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ABSTRACT: Porous solids containing internal pores with sizes ranging from angstroms to
nanometers are highly useful and valuable in the catalysis, separation, and storage of molecules
because these materials provide large surface areas and void spaces for the interaction and
adsorption of molecules. In particular, two-dimensional zeolites (2D, sometimes called layered
zeolites) with layer thickness of 2−3 nm (1−2 unit cells) have enabled the synthesis of
advanced materials and their application in catalysis for the transformation of bulky substrates
unable to enter zeolite pores, thereby substantially increasing the number of zeolite applications
and modifications. Accordingly, this Review aims to highlight recent developments in the
synthesis, characterization, and application of 2D zeolites, focusing on the two most important
representatives, MWW and MFI.

KEYWORDS: layered zeolites, MWW and MFI frameworks, synthesis, structures, transformations, acidic properties, catalytic activity,
alkylation, oxidation, biomass transformations

■ INTRODUCTION

Porous solids have been one of the major sources of
breakthroughs and innovations in catalysis and sorption. The
processes involving porous catalysts are currently driving
advances in key new areas, especially in green chemistry and
environmental catalysis.1 The main advantages in activity and
performance have been shown by materials defined as molecular
sieves with framework structures containing micropores of
molecular dimensions.2,3 In the case of zeolites, such structures
can be realized in two (2D zeolites) or three (3D zeolites)
dimensions.
The area of 2D zeolites is expanding rapidly with novel

discoveries and insights reported continuously, which calls for
timely updates. The emerging diversity justifies a focused
approach as presented in this Review. The focus on two zeolites
MWW and MFI (Figure 1), which are the most versatile and
illustrate almost all known forms of 2D zeolites, provides a
framework for analysis and development for the others. At the
same time, both of them are available in highly active forms,
which is rare with 2D zeolites, and can serve as representatives
for analyzing catalytic activity. Importantly, the 3D forms ofMFI
andMWW are also industrial standards for a number of catalytic
processes.
1. Zeolites and 3D Frameworks as Ideal (Micro)Porous

Solids. The 3D framework structures with strictly defined
micropores and channels of zeolites4 represent ideal materi-
als,5−7 which have not only brought many practical benefits by
themselves8,9 but also triggered tremendous progress in related
classes of material such as surfactant-templated mesoporous

materials,10,11 MOFs,12 and low-dimensional solids, including
clays and other layered materials.13,14 The benefits from zeolites
resulted in widespread industrial applications in the catalysis,
separation, and storage of molecules.15−17 Formally, zeolites can
be defined as 4-connected tetrahedral frameworks composed of
corner-sharing tetrahedra, TO4, with a central T atom bonded to
4 oxygen atoms in which each tetrahedron has 4 neighbors,
possibly except at the surface.18,19 These structures contain
micropores, whose sizes are of the same order as kinetic
diameters of small molecules, thus exhibiting shape selective
phenomena.
In the electrostatically neutral silicate framework, the inserted

Al atoms generate negative centers capable of ion exchange and
strong acid activity.20 As a result of this structure, aluminosilicate
zeolites exhibit high activity, shape selectivity, and chemical and
thermal resistance.21 Additionally, they are environmentally
benign, inexpensive, and relatively easy to handle in large-scale
synthesis and applications.22 Among various useful aluminosi-
licates, with structures ranging from amorphous, through 2D
clay minerals to 3D, zeolites are at the forefront in performance
and quality in catalysis and sorption applications.23
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However, the greatest zeolite strengths arising from robust
rigid structures have been also their liability. It is generally hard
to modify zeolites postsynthesis, and their much-desired
structure diversification has been possible almost exclusively
by trial and error synthesis.24 In contrast, 2D layered materials,
which frequently compete with zeolites for the same applications
(sometimes successfully), offer flexible structures with the
possibility of diverse modifications: expansion, surface mod-
ification, and formation of intimate composites with other
compounds.25,26 For example, the synthesis and expansion of
pillared layered clays has provided materials with pores larger
than those of zeolites.27 Yet, despite the larger pores of
molecular sieves, their performance has not surpassed that of
zeolites thus far. In total, there are now close to 250 approved
zeolite framework topologies,18 in addition to others pending
approval (MCM-71, IPC-9),28−30 and ca. 20 have already
produced some layered form.31,32

2. Back to Two DimensionsLayered Zeolite Pre-
cursors. In this context of perceived and often actual superiority
of 3D structures, embodied by zeolites and their sharp
differentiation from 2D solids, the discovery and even existence
of 2D (i.e., layered zeolite structures) have marked a pivotal
moment in the progress of these materials. The area of
conventional 3D zeolites remains intact, with its benefits and
dominance, at least for now, but a new dimension is added, with
expanded flexibility, thus enabling structural and other
modifications, including chemical alterations, which have been
well developed with 2D solids.33−36

The recognition of 2D zeolites is directly related to the
synthesis/discovery of a new framework related to the material
MCM-22, later designatedMWW, with medium-size pores and
large internal supercages.37 Zeolite MWW proved to be an
excellent aromatic alkylation catalyst and, as such, was quickly
implemented in valuable industrial process, replacing less
environmentally friendly catalysts.38,39 The syntheses of
MWW using hexamethylenimine (HMI) as a template revealed
two formation pathways: directly in 3D and via a 2D layered
(zeolite) precursor named MCM-22P.40 The latter was
observed first and produced the complete 3D framework upon
(topotactic) condensation of its constituent layers, approx-
imately 2.5 nm thick. This was a surprising twist in our
understanding of zeolites and was promptly confirmed in

practice by the preparation of surfactant-intercalated (swollen)
and silica pillared derivatives.41 As often happens when
unexpected phenomena are discovered or new materials
prepared, examples of layered zeolite precursors already existed,
but they were recognized only after MWW.42,43

The next significant advance was the synthesis of a precursor
of the well-established 3D zeolite ferrierite,44,45 while another
milestone was reached with the synthesis of zeoliteMFI46,47 in a
layered form. This proliferation of layered zeolite forms implied
that all frameworks afford 2D precursors31 as it is easy to imagine
splitting a periodic structure into lower-dimensional fragments.
The key question was how to do this. In practice, a periodic
structure can be divided when the surface of a growing
framework is terminated with hydroxyl groups instead of
continued propagation in 3D by attachment of TO4 tetrahedra.
The problem lies in establishing conditions for such a
termination, which for now remains a predominantly empirical
approach although rational solutions may be found in the future.
Similarly, in contrast to 3D frameworks, 2D zeolites can also be
prepared via a top-down approach from previously synthesized
germanosilicates. Because of labile Ge−O bonds, mostly located
in double-4-rings (D4R) or double-3-rings (D3R), the parent
3D structure can be chemically selectively hydrolyzed to 2D
silicate layers while preserving the original structure. Hence,
further manipulations with these layers can be performed as
those layered forms prepared by direct synthesis.48−50

As an addition to conventional zeolites, 2D zeolites neither
violate the formal definition nor require revising basic tenets and
concepts, but the 3D zeolite forms continue to dominate,
especially in practical uses, with only approximately 20 of 250
approved frameworks yielding layered forms. As a fundamental
expansion, these materials either bring forward new or broaden
existing principles in a number of ways.
First, so far, zeolite layers have usually been less than a few

nanometers thick, but the transition between 2D and 3D may
become blurred and produce a continuum of layer thicknesses
(increasing number of unit cells). The framework MFI has
already produced layers with different thicknesses.51,52

Second, an expanded concept of secondary zeolite structures
can be proposed to include all forms, such as various layer
arrangements and composites, with nonzeolites, even amor-
phous components, acting as auxiliaries between zeolite layers.31

Figure 1. Structures ofMFI (left) andMWW (right) zeolite frameworks showing the typical directions of layer formation (colored axes). Resulting
[010] surface in MWW and [001] surface in MFI are exposed.
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Third, the practical significance of these layered zeolites lies in
their greatly expanded potential for innovation: zeolites in the
standard 3D form have rigid, immutable structures, but as
layered materials, they can be readily modified into new
architectures, topotactically functionalized, and converted into
intimate composites.33 The practical benefits from modifying
2D zeolites include increased openness with a concomitant
increase in access to active sites and enhanced diffusion. These
benefits are illustrated by the first material with such properties
ever produced, namely the pillared layered form of zeolite
MWW, designated MCM-36 and discussed below in the section
4.2.2 on pillared layered materials.41,53 Several other materials
showing added benefits were subsequently prepared and
demonstrated.
2D zeolites raise an immediate question about their

comparison with 3D frameworks in terms of activity, perform-
ance, and stability. These properties depend on specific
circumstances, although we have already mentioned a pillared
form that shows superior activity (MCM-36). In fact, the picture
is rather mixed, as discussed below, but new opportunities for
layered zeolites may entail less favorable practical factors,
including complicated multistep synthesis, increased exposure
of active sites, and reduced confinement impacting intrinsic
activity. This will be reviewed in detail later on.
The ultimate goal of this overview is to discuss the main

synthesis, textural, and structural features of 2D zeolites of the
MFI and MWW types, as the two most important
representatives of this class so far, and to relate their properties
to selected catalytic reactions. Earlier and more general reviews

have covered other frameworks,31,54−61 which are not as broadly
developed asMFI andMWW but should mimic their advances.

