conventional fossil-derived
fuels in the transportation sector. Both of them represent the
so-called “first generation biofuels” as they are produced from
raw materials competing with the food industry. However,
lipidic feedstocks may be achieved from non-edible plants,
called energy crops, solving the sustainability concerns asso-
ciated with the first generation biofuels. In addition, alternative
technologies have been proposed, such as hydroprocessing and
catalytic cracking, to yield hydrocarbons with similar properties
to those of conventional fossil-fuels.

This journal is © The Royal Society of Chemistry 2018
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Lignocellulose, according to its more complex composition,
has been evaluated as feedstock for different thermochemical
and biochemical routes to obtain biofuels or bio-based chemi-
cals. Syngas is the main product of gasification for Fischer-
Tropsch synthesis. Sugars can be extracted from lignocellulose
by means of hydrolysis. Such sugars are further processed into
bioethanol (via fermentation) or into chemicals and/or biofuels
by other catalytic processes. Residual lignin from the hydrolysis
treatment can be pyrolyzed or gasified. Finally, pyrolysis of
lignocellulose yields bio-oils which, after catalytic upgrading,
may produce valuable chemicals and biofuels. This catalytic
upgrading can be classified into two main groups: (a) hydro-
processing of the liquid bio-oil (hydrodeoxygenation; HDO) and
(b) bringing the pyrolysis vapours into contact with a catalyst
(catalytic pyrolysis) promoting dehydration and decarboxylation
as preferred deoxygenation routes.

A detailed discussion of each technology is outside the scope
of this review and it can be found in the literature.***** All these
processes incorporate one or several catalytic steps. Zeolites may
be especially relevant catalysts because of their acidic and porous
properties.**>*” The main reactions over zeolites are summar-
ized in Fig. 10. However, their application in the field of biomass
transformation is quite challenging as they face several diffi-
culties intrinsic to the features of the raw material: (a) complex
composition, with bulky compounds and multiple function-
alities; (b) presence of heteroatoms affecting the quality of the
final product (e.g. oxygen in biofuels), interfering the catalytic
processes (e.g. Na', K') or poisoning the catalyst (e.g. sulphur);
(c) high water content, which may deteriorate the catalyst struc-
ture and activity, and (d) strong trend to form carbon deposits
(coke) over the catalysts, causing their deactivation.

This section focuses on the role of zeolite properties in the
performance of the most relevant biomass transformation
processes and, in particular, on the impact of moving from
3D to 2D topologies in terms of their activity, selectivity and
stability to deactivation.

%, Lignocellulose

Condensations
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6.3.1. Selected biomass conversion reactions. Many bio-
mass transformations shown in Fig. 10 are promoted by acid
catalysts. Nevertheless, some undesirable reactions, such as
excessive cracking and coke formation, are also acid-catalysed
and may dramatically affect the reaction viability. Both density
and strength of catalyst acid sites must be controlled carefully,
depending on the feedstock and reaction conditions. Porous
properties, as they determine the accessibility of acid sites and the
existence of shape selectivity effects, are also key properties.**®

6.3.1.1. Catalytic pyrolysis of solid biomass. Zeolites exhibited
excellent performance in catalytic pyrolysis of solid biomass,
demonstrating their ability to increase the production of aro-
matics and, therefore, yielding final oils with lower oxygen
content and higher quality as biofuels.?*?333:3387343 Acid sites
promote the dehydration of levoglucosan into furans, and their
further conversion into aromatics by Diels-Alder reactions with
light olefins. Brgnsted acid sites are particularly active because
of their higher acid strength. Li et al.*** tested zeolites with
different acidity in the pyrolysis (500 °C) and subsequent cata-
Iytic upgrading (550 °C) of corncob hydrolysis residue using an
Auger-type reactor coupled to a downstream fixed-bed reactor.
Specifically, FAU and MFI zeolites were used as catalysts. In the
case of the FAU zeolite, the strength of acid sites is rather
low, whereas MFI presents both mild and strong acid sites.
Accordingly, USY zeolites exhibited very low activity yielding
oxygenate amounts (50%) very close to the non-catalytic bio-oil
(51.3 area%). In contrast, ZSM-5 was able to catalyse the bio-oil
transformation reducing the amount of oxygenated compounds
below 10 area% and increasing the content of phenols and
aromatics (above 80%).