3. Synthesis and Structure of 2D Zeolites. 3.1. Layered
Zeolite Precursors. The term layered zeolite precursor was
coined when the framework MWW was first converted into a
layered material, that is, when the 3D zeoliteMWW (MCM-22)
was produced from the layered precursor MCM-22P upon
calcination.37,62 This ability to form a layered material was
concluded from XRD patterns, as shown in the top left corner of
Figure 2, depicting a congruent condensation of the layers upon
contraction of the unit cell from 2.7 to 2.5 nm.
This illustrates a general pattern occurring upon condensa-

tion/calcination of layered precursors showing in-layer
reflections not changing their d-spacing position (except
mono- and triclinic) while the interlayer reflections shift to
lower d-spacing.45 The condensation of precursors is not always
congruent and can result in disordered or incomplete
structures.63−65 This can be attributed to unfavorable vertical
alignment associated with interlayer organic templates. In such
cases, a more favorable arrangement can be achieved with
another template through direct synthesis or by removal of the
original one and reintercalation of suitable organic com-
pounds.66 The importance of zeolite precursors lies in the
potential for modification, especially expansion to produce
derivative structures with increased porosity, accessibility of acid
sites, and enhanced diffusion of reactants.
The framework MWW shows that the number of distinct

layered forms forming directly by synthesis can be considerable
as illustrated in Figures 2 and 3. Thus, MWW layers can be

Figure 2.Different layered forms of the zeolitesMWW andMFI/ZSM-5 (indicated in violet) synthesized in one-pot with XRD patterns forMWW as-
synthesized and calcined (bottom and top, respectively), showing distinct features for identifying different materials. The reported preparation of a
swollenMWW by direct synthesis is discussed separately. Upon calcination, the expandedMWWmaterials showXRDpattern like the unexpanded (on
the right), but upon silylation (with bridging compounds like (alkyl)2Si(OR)2 referred to as stabilization) the expanded structure and corresponding
XRD pattern are preserved, where applicable. All patterns are based on published experimental profiles.
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Figure 3. continued
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arranged as expanded and unexpanded structures, represented
by columns in Figure 2. The former show apparent ca. > 2.6 nm
interlayer distance (2 reflections at 1.35 and 1.24 nm d-spacing,
ca. 6.5 and 7.1 degrees (deg) 2θ Cu Kα radiation, interlayer 002
and intralayer 100) and contain a template and/or hydrogen
bonding between layers.67,68 The unexpanded materials (2nd
column in Figure 2) show only one distinct reflection, 100, that
may overlap with the 002. Both the expanded and unexpanded
types can further produce three different lateral arrangements:
ordered stacking showing two separated peaks in the range 8−10
deg ((101) and (102)), disordered stacking, and a special case of
regular shifts in the ab plane, probably due to particular features
of theMWW structure (3rd row of patterns/structures in Figure
2). The corresponding materials can be described as follows. In
addition to the MCM-22P (semiordered multilamellar
precursor, condensing to ordered 3D framework) and the
conventional 3D framework MCM-49/22 (fused/complete 3D
framework), the additional distinct examples are illustrated by
MCM-56 (monolayers),69−71 EMM-10P (like MCM-22P
disordered),67,72 and SSZ-70 (multilayered, layers shifted by
discrete vectors).73,74 An additional structure similar to the
(expanded) SSZ-70 but without interlayer separation (un-
expanded) can be postulated to complete the pattern. It is
already known as calcined SSZ-70, which has been assigned a
separate structure code (*-SVY73), but the as-synthesized
equivalent has not been made yet. These different forms of
layered zeolite precursors are usually prepared by hydrothermal
synthesis that produces layered material instead of a 3D
framework. The outcome of these direct preparations depend on

the synthesis conditions, particularly the gel composition and on
the templates used, as also illustrated in Figure 2.
Thus far, onlyMWW layers show such a variety of structures,

and most zeolites have only three or fewer forms (ordered and
disordered precursors). Since this variety of forms results from
differences in layer packing, other 2D zeolites should behave
similarly and produce equivalent structures. However, two
general issues arise, that is, whether these various forms can in
fact be obtained with other topologies and whether the initial
layer arrangements affect subsequent modifications and catalytic
performance.
Notably, some forms of layered zeolite precursors may be

difficult to recognize. For example, the MFI pattern is complex
and dominated by intralayer reflections. The XRD patterns of
MWW may be unique in revealing differences in layered
structures, and only some zeolite layers can offer comparably
diverse packing.MWW has the lowest density of silanols on the
surface reported so far56 and readily forms layers with high Al
content.75 Thus, these features may be the starting point for a
more in-depth analysis of different forms of layered zeolite
precursors.
Preliminary findings indicate that the initial layer arrange-

ments do affect modifications and catalysis. For example, SSZ-70
shows unique activity because of its structure with free silanols.
However, upon swelling with surfactants, the regular offset of
layers in SSZ-70 becomes obliterated, and the product becomes
similar to other swollenMWWs, as shown by XRD.76 MCM-56,
an MWW zeolite with a high Al content obtained by direct
synthesis, shows advantages in swelling with surfactants, in

Figure 3. Compilation of various layered zeolite forms (including those from Figure 2; updated based on the published version165) with schematic
structures forMWW. For comparison to variousMFI andMWW forms, also different layered forms of other zeolites like FER,CDO, IPC, PCR, STI,
SFO, OKO, SOD, and others are summarized, see refs 85−164.
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contrast to the precursor MCM-22P, whose swelling decreases
with the increase in Al content.75 These are isolated observable
differences, and it remains to be seen if they are general.
The unique variety of theMWW zeolite family allows a deeper

analysis of the role of Al, as the key factor of acid catalysis, in the
formation of 2D and 3D zeolite forms. The a-b surface of the
MWW structure contains pyramidal T atoms terminated with
silanol with a very low density of 1.12 per nm2, in the hexagonal
arrangement, at a distance of 0.81 nm.77 The layers are relatively
thick, 2.5 nm, with internal pores and channels, which can
accommodate Al atoms and keep them hidden from the outside
and protected by organic structure-directing agents in the as-
synthesized form. In contrast, ferrierite layers are ca. 0.9 nm
thick, with a silanol density of 1.8 per nm2, and any Al present is
directly accessible.56

The effect of Al content is illustrated by the synthesis of
MWW with hexamethylenimine (HMI) in alkaline medium. A
higher Si/Al, above roughly 12/1, favors the layered precursor
MCM-22P, but as the effective Si/Al diminishes (factoring OH
amount−silica dissolution increases with alkalinity and
decreases Si/Al of the gel), the 3D framework, MCM-49, is
obtained directly in one pot.40 This is made more complicated
by the formation of an intermediate layered product with high
Al, MCM-56, but it can be rationalized by kinetic factors as
described below.75 The supposition that increasing Al
concentration promotes the formation of 3D frameworks in
preference to 2D forms47 is reinforced by the fact that most
layered zeolites prepared to date using hydroxide as mineralizer
have a relatively low Al content. This implies that Al atoms on a
surface, present most likely as AlOH−, favor the formation of Al-
O-Si as the propagation of a framework in 3D, over termination
enabled under favorable conditions by SiOH and possibly AlF
(in fluoride media high Al layered zeolite seems to form much
easier than with OH mineralizer). The formation of MCM-56
can be rationalized by considering a combination of kinetic and
pH effectssurface Al promotes the attachment of O-Si units,
rendering a 3D structure (MCM-49), albeit at a slow rate.
Presumably, MCM-49 is produced by crystallization, not layer
alignment. Thus, inMCM-56, monolayer crystallization is much
faster than 3D growth, enabling a full conversion of the gel into
MWW layers. As the OH concentration becomes higher at the
end of the amorphous-to-crystalline zeolite conversion, the next
step, in which surface AlOH reacts with SiOH, is accelerated,
initiating the growth of an adjacent layer as a 3D structure.75 Yet,
a key question remains unanswered, that is, whether the same
conversion is possible with other frameworks or whether the
required interplay of factors, including the concentration of
pyramidal sites, pH, and kinetics, cannot be balanced to initially
form only monolayers, as observed in MCM-56.
3.2. The Role of Templates in the Formation of Different

Layered Structures. Templates (alternatively, structure-direct-
ing agents (SDAs)) promote the formation of a specific
framework. With MWW zeolites, SDAs have a strong effect on
layer organization, producing various structures with differences
in layer spacing and order, as shown in Figure 2. Yet, the status
and role of templates remain mostly unclear, to a large extent,
because of the overall complexity of the problem, which has been
primarily addressed using 13C, or in some cases 1H MAS NMR,
temperature-programed base desorption, and modeling, as
presented below.
Above (section 3.1), the formation of different MWW

structures derived from hexamethylenimine, HMI, (MCM-
22P,MCM-49, andMCM-56) has been rationalized on the basis

of the Al content in the synthesis mixture. Under this
assumption, HMI molecules and ions would mainly act as
“pore” fillers between layers, as in the layered precursor MCM-
22P, in addition to supporting the formation of the layers
themselves and the filling of intralayer sinusoidal channels.
Accordingly, both experimental and theoretical investigations
have been conducted to test this hypothesis.
In the study by Lawton,40 using temperature-programed base

desorption and 13C MAS NMR, the estimated amount of HMI
in the interlayer spaces was 2 times higher in MCM-22P than in
the as-synthesized 3D form MCM-49. Considering that HMI is
present in both locations in the neutral and protonated forms,
the interlayer SDA was initially proposed to promote the in-
register alignment of silanols,67 but an alternative geometry,
disordered over several positions, was subsequently postulated
on the basis of density functional theory (DFT) calculations.68

Diquat SDAs, such as bis(N,N,N-trimethyl)-1,5-pentanedia-
minium dibromide (diquat-C5) and the 1,6-hexanediaminium
homologue, produced disordered, possibly turbostratic materi-
als (e.g., EMM-10).67,72 The suggested diquat arrangement
consisted of two trimethylammonium head groups filling the
opposite surface pockets and thus causing layer misalignment
because of the long and flexible pentamethylene (C5) and
hexamethylene (C6) chains connecting two N atoms.
The quaternary amino-adamantyl group is a strong promoter

of the MWW layer. As such, depending on the other
constituents, different types of materials were prepared, the
first being SSZ-25, as an analogue of MCM-22P, templated with
the trimethyladamantammonium cation (TMAda+). The same
SDA was used to synthesize an all-silica layered product, ITQ-
1,78 in the presence of HMI providing a “cooperative structure-
directing effect”withHMI stabilizing the 10-MR channels and
a much larger TMAda+promoting large cavities. In turn, the
bifunctional templates that were used to generate layered MFI
inspired the design of analogous ions to prepareMWW based on
amino-adamantane. The products were the house-of-cards
MIT-179 and its multilayered derivative UJM-1.80 A similar
principle was adapted to obtain (by direct synthesis) DS-ITQ-
2.81 Another class of uniqueMWWmaterials has been obtained
with functionalized imidazolium templates, which produced
regular stacking sequences. ECNU-5 was prepared using the
rapid dissolution-recrystallization route,82 with 1,3-bis-
(cyclohexyl) imidazolium hydroxide (IM+OH−) and with
ITQ-1 as the silica source. Another example is the SSZ-70
zeolite.83

The breakthrough in the synthesis of 2D zeolites was made by
Ryoo,47,84 who designed and used bifunctional amphiphilic
SDAs for the synthesis of layeredMFI zeolites. This strategy was
then extended to the synthesis of other frameworks, including
the aforementioned zeolites of the MWW family, namely, DS-
ITQ-2,81 MIT-1,79 and UJM-1.80 Park et al.51 conducted
systematic studies to find the optimal structure of bifunctional
SDAs, composed of quaternary ammonium heads and long
hydrophobic tails, for the synthesis of 2D MFI materials. They
concluded that surfactants should be equipped with at least two
ammonium groups responsible for the formation of zeolite
microporous structures, in addition to the amphiphilic and
micelle-packing properties. They also found that the thickness of
the nanosheets can be tuned according to the number of
ammonium groups, noting structural differences depending on
the surfactant used because C22−6N2 resulted in multilamellar
mesostructures, whereas C22−8N2 yielded disordered nano-
sheets.
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In addition to the modifications of layers arrangements
mentioned above, the use of specific templates may also change
the population and siting of the framework Al atoms, which
affect the resulting acidity of the material (see section 5.2 and
5.3).
The other structures and forms that have been produced with