Increasing the density of zeolite Bronsted sites is an effective
route to upgrade pyrolysis-oils via deoxygenation and aromati-
zation.”®® The concentration of Brensted acid sites in MFI
zeolites from 17 to 212 has been explored.****” However,
together with a higher yield of aromatics, the acidity of MFI
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Fig. 10 Main catalytic routes of biomass conversion involving zeolites.
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at low Si/Al ratios has been found to be detrimental leading to
the formation of gases and coke.

Alternatively, cation-exchange and impregnation with metals
or metal oxides have been explored to modulate the acidity of
zeolites to slow down the coke formation while keeping or even
maximizing the deoxygenation and aromatization activity.**
The most successful results have been attained when metallic
species, exchanged or impregnated on the zeolite, possess some
intrinsic catalytic activity for any deoxygenating reactions. For
instance, when Ga, Ni or Zn are either cation exchanged®*® or
impregnated®*®*?*° in MFI, the selectivity to aromatics in the
upgraded bio-oil is increased. Similar effects have been found
with Pt dispersed on MFI in the catalytic pyrolysis of Miscanthus
to promote cracking, hydrogenolysis, hydrocracking, and
dehydrogenation reactions.**® It has been reported that impreg-
nation of MFI with NiO-MgO also leads to a higher selectivity to
alkylbenzenes and less coke formation.**' In particular, the
authors found that using MFI (Si/Al ratio = 50) having 6% Ni +
2% Mg, the upgraded bio-oil contained the highest amount of
hydrocarbon compounds, with a yield of 35.52 chromatogram
area% (12.94% for aliphatic hydrocarbons and 22.58% aromatic
hydrocarbons), versus 10.22% in the case of the non-catalytic
run. Moreover, coke formation was half (1.65 wt%) of the value
attained with the parent zeolite (3.75 wt%). Nevertheless, there is
an optimum amount of metallic or metal oxide species to be
incorporated into zeolites as excessive loadings may lead to a
dramatic loss of acidity, especially Brensted acid sites, also
necessary to drive the formation of aromatics via cyclization
and oligomerization of light components.***~*>3

In addition to acidity, porosity is also a key feature of zeolites
in terms of activity, selectivity and deactivation resistance by
coke deposition in catalytic pyrolysis.****3338 It is quite diffi-
cult to correlate its direct impact on the product yield and
distribution as changes in porosity are usually accompanied by
variations in acidity (strength and accessibility). However, there
is consistent evidence that zeolites with too small micropores
(e.g- SAPO-34, with 6 and 8-rings) are hardly active in upgrading
pyrolysis vapours, which are mostly composed of bulky mole-
cules that cannot access the internal zeolite space.*>* On the
other hand, zeolites with large mesopore volumes*° or relatively
large micropores (e.g. *BEA and FAU, having 12-membered
rings)*>*°® are prone to generate more coke as polymerization
of large molecules is less restricted. The combination of acidic
properties and a micropore size of 10-rings makes ZSM-5 one of
the most promising zeolites for catalytic pyrolysis.

6.3.1.2. Hierarchical zeolites in catalytic pyrolysis. Pyrolysis
vapours contain many large molecules, including phenolic
oligomers coming from lignin decomposition, whose dimen-
sions are too large to enter into any zeolite micropores. For that
reason, zeolites with larger external surface areas and hier-
archical structures have also been recently explored. Typically,
good results have been obtained over hierarchical ZSM-5 due to
a strong aromatization activity of this zeolite, which leads to the
production of a highly deoxygenated bio-0il.*>*’7**° In the case
of hierarchical ZSM-5 prepared by desilication,**® it has been
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proposed that the mesopores can be seen as “highways” where
big molecules (such as levoglucosan) can diffuse to the micro-
pore mouths, where the Brgnsted acid sites present are active
for their conversion into small fragments. Moreover, mesopores
also promote the transport of reaction products, thus enhancing
the selectivity of mono-aromatic hydrocarbons.

It seems that the key is a right balance between high
mesopore accessibility and external acid density. By this way,
conversion of bulky char precursors and oxygenates could be
promoted on the external surface, hindering their polymeriza-
tion to coke within the micropores, and increasing the aromatic
yields. This was evidenced by Gamliel et al.,>*® when comparing
different synthetic routes to introduce mesoporosity in MFI
zeolites: (a) desilication with organic hydroxides; (b) desilica-
tion with NaOH at different concentrations (mild and strong
desilication) and (c) surfactant-assisted desilication. The best
performance was achieved with mildly-desilicated zeolite as it
was able to increase the production of monoaromatics from
11.3% (measured as carbon yield) for the parent zeolite to 19%.
However, a harsher desilication, despite generating a larger
mesopore volume, reduced the monoaromatics to 15.9% and
increased the coke yield (from 43.4 to 46.5%, measured as
coke + char).

Hydrodeoxygenation of bio-oils (from biomass pyrolysis)
and fatty compounds has also been investigated using hier-
archical zeolites as supports of different active phases. Thus,
hydrodeoxygenation of bio-oil model compounds has been
probed using catalysts based on Pt and Ni,P, respectively,
supported on hierarchical ZSM-5 zeolites.'”®*®° Likewise, Ni
supported on hierarchical USY zeolites has exhibited a high
efficiency in the hydrodeoxygenation of fatty acids, esters, and
palm o0il.**!

6.3.1.3. 2D vs. 3D zeolites in catalytic pyrolysis. Very recently,
MCM-22 zeolite samples (MWW framework) with different
Si/Al ratios have been studied in the catalytic pyrolysis of
acid-washed wheat straw at 400-450 °C.*®> The materials were
characterized by a significant contribution of external surface
area (160-190 m* g ') and a higher concentration of Brgnsted
acid sites than Lewis ones. In terms of overall deoxygenation
degree and aromatics production, both zeolites exhibited similar
behaviour being worse than the MFI reference catalyst. In addi-
tion, a higher amount of coke was deposited over the MWW
zeolites. This coke was lighter and presented significant oxygen
content, denoting that its formation was mostly mediated by
oxygenated compounds.

2D zeolites have been applied in catalytic pyrolysis of solid
biomass to take advantage of their higher external surface areas
and pore dimensions, diminishing the effect of diffusion, for
converting bulky compounds in primary pyrolysis vapours.
Lee et al.*®* employed unilamellar mesoporous MFI nanosheets
(UMNs) to upgrade the pyrolysis vapours generated from the
individual fractions of lignocellulose: cellulose, hemicellulose and
lignin. For comparison purposes, the same reactions were carried
out without a catalyst (thermal pyrolysis) using Al-SBA-15 as the
representative of an acid mesoporous catalyst. The UMN catalyst
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was composed of randomly assembled zeolite nanosheets with
a thickness of 2.5 nm (see Section 5.2), BET area of 600 m* g~ "
and a mean mesopore size of 6.3 nm. BET area and mean pore
size of the Al-SBA-15 sample was 500 m® g ' and 7.8 nm,
respectively. Regarding acidity, unilamellar MFI exhibited both
weak and strong acid sites whereas the ordered mesoporous
Al-SBA-15 contained only weak acid sites. Due to the superior
acidity, the UMN catalyst exhibited higher activity for cracking
and deoxygenation and it produced a bio-oil with lower oxygen
content and with a better overall quality. While monoaromatics
were hardly detected in bio-oils from thermal pyrolysis of each
lignocellulose fraction, their production was promoted using
the catalysts. This effect was especially important over the
zeolite which almost tripled the monoaromatics selectivity com-
pared to the Al-SBA-15 catalyst (e.g. 16% of total distribution of
compounds vs. around 5%, respectively, in catalytic pyrolysis
of lignin).