MWW layers, approximately 15, including modifications
(Figure 3), appear less “abnormal” than MCM-56 and should
be easy to obtain with other frameworks.
3.3. Layered Forms of the MFI Topology. Layered forms of

the MFI topology represent a significant milestone in the
progress of layered zeolites.47,131,157 First, 2D MFI materials
helped to confirm the expected generality of the 2D zeolite
phenomenon. Second,MFI is the secondmost important zeolite
in catalysis after FAU, which is used in catalytic cracking (FCC)
and produced in huge quantities. MFI and FAU are by far the
most widely used among all commercial zeolites in catalytic
processes in terms of both volume and diversity of
applications.166,167 They also dominate zeolite research
activities. Third, the layered form was prepared by designing a
template to produce the MFI topology without propagation in
the third dimension. Fourth, the resulting nanosheets were
active catalytically and stable, thus showing advantages over the
conventional MFI in MTP and MTH reactions (see section
5.2.4).47

The template was bifunctional, consisting of a core, which
directs the formation of the MFI structure, and tails, which
prevent framework growth on top of the layer. Qualitatively, this
design was different from that of other layered zeolite
precursorsthe template was an integral part of the layer and
precluded both surface exposure and simple “detemplation”,
which is crucial for further transformations. The question of the
formal “layered MFI” precursor, that is, its exact structure and
congruent condensation to an ordered, complete MFI, has not
been considered directly. One of the reasons may be practical,
associated with XRD patterns, because MFI lacks prominent
interlayer reflections necessary to diagnose interlayer spacing at
a close distance, as well as order/disorder, in contrast toMWW.
Almost all reflections observed in a layered MFI XRD pattern
are intralayer, so structural details like layer packing, order, and
distancing, must be determined using tools that are much more
laborious and usually local (microscopy), that is, not as

applicable to the bulk. These issues are illustrated by the
nonordered condensation of MFI layers, as reported in the
original study, and by the fact that the layer thickness ranges
from 1 to 1.5 unit cells.47,163 The layers with apparently one unit
cell thickness are evident in TEMs of crystal cross sections, but
the layers isolated by exfoliation, only in very low yield, have a
thickness of 3.5 nm or 1.5 unit cells.163 The bifunctional MFI
templates produced two types of structures: stacked multi-
layered and monolayered house-of-cards (see Figures 2 and 3).
The latter are particularly valuable considering the research
goals to increase interlayer spaces and accessibility, which may
be less favorable in multilayered structures without applying
spacers (e.g., by pillaring).
The MFI structure can be regarded as consisting of 0.5−0.6

nm-thick monolayers propagated by a center of inversion.168

The related topology MEL (ZSM-11) is obtained when the
stacking is governed by reflection in lateral mirror planes. From
this perspective, the reported one-unit-cell-thick MFI layers
actually consist of three hypothetical “primitive” layers, which
may or may not be possible to prepare. Since the differentiation
betweenMFI andMEL by XRD can be tricky, the formation of
the latter should be considered when synthesizing nominally
MFI materials. Moreover, a third layered type material of this
topology, known as self-pillared MFI, is a novel and apparently
layered zeolite that consists of stacks of layers intergrown with a
second set at right angles. This self-pillaring is enabled by the
facile transition between and intergrowth of MFI and MEL
topologies, which results from specific features of these two
topologies, and may be limited to few comparable structures.
Similar behavior was reported for the FAU/EMT frameworks,
but the layers were much thicker and do not fall under the
layered zeolite concept.169,170 Most efforts toward developing
lamellarMFI have involved the design of various templates and
synthesis conditions, thereby producing various materials with
different thicknesses,60 ranging from layers with a single row of
pores171 to 5 nm-thick layers.172

4. Transformations of Layered Zeolites. 4.1. Modifica-
tion of Layered ZeolitesGeneral Comments. Layered
precursors can themselves provide benefits that exceed those
of conventional 3D structures, as exemplified by the original
MFI nanosheets and the MWW forms SSZ-70 and MCM-56.
However, their most promising feature is the potential for

Figure 4. Principal transformations and derivative materials from layered MWW zeolites.
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modification into new expanded architectures and other
derivatives. Among all layered materials, zeolites provided for
the first time 2D layers with pores inside or across the layers
combined with inherent strong activity.
The following general types of modified layered zeolites

materials have been reported in roughly chronological order
(see also Figure 3): intercalated/swollen (expanded with
surfactants),41,112 pillared,41 delaminated (disordered layer
assemblies),152 ,173 ,174 interlayer expanded zeolites
(IEZ),140,141 house-of-cards (MFI),131 swollen with surfactants
and exfoliated into liquid dispersions of individual layers (low
yield),163 exfoliated in high-yield by soft-chemical treatment162

(Figure 4).
Most of these forms were proven conclusively and

unequivocally, but in some cases, questions about their true
identity and veracity/quality have not been fully resolved.
Zeolite MWW has usually been the first in providing a specific
modification, which most often can be confirmed by XRD. As
found in various as-synthesized forms,MWW derivatives display
specific XRD patterns, usually in the low angle range from 8.8 to
0.9 nm d-spacing (1−10 deg 2θ Cu Kα radiation, Figure 2).
These features allow unequivocal identification and even
quality/quantity assessment. For example, MWW swollen with
hexadecyltrimethylammonium cation shows a (new) peak at
1.6−1.75 nm d-spacing (5−5.5 deg 2θ, assigned 003 Miller
indices) in addition to 001 (which can be a false-positive due to
anMCM-41-like contamination, as indeed occurred on occasion
and was wrongly attributed to swelling). IEZs are characterized
by XRD patterns after calcination similar to those of layered
precursors and not to those of the condensed framework, as
expected, and were termed “stabilized precursors”.
The main transformations of the MWW materials, exempli-

fied by the multilayered MCM-22P and monolayered MCM-56,
are shown in Figure 4. Again, since the governing principle is
based on arranging layers in space using suitable media,
analogous modifications could be expected from the other
MWW forms, including disordered EMM-10P and SSZ-70.
Before the availability of monolayer dispersions in solution, the
options for modifications were limited, but they have widened
since. With exfoliated monolayers in solution,162 materials can
be designed at will, subject to limitation, which can be termed
“compatibility”, including charge, concentration of silanols, and
other factors that will likely be better understood with time and
experience.
The long-awaited ability to modify zeolites structures that has

been enabled by the emergence of 2D zeolites comes with
caveats and pitfalls requiring careful consideration, especially
when weighing prospects for commercial significance. First, the
additional steps needed to produce modified catalysts may entail
significant labor and added costs, which can offset the gains. It is
hard to indicate specific actions to decrease the cost of 2D
zeolites production as each situation is different. As a general
rule, minimalization of both additional steps and usage of
organic reagents are desired, but it may affect quality. Additional
processing can affect the intrinsic activity, especially the
concentration of active sites, as shown with the swelling of
MCM-22P and MCM-56.175 Despite such adverse effects, the
absolute activity can be maintained or enhanced, but in many
cases, it does not happen (i.e., it is below state-of-the-art
standard form). Third, as exemplified by MCM-22P and likely
others, when increasing the Al content, transformations such as
swelling and IEZ formation become less effective or not possible
at all.75 The overall activity of zeolite catalysts often increases

with the Al content but at some point may reach a maximum and
then decrease because of factors such as reduced stability or
excessive coke formation. Results reported on the performance
of pillared MWW materials have shown that the final activity is
primarily determined by the Si/Al of the starting precur-
sors.75,176 Subsequent attempts at swelling, including layer
preservation (at a lower temperature) or desilication and Si/Al
lowering, had a minor effect. The role of Al in the formation and
activity of 2D zeolites is analyzed in more detail in a separate
section (see sections 5.2 and 5.3), but in short, the validation of a
useful modification for large-scale applications must consider
the effect of the Al content for both the 3D zeolite and the
modified form. Thus, suitable benchmark materials are
particularly important, especially when evaluating benefits for
a commercial process. However, information on benchmarks or
the materials themselves is usually unavailable (e.g., propri-
etary), so caution is necessary in assigning positive practical
advances and prospects.

4.2. Modified Zeolite FormsSecondary Structures and
Material Types. Differences in 3D zeolite topologies (primary
structures) are reflected in differences in their XRD patterns,
which are the primary basis for their practical differentiation.
The same principle is applicable to various MWW forms when
recognizing different types of modifications (secondary
structures). Not all patterns are unique, especially among
disordered forms, in which case other distinguishing features can
help to identify and differentiate forms. As a result, nearly 20
different types of zeolite materials (secondary forms) have been
identified so far. As we learn more on this subject, further
scrutiny and validation may be implemented toward creating
systematic procedures. Among the possible forms of 2D zeolites,
some are particularly important and will be discussed in more
detail below.