MCM-22 and its delaminated derivative, ITQ-2, have been
tested in the catalytic pyrolysis of rice husk by Naqvi et al.>¢*3¢”
at 450 °C in a lab scale fixed-bed pyrolyzer and compared to
conventional zeolites with different micropore sizes (8, 10 and
12-rings). Despite scarce information that is given regarding
the formation of coke, some conclusions were provided. As
expected, small pore zeolites (8-rings: SAPO-34) did not produce
aromatics and exhibited the lowest deoxygenation capacity.
Large pore size zeolites (12-rings: MOR) exhibited high solid
yields (char + coke) and low aromatics production. Medium
pore sizes with 10 membered rings, and specially ZSM-5 and
ITQ-2, resulted in the best performance with similar results.
The combination of medium pore size and high acid strength
of ZSM-5 was considered to be mainly responsible for achieving
the highest deoxygenation degree and increased aromatics
production when compared with thermal pyrolysis. In the case
of ITQ-2, its higher external surface area than the parent
MCM-22 (442 m* g ' vs. 100 m* g~ ' of MCM-22) effectively
reduced the steric hindrance allowing a higher conversion of
sugar compounds, which resulted in higher aromatics produc-
tion and the second position in the deoxygenation capacity.

Lamellar and pillared MFI zeolites, and their modifications
by MgO or ZnO impregnation, have also been studied for the
catalytic pyrolysis of eucalyptus woodchips in a lab-scale fixed-
bed reactor operating at 500 °C.*°® The use of zeolites promoted
decarboxylation and decarbonylation as deoxygenation routes
for pyrolysis vapours. The parent layered ZSM-5 and pillared
ZSM-5 produced the monocyclic aromatic hydrocarbons most
effectively. Their share in the total bio-oil increased from 1.4
(thermal pyrolysis) to 11.9 and 7.5%, respectively. The modifi-
cation with both metal oxides remarkably reduced the porosity
and acidity of the zeolitic supports. As a result, the formation of
aromatic hydrocarbons was reduced in favour of oxygenated
aromatics (3,4,5-trimethoxytoluene, 1,2,4-trimethoxybenzene
and 2,6-dimethoxyphenol being the most abundant, Fig. 11).
On the other hand, formation of coke and undesired polyaromatic
hydrocarbons was also reduced.

6.3.2. Condensation reactions. Condensation reactions
have gained special interest in biomass transformation for
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both biofuels and production of valuable chemicals. These
reactions involve the formation of C-C bonds and the release
of oxygen in the form of water. Therefore, these reactions allow
small, oxygenated and reactive compounds, typically present
in pyrolysis bio-oils (e.g. acids, aldehydes, esters, phenolics,
furanics, etc.),** to be transformed into larger, deoxygenated,
and more stable molecules.””%*”*

Numerous condensation reactions have been traditionally
applied in organic chemistry where homogeneous acid or base
catalysts are mostly used. Homogeneous catalysts cannot be
recovered, and there are economic and environmental concerns
to initiate searching for solid catalysts as substitutes. One
example is aldol condensation of aldehydes or ketones in the
presence of homogeneous base catalysts, such as sodium
hydroxide.?”>7* As aldehydes and ketones are present in pyro-
lysis bio-oils in significant amounts, this reaction has been
considered as a very reasonable way to upgrade them. Aldol con-
densation can be performed in both liquid and vapour phase.
Particularly the vapour phase option allows its direct coupling to
the exhaust of the pyrolysis reactor without necessity to con-
densate the primary vapours. Although most of the solid cata-
lysts under investigation possess basic properties, some acidic
materials (in particular zeolites) have also been tested showing
promising results.’’>?’® Large pore zeolites, especially *BEA
zeolites, were found to be good catalysts of aldol condensation.
However, the existence of Brgnsted acid sites in this kind of
zeolite promotes the catalyst deactivation by coke formation.
Therefore, efforts in the development of catalysts with enhanced
resistance to deactivation have been made. Puértolas et al.®”®
attempted to modulate the USY zeolite acidity by impregnation
with a second active phase and used the resulting catalysts in
aldol condensation of oak wood pyrolysis vapours at 400 °C.
The authors modified the zeolite by K-exchange or supporting
MgO. The exchanged catalyst exhibited better performance than
MgO/USY (24.7% oxygen reduction vs. 15.2%, respectively), but
at the expense of producing more coke (26.1 vs. 16. 5 wt%,
respectively).

Similarly, hierarchical ZSM-5 zeolites have shown much
higher catalytic activity than their conventional counterparts
for aldol condensations involving large molecules, especia