4.2.1. Surfactant-Swollen Zeolites. Successful surfactant
swelling was initially both a definite proof of the layered nature
of the MWW zeolite and the necessary step for its practical
exploitation in preparing expanded or more open materials such
as MCM-36 and ITQ-2. Uncharacteristically for 2D solids in
general, the efficiency of MCM-22P swelling was marginal until
a highly concentrated surfactant hydroxide and exclusion of
other small cations was adopted. Several factors determined the
positive swelling outcome. High pH caused deprotonation of the
surface silanols, and the absence of smaller cations allowed
unobstracted attachment of surfactant molecules to the layers
and interlayer expansion. Larger cations, such as TPA and TBA,
were successfully used as bases in combination with a surfactant
salt, thus suggesting that their size was unfavorable for displacing
or not admitting surfactant to the surface. The severity of the
process was initially justified by hydrogen bonding and strong
interlayer affinity (bonding) requiring disruption. An alternative
and more plausible revised reinterpretation is that MWW has a
particularly low silanol density on the surface and at lower pH
the entering surfactant molecules are simply lying horizontally,
thereby causing little expansion, similarly to clays, where charge
density determines surfactant packing.177 The high pH environ-
ment generates additional SiO−-defects, which attract surfac-
tants and produce expansion. To reduce the apparent
detrimental effect of the reaction between hydroxide and
MWW surface, a room temperature process was applied
resulting in “layer structure preservation”.178 The swollen
MWW had smaller interlayer d-spacing than in the initial
reports, most likely because less surfactant was present between
the layers, in line with the lower number of SiO−-defects. These
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room-temperature conditions become less efficient with the
increase in Al content,75 and the activity is not dependent on
swelling conditions, with or without preservation of better
layers, despite significant degradation in the latter case.176 The
swelling of MCM-56, a high-Al, monolayered (delaminated)
MWW zeolite is particularly noteworthy. In contrast to the
multilayered MCM-22P precursor, it can occur under less
demanding conditions (e.g., with a surfactant salt−small cation
hydroxide combination). Accordingly, these results suggest a
more exposed external surface, that is, the monolayered nature
of MCM-56, which is further validated by the recent complete
exfoliation of MCM-56 with tetrabutylammonium hydroxide
(TBAOH).162

SwollenMWW can be deswollen in reactions with an acid or
in a milder environment, in contact with ammonium nitrate or
quaternary organic salts in water/ethanol. The product consists
of randomly stacked layers.75,178

An analogue of postsynthesis, surfactant-swollen MWW
materials was directly prepared using a dual template system,
IM+OH− and the surfactant cetyltrimethylammonium bromide
(CTAB), and including zeolite seeds (siliceous ITQ-1).151

4.2.2. Pillared Layered Zeolites. Pillared layered zeolites
consist of layers permanently separated at some distance by
props, known as pillars, that generate porosity between layers.
Unlike the archetype pillared layered solids, clay minerals with
Al-Keggin ions between layers,27 pillared zeolites could not be
obtained by a simple ion exchange of such ions or other
molecular clusters into the interlayer space. The initially
successful process41 mimicked pillaring of layered oxides by
the reaction between a (pre)swollen layered substrate and
TEOS, as a silicon dioxide precursor, to insert the latter between
layers.179 The product, MCM-36, showed enhanced porosity,
for example, doubled BET surface area, a mixture of micro- and
meso-pores, and genuine activity enhancement in comparison
with the 3D zeolite in iso-butane alkylation.41,53 The perform-
ance was enhanced despite reduced concentration of the active
sites due to the presence of ca. 50% inert silica as pillars. The
obvious research direction was to make pillars active by
incorporation of elements that add activity, like Al and other
heteroatoms. Yet, so far, the activity gains have been minor,
except when introducing redox centers, including Ti and Fe,
among others.180−185 The activation of pillars has not produced
significant increases in performance, which is not surprising
considering the generally amorphous nature of these props. The
solution to this problem has been to prepare zeolitic pillars, but
not much progress has been achieved yet. Zeolite pillars (MFI)
withMFI layers have been reported,46 but evidence confirming
the nature of the pillars is difficult to obtain. The best
confirmation will come in the form of activity enhancement in
comparison with silica pillared layered zeolites. Organic
molecules with functional groups have been also introduced as
active pillars between MCM-22P159 or IPC-1P161,186,187 layers.
Here, thermal instability prevents the usually desired zeolite
activation up to 500 °C.
4.2.3. Interlayer Expanded Zeolites (IEZ). Most layered

zeolite derivative structures and types of materials have
equivalent analogues among other, traditional layered solids.
IEZ structures are unique and were unanticipated140 but
appeared obvious once a suitable synthesis path has been
discovered. They are obtained by connecting Si-OH groups on
the surface of opposite layers with an Si atom forming the bridge
O-Si(alkyl)2-Owith formal expansion of pores between layers by
2 SiO links (e.g., converting 10-ring into 12-ring pores). A

convenient synthesis method is silylation with (alkyl)2Si(OR)2
reagents in acidic solutions.141 The desired outcome is readily
recognized in the XRD because the pattern is qualitatively
similar to that of the precursor, without visible contraction that
occurs when forming the corresponding 3D framework and
maintaining peak positions. Initially, this process was referred to
as (precursor) stabilization. The pore is nominally expanded by
two Si-O units, but the bridging Si atoms are not four connected,
having 2 groups attached (e.g., CH3 or OH). The product is
usually not a formal zeolite, whereas the additional groups on the
bridging Si narrow the pore entrance. Consequently, the benefits
from this enlargement are more subtle than going simply from,
for example, 10-ring to 12-ring zeolites. In turn, an IEZ form of
MWW is one of the best examples of the possible advantages of
2D zeolites over 3D. The accommodation of Ce cations by ion
exchange produced a qualitative change from no activity toward
CO-to-CO2 oxidation in Ce-MCM-22 to imparting this activity
in Ce-IEZ-MCM-22.188 An example of the IEZ zeolite derivative
that is a zeolite is PCR-IEZ.108 In this case, the interlayer bridges
are close to each other and condense to form a square as each Si
becomes four connected. Further examples have been
reported.189

As best as we could ascertain, there have been no reports of an
IEZ form of MFI, although there is no reason to expect that it
cannot be prepared. As such, the current lack of IEZ forms of
MFI is probably temporary.

4.2.4. Delaminated Zeolites. The concept of a delaminated
zeolite represents an idea of maximized exposure and
accessibility of zeolite active sites (layers) to the reactants with
a fixed porous structure embodied by a “house-of-cards”
architecture.152,174 The first report of a delaminated zeolite
involved subjecting a swollen MWW to sonication, coagulation
by acidification, isolation of solids, and calcination. The product,
designated ITQ-2, showed higher BET surface area, pore
volume, and activity toward model compounds (n-decene, 1,3-
diisopropylbenzene, and vacuum gas-oil) than the starting
material.152 In addition, TEM revealed the presence of an
isolated MWW layer. This idea has stimulated the pursuit of
zeolite delamination in general. At that time, there was already
an apparently monolayer MWW material disclosed in patents
and later on determined to be a delaminated zeolite obtained by
direct synthesis69−71 with high Al content, albeit pronounced to
be less active than ITQ-2.174 The idea of delaminating the
swollen layered zeolites was extended to the frameworks FER
and NSI, providing materials designated ITQ-6, -18, and
-20.153,174 Since then, the term delaminated zeolite has been
applied quite broadly to include materials with perturbed
stacking of MWW or other zeolite layers. The typical evidence
included XRD patterns, often similar to MCM-56, increased
textural parameters and enhanced catalytic performance. The
term delamination and its often-used equivalent exfoliation
imply the potential for producing dispersion of loose layers in a
liquid medium. The first evidence of such a phenomenon for
zeolites was produced from swollen MWW and MFI materials,
but through an elaborate procedure involving extrusion with a
polymer, extraction with organic solvents, and surfactant
removal.163 The yield was very low and insufficient for use in
catalysis, but the approach has been beneficial for zeolite
membrane preparation.
True delamination, in a single step, with demonstration of

layers in solution, has been recently reported with a preparation
of MCM-56 that was obtained with a specific synthesis
formulation.162 This preparation was uniquely favorable because
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it contained only a small amount of layer intergrowth, which are
found in most known preparations and thwart significant
exfoliation. The MCM-56 material produced dispersed
monolayers by the same method as many oxide materials
doby treatment with TBAOH solution and centrifugation to
separate the nonexfoliated fraction.36,190 As the first case, this
system was thoroughly characterized by standard and advanced
methods to confirm dispersion into monolayers. The evidence
also included flocculation of the suspended layers as a
demonstration of its usefulness for the preparation of catalysts.
In this material, the separated monolayers can be combined with
other components of different functionality.
Layered zeolites house-of-cards materials with apparently

intergrown layers have been obtained with bifunctional
templates as shown in Figure 2, bottom.79,131

5. Properties and Catalytic Performance of 2D
Zeolites. 5.1. Porosity. Unmodified conventional zeolites are
purely microporous materials. Thus, during potential catalytic
reactions, bulky molecules can neither penetrate deeply into
zeolite micropore system and efficiently reach active sites nor
escape narrow channels and are thus trapped.191 As a
consequence, the products formation is difficult because of the
limited number of active sites accessible on the outer rim of the
crystals. Even if they are formed, the products suffer from
increased residence times and can undergo secondary reactions,
leading to undesired low-molecular products (low selectivity) or
to coke formation (catalyst deactivation). 2D zeolites increase
access to active sites and to overcome limitations of conven-
tional zeolites. Most 2D zeolites designed to date can also be
classified as hierarchical materials because they combine the
intrinsic zeolite microporosity and the permanent intercrystal-
line mesoporosity of pillared, self-pillared, and delaminated/
exfoliated forms.
To quantify the aforementioned characteristics, Perez-

Ramirez et al.192 introduced a hierarchy factor (HF), defined
as the product of the relative micropore volume (Vmicro/Vtotal)
and the relative mesopore surface area (Smeso/SBET). The higher
the HF value the greater the mesopore surface area, without
severely affecting the micropore volume. For layered zeolites,
the HF is usually high, even if one pore system has to be
sacrificed by slicing the 3D structure to obtain a 2D structure.
Figure 5 shows two extreme cases, that is, zeolites with high
mesoporosity and low microporosity are located at the top left
corner, whereas classic 3D materials are located at the bottom
right corner of the graph.
The only delaminated zeolite presented in the original graph,

ITQ-18, is located at the top left corner, with HF of 0.02. The
HF values of other 2D zeolites withMFI orMWW frameworks
(Table 1) are scattered throughout the entire plot, with notable
location of the single-layered material MIT-1 in the center right
section, with HF over 0.3, or UJM-1, which is multilamellar, also
in the center right section, with HF over 0.2. Overall, these
findings show that mesoporosity and microporosity of 2D
materials are balanced.
Thus, despite extreme reduction of crystal size in one

crystallographic direction in 2D zeolites, both MFI and MWW
lamellar materials maintain a significantly intact micropore
system. Consequently, as a feature of 3D zeolites, selectivity is
expected to remain unchanged, to some extent, in their layered
derivatives.
In addition to increased total surface area or mesopore

volume, which provides high accessibility to active sites, 2D
zeolites present additional benefits. For the same topology (e.g.,

MFI or MWW), different structures, that is, architectures of
layers assembly, can be produced, with modified textural
features and catalytic behavior. For instance, the MWW family
is represented by various pillared (MCM-36), postsynthetically
delaminated (ITQ-2), and directly synthesized materials with
different types of stacking (MCM-49, EMM-10, MCM-56,
UJM-1, and MIT-1, among others). Accordingly, the MFI
framework has provided pillared multilamellar, disordered
unilamellar, and layered-like self-pillared forms.46,84,131,171

This ability to obtain different structures makes it possible to
adjust textural properties and to control other important
characteristics of zeolite catalysts such as their mechanical and
chemical stability, the distribution of active sites among different
framework positions, the acid strength of active sites, and the
confinement for potential reactants/intermediates under
reaction conditions.
Zeolite nanosheets were shown to have high thermal and

mechanical stability similarly to conventional zeolites.171

Moreover, the 3D-to-2D transition is not expected to cause
significant framework distortions in both purely siliceous and
aluminosilicate forms,199 instead likely affecting more subtle
characteristics, including the number of exposed silanols, which
determine catalyst hydrophilicity, or the local environment of
acid sites, which influence their strength.

5.2. MFI and MWW as Model Layered Brønsted Acid
Zeolite Catalysts. The following discussion is focused on recent
studies on the characterization of acid sites in 2D vs 3D zeolites
and on catalytic processes underlying fundamental differences
between 2D and 3D zeolites under different reaction conditions.
More comprehensive discussions of possible catalytic applica-
tions of these materials in various types of transformations can
be found in earlier reviews.2,200,201 Section 5.2 analyzes
aluminosilicateMFI andMWW as model Brønsted acid layered
zeolite catalysts, whereas section 5.3 addresses 2D Lewis acid
zeolite catalysts. For the reader’s guidance, Scheme 1 shows
different surface acid sites discussed in sections 5.2 and 5.3.

5.2.1. Probing Brønsted Acidity in 2D Zeolites. Lewis acid
sites (LAS) in zeolites are viewed as defects, so researchers

Figure 5.Hierarchy factor (HF) plotted in a contour plot as a function
of the relative mesoporous surface area and relative microporous
volume of different zeolite types prepared using different methods
(from ref 192) and adding 2DMFI andMWW (data presented in Table
1). Colors: violet−ref 193, dark green−ref 194, green−ref 195, dark
blue−ref 196, red−ref 80, magenta−ref 76, orange−ref 197, yellow−ref
198. Individual colors are also given in Table 1.
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primarily focus on Brønsted acidity associated with Si-OH-Al
groups. Aluminum-related Brønsted acid sites (BAS) are
relatively easy to detect, in contrast to Lewis centers, using
direct spectroscopic methods such as solid-state 1H and 27Al
MASNMR, FTIR in the OH vibration region (FTIR-OH, range
3750−3000 cm−1, Figure 6a,b) and NMR- and FTIR-monitored
adsorption of molecular probes. The parameters that can be
determined by spectroscopy are accessibility to acid sites (most
frequently evaluated in relation to the external surface/inner
space when comparing 2D and 3D zeolites), their strength and
number. However, the currently available methods are unable to
provide accurate information about all three parameters
simultaneously. As elaborated below, each approach has its
own blend of advantages and disadvantages. Thus, only the
combination of different spectroscopic techniques (i.e., direct
detection of Si-OH-Al groups and probing with basic molecules)
can distinguish differences in acidity between 3D and 2D
zeolites, which depend on topology of the layers and their
thickness, the heteroatom distribution, the population of surface
silanol groups, and other factors.
In this section, we discuss solid-state MAS NMR and FTIR-

OH. 27Al NMR spectra detect framework Al atoms in tetrahedral

coordination, which are usually associated with Brønsted acid
sites. They are observed in the range of chemical shifts δ = 50−
65 ppm. 27Al MAS NMR studies of 2D MFI zeolites detect
aluminum in tetrahedral (50−60 ppm), octahedral (0 ppm) and
penta-coordinated/distorted four-coordinated positions (“the
broad feature between 0 and 60 ppm”).202 The high abundance
of the species results from irregular coordination of T atoms at
the large external surface.

29SiMASNMR can be highly informative for zeolite materials,
but the presence of Al introduces well-known complications
such as peak broadening and overlap. Wu et al.203 enhanced 29Si
NMR signal using the 29Si−1H CP technique when studying
series of MFI ranging from conventional through multilamellar
to unilamellar structures. It was found that the ratios of
Q3(0Al):Q4(0Al) (a measure of silanol abundance) and
Q4(1Al):Q4(0Al) (a measure of framework Al) did not change
significantly, thus suggesting that neither the silanol concen-
tration nor the framework Al abundance correlates with layer
thickness.
Although chemical shifts are independent of external

characteristics of materials (morphology, textural properties)
for both MFI194 and MWW204 zeolites, solid-state spectra are
difficult to interpret accurately.205 The exact correlation
between published chemical shifts and specific framework
positions is typically impossible because of insufficient peak
resolution and sensitivity of Al chemical shifts to the changes in
the local Al atom environment (e.g., when comparing 2D and
3D zeolites with the same layer topology). Various aspects of
zeolite acidity are reflected and can be readily appraised on the
basis of the presence and number of OH groups observed in
FTIR spectra of activated samples (in protonic form).
The main IR maxima due to bridging Si-OH-Al hydroxyls

associated with BAS are observed at 3620−3625 cm−1 for
MWW and at 3610 cm−1 for MFI. Also other OH groups are
common to both MWW and MFI, as shown in Figure 6: (i)
external, terminal silanols characterized by the IR band at 3745

Table 1. Porosity of Different 2DMFI andMWWMaterials Published in the Literature and the Corresponding Hierarchy Factor
(HF)a

framework sample name from referenced work color in Figure 5 Vmicro/Vtotal Smeso/SBET HF reference

MFI SI-ONS-87 violet 0.294 0.552 0.163 193
SI-ONS-50 0.222 0.709 0.157
SI-ONS-30 0.215 0.603 0.130
SI-ONS-15 0.238 0.571 0.136
NS-2.5 dark green 0.123 0.727 0.089 194
ZSM-5-0.055 green 0.270 0.483 0.131 195
ZSM-5-0.065 0.213 0.522 0.111
ZSM-5-0.075 0.125 0.719 0.090
ZSM-5-0.085 0.039 0.872 0.034
nanosheets dark blue 0.216 0.528 0.114 196

MWW UJM-1 red 0.851 0.270 0.230 80
UJM-1-pillared 0.782 0.145 0.113
MIT-1 0.811 0.480 0.389
B-SSZ-70(4) magenta 0.667 0.077 0.052 76
B-SSZ-70(4)-pil 0.359 0.132 0.047
B-SSZ-70(25) 0.650 0.127 0.083
B-SSZ-70(25)-pil 0.583 0.136 0.079
Al-SSZ-70 0.417 0.277 0.116
MCM-56 orange 0.184 0.403 0.074 197
MCM-56(D) 0.063 0.533 0.034
ITQ-2 yellow 0.040 0.933 0.038 198

aSamples are labeled according to the original publications.

Scheme 1. Possible Acid Sites on the Surface of
Aluminosilicate Zeolites
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cm−1; (ii) internal silanols located at the structural defects
(including geminal silanols), with the maxima at ca. 3730−3740
cm−1; (iii) hydroxyls associated with extra-framework or partly
framework Al (3670 cm−1); and (iv) wide maximum of
hydrogen-bonded silanols or hydrogen-bonded Si-OH-Al
groups at ca. 3300 cm−1 (spectra not shown).175,207,208 The
main difference between MWW and MFI is the frequency of
bridging Si-OH-Al hydroxyls. For MFI, bridging hydroxyl
groups are characterized by the band at 3610 cm−1; MWW
shows the main IR band around 3620 cm−1 with a shoulder at ca.
3575 cm−1. Deconvolution produced three submaxima at 3628,
3618, and 3575 cm−1 which were assigned to bridging hydroxyls
in supercages, in the 10-ring channels, and in the double six-
membered rings connecting the supercages, respectively.209

Meloni et al.210 estimated that 50−70% of Si-OH-Al groups
would be located in supercages, 20−30% in sinusoidal channels,
and 10% in hexagonal prisms between two supercages. In
comparison with 3D analogues, both 2DMFI andMWW show a
more intense band at 3745 cm−1, corresponding to terminal
silanol groups (Figure 6).
Valuable information and insights have been obtained by 1H

NMR and NMR-monitored adsorption of probe molecules. 1H
MAS NMR allowed direct determination of the type and
concentration of individual OH groups (protons) in 3D MFI
and MWW zeolites that did not require additional information
like absorption coefficients, which are necessary when working
with infrared spectra (vide infra). The key to both FTIR and

NMR is dehydration to eliminate strong interactions between
structural OH groups and adsorbed water. Several types of OH
groups have been observed in 1H MAS NMR spectra ofMWW
and ITQ-2 (Figure 6c,d): SiOH in the region 1.8−2.3 ppm; Si-
OH-Al groups (3.8−5.9 ppm)whose exact chemical shift
depends on the local environment near a specific OH group.211

The 2.6−3.6 ppm signals are usually assigned to extra-
framework AlOH groups,212 although Delitala et al.213 assigned
them to protons associated with framework Al in Q3(3Si,1OH)
or even Q2(2Si,2OH) environment for MWW zeolites. In
contrast to FTIR-OH, 1H MAS NMR spectroscopy, which is
more powerful but technically demanding, is rarely used to
characterize zeolites.
Despite providing information about the number of Brønsted

sites, 1H NMR and FTIR-OH are unable to discriminate acid
centers by their strength and accessibility. To solve both issues,
an approach based on the interaction of acid sites with probe
molecules has been commonly used.
To distinguish acid sites by their type, strength, and

accessibility, the adsorption of probe molecules is followed by
NMR measurements. Hence, the signals of various nuclei (such
as 31P, 1H, 13C) or their combinations (e.g., 27Al-31P or 31P-1H)
in the case of 2D (correlation) NMR spectroscopy are
determined under MAS conditions.

31P NMR using basic trialkylphosphine oxides (TAPO) as
probes is one of the most developed techniques to assess the
concentration, acid strength, and spatial distribution of Al sites

Figure 6. FTIR-OH spectra of different 2D and 3D MWW (a) and MFI (b). 1H MAS NMR spectra of 3D MWW (c) and ITQ-2 (d). (c) and (d)
Reproduced with permission from ref 206. Copyright 2016 Elsevier.
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inMFI andMWW zeolites of different dimensionality. The last
characteristic (spatial distribution) can be evaluated using titrant
TAPO molecules of different sizes. The most common pair of
probes, the small molecule trimethylphosphine oxide (TMPO,
kinetic diameter = 5.5 Å) and the relatively bulky tributylphos-
phine oxide (TBPO, 8.2 Å), was first proposed by Zhao et al.214

Although both types of molecules can interact with Brønsted
sites located on highly accessible external surfaces, TBPO
cannot diffuse into 10-ring micropores. The strength of acid
centers inMFI andMWW materials is usually differentiated on
the basis of the 31P chemical shift of trialkylphosphine oxides
(Figure 7),215 whereas the concentration of Al sites is estimated

by peak integration combined with elemental analysis. Like the
majority of techniques based on interaction with probe
molecules, this method for the quantification of acid sites
typically shows some discrepancies between the determined
total Al and chemical analysis due to the presence of extra-
framework Al and steric limitations. Therefore, a fraction of BAS

remains undetected even when using small TMPO probe
molecules, thus allowing to get information about accessibility of
acid sites.216

The assessment of the total number of different types of acid
sites (number of peaks observed in 31P NMR spectra) and the
apparent strength of these sites (reflected in chemical shifts)
depends on sample preparation and spectral analysis, partic-
ularly on the deconvolution procedure. As a result, it is difficult
to judge whether the values of chemical shifts reported for
different topologies (MFI and MWW) are truly different
because discrepancies between peak positions in 31P NMR
spectra reported for materials with the same layer topology (e.g.,
MWW obtained by different groups) can be greater than
between different zeolites. For example, Luo et al. observed 31P
chemical shifts associated with Brønsted acid sites at δ = 85, 72,
68, and 63 ppm,79 whereas Zhou et al.216 observed resonance
peaks related to the same acid sites at chemical shifts of δ = 82,
78, 69, 66 ppm for the same type of solid (MWW nanosheets). A
similar region in NMR spectra of MFI nanolayers contains
signals at δ = 86, 76, 68, 66 ppm,194 thus suggesting that
differences in exact peak positions cannot be postulated for
materials of different types, at this point. The change in the
arrangement of layers in different forms of 2D zeolites has no
effect on the 31P chemical shifts if the spectra are recorded in the
same mode: MIT-1 and MCM-56 (both are 2D) and MCM-22
(3D zeolite) exhibited comparable signal positions at δ = 63−85
ppm. This range corresponds to strong Brønsted acid sites
located in the 12-ring cavities or in 10-ring pores, as shown by
the correlation between simulated values of proton affinities
(acid strength) and the respective chemical shifts in 31P NMR
spectra.79,218

Similarly to NMR, various molecules with different sizes can
be utilized as probes in FTIR to distinguish highly accessible
sites on the external surface or pore mouths and centers with
lower accessibility in micropores. As a representative pair of
small and bulky probe molecules, pyridine and its alkyl-
substituted analogues (2,6-dimethylpyridine, 1,3,5-trimethyl-
pyridine, 2,6-ditert-butylpyridine) are commonly applied in
FTIR monitoring. These probe molecules are usually described
by kinetic diameters and sometimes by minimal dimensions
(MIN-1 and MIN-2 in Table 2) as molecular size descriptors, as

Figure 7. Correlation between acid strength (distances between
protons and TMPO oxygens) and 31P chemical shifts. Reproduced with
permission from ref 217. Copyright 2016 American Chemical Society.

Table 2.Molecular Size Descriptors for ProbeMolecules and the RespectiveMolar Absorption Coefficients as Determined for 3D
and 2D Zeolitesa

molecular size descriptors, Å molar absorption coefficients

molecule kinetic diameter MIN-1219 MIN-2219 IR maximum, cm−1 based on intensity, cm2/μmol based on integrated intensity, cm/μmol

ammonia 2.620 3.111 3.697 1450 0.090208 (2D) 13.0222 (3D)
nitrogen 3.6420 2.991 3.054 - - -
dimethyl ether 4.7223 4.027 4.556 - - -
pyridine 5.420 3.339 6.475 1545 0.078224 (3D) 1.36226 (3D)

0.07225 (3D) 1.67227 (3D)
0.044207 (2D)

pivalonitrile 6.2228 - - 2258−2278 0.11229 (3D) 0.15229 (3D)
2269 + 2296 0.05208 (2D)

2,6-lutidine 6.7230 4.127 6.957 1652 + 1627 - 6.8231 (3D)
2,4,6-collidine 7.2232 - - 1635 - 10.1233 (3D)
2,6-di-tert-butylpyridine 7.9233 6.454 8.294 1615 0.5221 5.3221

(3D and 2D) (3D and 2D)
1,3,5-trimethylbenzene 8.6234 4.062 8.178 - - -
2,4-dimethylquinoline 9.1235 n/a n/a 1647 - 3.3236 (3D)

aBased on refs 20,207,208,219−236.
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proposed by Breck20 and Webster and Sing.219,220 Table 2 lists
these parameters for the most frequently used probe molecules.
The molecules with kinetic diameters below 5.4 Å (e.g.,

ammonium, pyridine) are small enough to enter the medium-
size pores of bothMFI andMWW, whereas the larger molecules
(e.g., 2,6-di-tert-butylpyridine, 2,4-dimethylquinoline) interact
exclusively with acid sites on the surface of 3D crystals or 2D
nanosheets.221

One of the key factors when quantifying the concentration of
zeolite acid centers with FTIR is the uncertainty of molar
absorption coefficient values required to calculate the
concentration of active sites based on the Beer−Lambert
equation (Table 2). For some probes, the absorption coefficients
are not known; for others, several different values have been
reported and used so far. The absorption coefficient of popular
probes, such as pyridine207 or pivalonitrile,208 may be different
for 2D and 3D materials.
Since enhanced accessibility to acid sites is one of the main

features of layered zeolites, comparative IR investigation of 2D
and 3D zeolites is usually the method of choice.221 Accessibility
to acid sites in MWW zeolites has been extensively studied by
several authors (Table 3) using pivalonitrile, di-tert-butylpyr-
idine, 2,2,4-trimethylpentane, or dimethylquinolines, that is,
molecules with kinetic diameters ranging from 6.2 to 9.1 nm. For
MCM-56, composed of single MWW layers, the accessibility
determined by pivalonitrile strongly depends on synthesis
parameters, not only on the source of silica (Ludox, Ultrasil or

Aerosil) but also on the crystallinity,237 with accessibility
reaching ca. 70% of all acid sites. A different study238 has
reported that MCM-56 pillaring only slightly improved
accessibility, from 43% to the maximum of 56% (tested by di-
tert-butylpyridine). In another study on the accessibility of acid
sites for pillared MWW and MFI materials, Wu et al.239

quantified not only the number of external acid sites but also the
number of sites located at the pore mouth, which are nominally
in the micropores but very close to the external surface. The
results showed that pillaredMFI has 32% acid sites located at the
external surface, 6% at the pore mouth, and 62% internal acid
sites, whereas pillared MWW has 33% external, 31% pore
mouth, and 36% internal acid sites.
Di-tert-butylpiridine (DTBP) was used as a probe to quantify

external acid sites in the delaminated ITQ-2 zeolite. Depending
on the synthesis conditions, the concentration of the external
acid sites reached 40% for the material prepared by “classic”
multistep synthesis (Sext > 700 m

2/g),247 but only relative values
in absorbance units were provided for directly synthesized DS-
ITQ-2 (Sext = 300 m

2/g).81 In the multilamellar UJM-1 material,
all acid sites were available for pivalonitrile sorption.80

Larger probemolecules display enhanced, even close to 100%,
adsorption in 2D vs 3D MFI zeolites, as shown in 2D MFI
samples (termed “self-interlocked ordered nanosheet stacks” or
SI-ONS by the authors) with nominal Si/Al ratios ranging from
15 to 87 and BAS concentrations ranging from 195 to 514 μmol/
g.193 The percentage of accessible strong Brønsted acid sites

Table 3. Concentration of Total Brønsted (BAStotal) and Lewis (LAS) Acid Sites and External Brønsted Acid Sites (BASext) in
Different 2D MWW and MFI Structures Probed by Bulky Basic Moleculesa

zeolite BAStotal, μmol/g LAS, μmol/g BASext, % probe used for accessibility studies reference

MCM-22 697 30 22 pivalonitrile 208
780 180 5 di-tert-butylpyridine 240

187−269 52−72 14−19 dimethylquinoline 241
330 170 12 di-tert-butylpyridine 129

MCM-36 330b 64 incl. 31pm di-tert-butylpyridine and triphenylphosphine 239
640b 10 2,2,4-trimethylpentane 242

290−440 90−120 4−18 di-tert-butylpyridine 240
126−146 65−109 18−50 di-tert-butylpyridine 238
135−197 167−182 81−100 dimethylquinoline 241

MCM-56 353−1049 25−173 17−69 pivalonitrile 237
913−930 95−154 97−100 pivalonitrile 208

125 78 44 di-tert-butylpyridine 238
MCM-56-pillared 91−199 77−176 28−56 di-tert-butylpyridine 238
ITQ-2 21 23 40 di-tert-butylpyridine 243
DS-ITQ-2 n/p n/p n/p di-tert-butylpyridine 81
MIT-1 330 55 64 tributylphosphine oxide 79

307 n/p n/p 80
UJM-1 899 86 100% pivalonitrile 208
UJM-1-pillared 307 57 80
2D MFI multilamellar 330b n/p - 47

unilamellar 310b n/p -
2D MFI multilamellar 591b n/p - 195

unilamellar 246b n/p -
2D MFI 111−178 n/p 93−98 pivalonitrile 193

n/p n/p 100 2,4,6-trimethylpyridine 244
72−94 54−292 30−39 di-tert-butylpyridine 245

2D MFI 21−121 26−82 - - 246
nanolayered MFI 150−350 50−220 17−67 collidine 203
2D MFI-pil 185 n/p 38 incl. 6pm di-tert-butylpyridine and triphenylphosphine 239

n/p
aBased on refs 47,79−81,129,193,195,203,208,237−246. Abbreviations: n/p−not provided, pm−pore mouth. bBrønsted + Lewis acid sites.
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(determined by pivalonitrile sorption at 200 °C) remained
almost constant in all 2D MFI samples (93−97%) and was
higher than the percentages for the respective 3D zeolites (44−
66%). Such high accessibility percentages, especially for 3D
MFI, may be due to the relatively high temperature of
adsorption, which is much higher than the ambient temperature
recommended by Busca248,249 or those used by other
authors.208,230

Although hierarchical zeolites, including 2D forms, are
characterized by enhanced accessibility to their Brønsted acid
sites, they usually show lower concentrations of BAS than
conventional 3D forms in response to increases in mesoporous/
external surface area (Table 3). For 2D zeolites, at least two
reasons may explain the lower absolute values of acid site
concentration: (i) except for special cases, such as MCM-56,
layered forms usually have lower Al content than can be reached
with 3D forms; (ii) chemical modifications tend to reduce the
number of Brønsted acid sites considerably. The reported data
can be also affected by flawed measurements or sample
degradation, which may account for the reported disparate
concentrations of acid centers of various MWW materials,
ranging from low to exceptionally high.175,243 Even for MCM-
56, which has a rather steady Si/Al ratio between 10 and 12, the
reported concentrations range from 78 to 913 μmol/g. ForMFI
(Table 3), the acidity of the multilamellar material (310 μmol/
g) did not differ significantly from that of the unilamellar
analogue (330 μmol/g) and was only slightly lower than that of
bulkMFI (360 μmol/g). Concurrently, Bleken et al.202 reported
similar concentrations (Si/Al = 60 and 50) and intensities of the
Si-OH-Al maxima for 3D and 2DMFI. These higher values are
quite rare since many authors report that both 2D MWW and
2D MFI structures show lower intensities of the Si-OH-Al
maximum at 3610−3620 cm−1 than their 3D counterparts even
for a similar Si/Al ratio.76,237,250

Notably, the analysis of layered zeolites is more complex
considering the significant increase in surface effects and
potential defects. One of these unusual effects results from the
apparent presence of acidic groups, which are capable of
protonating pyridine but do not contribute to the intensity of IR
maximum at 3610−3620 cm−1 (Figure 6a,b) and therefore
remain undetected by FTIR.251 Consequently, upon pyridine
desorption at 400 °C, no IR band characteristic of Si-OH-Al
groups is detected at 3620 cm−1, whereas the intensity of the
pyridinium band at 1545 cm−1 decreases by ca. 10%. Onida et
al.252 also suggested that Si-OH-Al groups exposed at the
external surface in delaminated materials (e.g., ITQ-2) are
probably converted into additional AlOH Brønsted acid sites
and that they are IR-invisible, most likely due to the very low
absorption coefficient of their IR band. Some protons, acidic
enough to protonate bases such as pyridine, do not manifest
themselves as Si-OH-Al or Al-OH groups because of
heterogenization of the OH groups and will be further
elaborated when discussing the acid strength of 2D zeolites. In
the comparison between OH group frequencies, the issue was
raised as to whether these groups are located in the internal
supercages of MWW (in the 3D structure) or in their halves
(cavities) at the external surfaces of the layers. In this context,
when investigating the acid properties of MCM-22 and MCM-
36 zeolites by 2,4-dimethylquinoline adsorption, Laforge et
al.236,253 suggested that the frequency of the latter differed from
3620 cm−1 (Figure 6, a), albeit without providing a specific
position.236 Yet, most authors, following the assignment given

by Bevilacqua et al.,254 assume that there is no difference in
frequency.
In addition to the concentration and accessibility of Brønsted

acid sites, FTIR spectroscopy of adsorbed probe molecules
makes it possible to determine the acid strength distribution
one of the important characteristics of zeolite catalysts. The
comparative strength of acid sites in 2D and 3D zeolites remains
controversial in the literature, with opposing conclusions
Brønsted acid sites are reported as either stronger or weaker for
layered structures. Therefore, this strength must be quantified.
One of the methods for quantifying the strength of Brønsted

acid sites is based on the temperature of desorption of strong
bases, but this method has some drawbacks, and the results may
depend on the instrument and the determination protocol. An
alternative method uses weakly basic probes that can form
hydrogen bonds with acid centers. The parameter measured in
this method is the value of the red shift of the IR band that
corresponds to the O−H stretching vibration. Many factors
affect this interaction, including the basicity of the probe itself
and the position of the active center, that is, whether the active
center is located deep within the microporous channel of the
zeolite, at the pore mouth, or at the surface of a layer. The results
of Gilson et al.255 and others have shown that probes such as
CO, N2, and acetonitrile respond differently depending on the
size of the channels (e.g., 12- or 8-rings).256,257 The
interpretation of these confinement effects causes problems
when analyzing 3D zeolites and should be compounded for 2D
zeolites because of the increased ratio of external to internal
surfaces.
An alternative approach was proposed by Arean et al.,258 who

suggested that the enthalpy change of the hydrogen bond
formation (ΔH0) is a much better indicator of the strength of
OH groups than the red shifts of IR maxima. The ΔH0 values
were determined using variable-temperature IR (VTIR) spec-
troscopy, and compared with adsorption calorimetry results, and
periodic DFT calculations. The enthalpy values were−22.5 (for
CO) and−14.5 (for N2) kJ/mol for H-MCM-22, and 20 and 13
kJ/mol for MCM-56. According to these calculations, 3D
MCM-22 is a stronger acid than lamellar MCM-56, and overall
MWW zeolites are weaker acids thanMFI or FER. The values of
the red shift upon formation of the hydrogen bond with CO
indicate the opposite trend, that is, they are higher for MWW,
with ca. 320 cm−1 (MWW) vs 303 cm−1 (MFI) and 297 cm−1

(FER).
The strength of acid sites in zeolite layers was calculated using

embedded cluster QM/MM (quantum mechanics/molecular
mechanics) calculations by Rybicki and Sauer.259 The authors
determined absolute deprotonation energies for Brønsted acid
sites, Si-OH-Al groups, located in ultrathin 2D zeolites (1042−
1091 kJ/mol), and the bulk H-CHA (1233 kJ/mol). The most
important conclusion was that the deprotonation energies of 2D
zeolites are much lower than those of their 3D counterparts,
indicating higher strength of acid sites in 2D vs 3D zeolites. In
addition, the acidity of ultrathin or single layer zeolites strongly
depends on the actual layer thickness because the dielectric
constant is much lower for 2D than for analogous bulk samples
(i.e., 1.8 vs 2.9). As a result, the charge formed upon
deprotonation is less screened in layered zeolites and can be
stabilized by electrostatic interactions with neighboring ions.
Thus, the acidity of 2D materials defined as deprotonation
energies is much higher than that suggested by OH frequency
shifts upon adsorption of base molecules. The same conclusion
was drawn by Grajciar et al.,260 who established that the
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magnitude of OH frequency shifts upon hydrogen-bond
formation (CO adsorption) is mostly affected by the absence
of the “effect from the top”, that is, less effective dispersion
interactions. In line with this correlation, Sauer261 showed that
the adsorption energies of ammonia and (to some extent)
pyridine were almost the same for 2D and 3D materials
(adsorption energy for NH3 −160 kJ/mol on a 2D structure vs
−159 kJ/mol on a 3D structure, and for pyridine −145 kJ/mol
on a 2D structure vs−182 kJ/mol on a 3D structure) even if the
deprotonation energy, a measure of the intrinsic acid strength of
a given site, was lower for 2D than for 3D materials. This effect
may be compensated for by the properties of the conjugated
acid−base pair. A deprotonated zeolite is a base conjugated with
a protonated zeolite (an acid), so the stronger the acidic OH, the
weaker its deprotonated form, thereby it binds ammonium ion
(acid conjugated with an NH3 base) less strongly. An additional
but weaker effect results from the local environment around a
given OH group. Boscoboinik et al.262 studied interactions with
probe molecules that are weak bases, CO and ethene, and found
the same results as those observed when using stronger bases.
The preceding discussion on the overall acid strength of 2D

zeolites in comparison with their 3D counterparts indicated two
factors with opposite effectsthe smaller effective dielectric
constant at the surface of 2D zeolites, which results in lower
deprotonation energies (higher acid strength), and weaker
stabilization of chemisorbed molecules, due to missing “effect
from the top”. Computations have shown dissimilarities in
proton distribution around individual framework positions
(affecting the intrinsic acidity) between layered and bulk
MFI/MWW, but the total effect on the average change upon
transition from 3D to 2D character is close to negligible. These
findings are in line with characteristics such as O−H/C−O
stretching frequencies or CO adsorption heats detected
experimentally.199,260

More striking differences between lamellar and conventional
zeolites, identified in simulations and experiments, include
changes in the concentration of BAS that are located inside the
zeolite layer and which form intrazeolite hydrogen bonds, with
framework oxygen across the ring and with a characteristic IR
maximum below 3525 cm−1 (i.e., 3222 cm−1, Figure 8).
The fraction of proton sites that participate in such hydrogen

bonding is lower in layered forms of MFI than in the fully
condensed zeolites (−20%), with virtually no changes in
MWW.260 In general, more significant surface effects (change
in proton distribution or number of intrazeolite H-bonds) upon
3D → 2D transition were observed in the MFI topology

characterized by 3 times higher silanol density, albeit with a
lower layer thickness (2.0 nm) than MWW (2.5 nm) because
more acid sites are close to the surface in the former. Similar
conclusions were also drawn by Treps et al.,263 who calculated
(using the DFT) the stability of several surface species of MFI,
such as nanoslabs and nanosheets. They also concluded that the
pore-mouth Si-OH-Al groups are stabilized by the formation of
additional hydrogen bonds, which cannot form inside the
micropores because the distances separating the atoms are too
long.
The comparison between 3D and 2D zeolites based on the

concentration of external acid sites (Table 3) shows that the
share of external sites may range from 17 to 100% (MCM-56) or
from 30 to 100% (MFI). These values frequently do not
correlate with the external area, thus suggesting that other
intrinsic parameters and the synthesis procedure may also
account for differences between 3D and 2D zeolites.
Temperature-programmed desorption of amines (especially

n- and isopropylamine) is an interesting alternative to measure
the acid sites concentration.264,265 Alkylammonium ions,
formed when alkyl amines are protonated by Brønsted acid
sites, decompose to ammonia and olefin, and the measured
Brønsted acid sites concentration are independent of a particular
amine.266 However, to the best of our knowledge, this method
has not been used so far to investigate the acid sites
concentration for 2D zeolites.
The following comparative analysis and discussion of the

differences in catalytic behavior of 2D and 3D zeolites is focused
on strong Brønsted and Lewis acid sites as the most influential
active centers. However, often the role of other functionality in
zeolites, in particular silanols, cannot be ignored. Moreover, the
acidic nature of silanols located in a large quantity on the
external surface of 2D zeolites can be different as it can be
affected by the closely located Brønsted acid sites.267 Internal
and external silanols are also characterized by different activity
which can be crucial for deactivation. For example, in methanol-
to-propylene reaction isolated silanols in the pore affect the
formation and diffusion of the intermediates and are thus
responsible for the coke deposition, while external silanols do
not promote this process to such extent.268

5.2.2. Cracking as a Probe Reaction for Strong Brønsted
Acid Sites. Hydrocarbon cracking is among the most important
and demanding industrial processes that rely on zeolites.
Cracking of model compounds has been extensively studied to
assess the effect of various channel systems and their accessibility
on activity and product distribution. Since alkane cracking is

Figure 8.O−H vibrational bands of 3DMFI zeolite at various temperatures from liquid nitrogen to room temperature (a) and the changes in the IR
spectra of OH vibrations with temperature onMFI (b) andMWW (c) zeolites. Red spectra were recorded at liquid nitrogen temperature and black
ones at RT. Reproduced with permission from ref 260. Copyright 2019 Elsevier.
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catalyzed by relatively strong acid sites, this process can be used
to evaluate the distribution of such sites between inner and outer
crystal surfaces. Several types of molecules (decalin, tetralin, as
well as di- and triisopropyl benzenes − DIPB and TIPB) have
been utilized to assess the external acidity of both MFI and
MWW families of zeolites. By comparing 2D and 3D zeolites of
the same type, the difference in the rates of cracking reactions
can be related to differences either in the population of internal/
external acid centers or in their strength. For example, decalin
does not diffuse into themicroporous channels ofMWW orMFI
zeolites but instead is transformed at 12-ring cavities on the
outer surface of MWW. In another example, the activity of
delaminated ITQ-2 is higher than that of bulk MCM-22 in the
decaline conversion (TON = 58 vs 2.5 g·μmol−1·h−1).269

Similarly, thanks to its higher external surface, nanolayeredMFI
outperforms its 3D analogue in the same reaction (16% vs 2%
decalin conversion for 2D vs 3D MFI).194

In early studies of delaminatedMWW-type materials, zeolites
with similar concentrations of active centers but different
architectures (2D ITQ-2 and 3D MCM-22) were tested in the
cracking of n-decane (small molecule, which can penetrate into
micropores) and DIPB.152 The advantage of more exposed
external surface of ITQ-2 was not significant when cracking n-
decane; however, in the same reaction, the 2D zeolite provides a
higher liquid/gas product than the bulk analogue due to easier
diffusion of primary products from ITQ-2 pores exposed to the
surface. As a result, the heavier compounds that are initially
formed escape from the reaction space and avoid undergoing
undesired secondary transformations. The decreasing concen-
tration of active sites resulting from preparation of a 2DMWW
such as MCM-36 with added inert silica as pillars, plays a
significant role and may be responsible for reduced n-decane
cracking activity.174 When using heavier substrates, the
advantages of layered catalysts stand out. In the cracking of
DIPB/vacuum gasoil, delaminated MWW showed higher
activity (with rate constants of 0.18/0.06 s−1 for DIPB/gasoil)
than 3D MWW (0.11/0.03 s−1). Despite its decreased total
number of active sites, MCM-36 with well-developed meso-
porosity outperforms MCM-22 in terms of conversion and ratio
of liquid (diesel and gasoline)-to-gaseous products due to the
increased fraction of highly accessible external acid centers.
Another advantage of catalysts based on 2D zeolites is their
typically longer lifetime because the amount of coke formed on
the surface of ITQ-2 is lower thanks to the unobstructed
desorption of the products.
The cracking of bulk molecules of different types, including

TIPB and branched polyethylene, was studied on MFI zeolites
with a multilamellar or disordered monolayered (unilamellar)
architecture.47,270 The latter catalyst exhibited higher con-
version (85%) than the multilamellar material (45%) and bulk
MFI (27%). For layered MFI materials, the TIPB conversion
correlates with the ratio of external-to-internal BAS. The fraction
of active centers on the outer surface and at the pore mouth can
be controlled by the preparation method and incorporation of
additional elements (e.g., boron).270

5.2.3. Using Alkylation to Probe the Reactivity of External
Acid Sites. Friedel−Crafts alkylation is a common pathway to
specialty and fine chemicals, and zeolites are frequently used as
green catalysts in these reactions. Zeolites with an MWW
topology have shown great benefits and have been applied in the
large-scale synthesis of ethylbenzene and cumene for its suitable
confinement of targeted monosubstituted products but
insufficient space for further alkylation near the active sites

located in surface cups.38 As the activity of the MWW zeolite
improves with the development of external surface, the
alkylation of benzene proceeds at higher yields over the layered
forms (MCM-56, ITQ-2, UZM-8) than over the conventional
3D MCM-22 catalysts.271 While ethylbenzene/cumene syn-
theses by Friedel−Crafts alkylation of benzene are important
industrially oriented processes, the alkylation of aromatics with
benzyl alcohol is a useful and convenient model reaction to
probe the active sites of zeolites because benzyl alcohol can
participate not only in C- but also in O-alkylation (ether-
ification) reactions. Toluene alkylation with isopropyl alcohol
provided also interesting comparison between nanosheet MFI
and the 3D analogue.245,272,273 Both MWW and MFI zeolites
were studied in these reactions using molecules with different
sizes (most frequently, benzene or mesitylene).
Large differences in external surface reactivity were noticed

between MWW and MFI for reactions involving bulky
molecules (Figure 9, left).274 The active centers located on

external surfaces were found to play a key role in both C- and O-
alkylation processes for the reaction of benzyl alcohol with
mesitylene. The acid sites responsible for the activity of pillared
MWW in both reactions are located only on the external surface,
as confirmed by total deactivation when external sites were
poisoned by bulky base molecules (DTBP). For pillared MFI,
etherification can also be catalyzed by internal acid sites
considering that O-alkylation, unlike C-alkylation, is not
completely suppressed upon surface poisoning. The external
surface of MFI zeolite appeared to be less active than that of
MWW in C-alkylation, whereas the rates of O-alkylation over
the active centers on the outer surface are similar for zeolites of
both types. The significant difference in C-alkylation rates was
explained by the difference in external surface features: MFI
layers have pores with 10-ring windows and are characterized by
high concentration of surface silanols, whereas MWW layers
have 12-ring cavities and relatively low concentration of surface
silanols (compared with MFI). As a consequence, mesitylene
can be accommodated within the MWW cavities more easily
than in the external surface ofMFI that facilitates alkylation with
benzyl alcohol.
A similar conclusion was reached in a study comparing self-

pillared zeolite MFI with 3D MWW (Figure 9, right).275 The
benzyl alcohol etherification reaction over self-pillared MFI,

Figure 9. Reaction of benzyl alcohol with mesitylene. Left: Variation of
the ratio between the rates of the etherification and alkylation reactions
as a function of the fraction of external acid sites in MFI and MWW
catalysts. Adapted with permission from ref 274. Copyright 2014
Elsevier. Right: Same parameter of MFI materials with different layer
thicknesses versus the hierarchical-structure related factor. Adapted
with permission from ref 275. Copyright 2019 Wiley-VCH.
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which contains layers with different thickness, was found to
proceed at different rates. In the absence of micropore diffusion
resistance, increasing the layer thickness elevates the ratio
between O-/C-alkylation reaction rates because of the
decreased fraction of acid sites on the external surface. The
highest selectivity to the product of O-alkylation over self-
pillaredMFI was achieved for a characteristic diffusion length of
approximately 10 nm. Both the selectivity to the C-alkylation
product and C-alkylation reaction rate (0.034 vs 0.002 s−1 for
MWW vs MFI, at similar etherification reaction rates 2.5−2.6·
10−3 s−1) were higher for surface active sites in MWW. The
increase in the alkylation rate constant was again related to the
differences in features of the surface between the MFI and
MWW topologies.
Since inMWW both C-alkylation andO-alkylation are limited

to the active sites on external surface, benzene alkylation with
benzyl alcohol is also a good tool to differentiate MWW
materials by their exposed external surface. The catalytic
behavior of materials with high (MIT-1), moderate (MCM-
56), and low (MCM-22) total pore volume (1.0−0.6−0.3 cm3/
g, respectively) and external surface (513−219−121 m2/g,
respectively) were compared in this reaction.79 The activity
correlates with the external surface area and concentration of
active centers on the outer surface, and therefore, MIT-1
exhibited the highest activity (with yield of the C-alkylation
product over MIT-1 reaching 65%, in comparison with 19% for
MCM-22 and MCM-56). Atomic layer deposition of Si or Al in
pillared MWW/MFI materials was performed toward tailoring
the external acid sites responsible for C-alkylation.276 The
modification with silicon decreased the population of external
acid sites, whereas aluminum deposition increased the number
of surface centers. However, because of weak acid strength of the
acid sites, conversion through alkylation remained unchanged.
Simultaneously, both deposition procedures (Si and Al) affect
the selectivity of external acid sites in both C- and O-alkylation
overMWW: the rate constants of alkylation are higher, whereas
those of etherification are lower than the corresponding rates of
the unmodified pillared zeolite.
The methods for generating active sites (direct synthesis or

postsynthesis) and permanent mesoporosity (delamination or
pillaring) can affect the activity of layered zeolites in alkylation
with benzyl alcohol. Postsynthesis addition of acid sites on the
external surfaces of layered zeolites and the use of different
pillaring procedures have not been efficient in enhancing activity
thus far. To compare different methods for pillaring layered
MFI, a procedure with multiple steps and a one-step treatment
using mass transport through the vapor phase were compared by
Wei et al.277 As a simpler and shorter procedure (in the
laboratory; large-scale manufacture is hard to imagine
industrially), the vapor-phase approach is technically preferable.
The catalytic performance of the pillared zeolites from both
techniques was virtually identical.
Direct syntheses of delaminated 2D zeolites were much more

efficient than postsynthesis treatments. Several groups com-
pared the conventional, postsynthetically prepared ITQ-2 with
analogue materials prepared directly in alkylation reactions.
Postsynthetic delamination (conventional approach) adversely
affected the framework integrity of the zeolite and thus its
activity in alkylation with benzyl alcohol, independently of the
concentration of acid sites in the material.216 The preparation of
the 2D zeolite in one step using an additional surfactant
(cetyltrimethylammonium) allowed the introduction of addi-
tional aluminum sites at 12-ring cavities acting as external BAS.

Reaction rates normalized to the concentration of external active
centers reveal that directly synthesized MWW is more active
(TON = 2750 molbenzyl alcohol·molacid sites

−1 for an optimized
sample) than ITQ-2 obtained by postsynthesis exfoliation
(TON = 750 molbenzyl alcohol·molacid sites

−1). The low activity of
ITQ-2 is attributed to the high content of defective Al sites
detected by 1D and 2D 27Al MAS NMR. In another reaction,
benzene alkylation with propene, the initial activity of
“delaminated” MWW (ITQ-2direct) directly synthesized in the
presence of two SDAs was higher than the activity of MCM-22
and MCM-56 zeolites but similar to that of traditionally
prepared ITQ-2postsynthesis.

81 Despite not affecting product
selectivity, the method of 2D MWW synthesis significantly
affects the deactivation rate, with deactivation constants
decreasing in the following order: MCM-56 ≫ MCM-22 >
ITQ-2direct ≥ ITQ-2postsynthesis. When comparing the directly
synthesized and conventionally prepared ITQ-2, all catalytic
parameters (activity, selectivity, lifetime) are similar for both
materials.

5.2.4. MTP and MTH: Negative Impact of Noncontrolled
External Acidity. The methanol-to-propylene (MTP) reaction
is one of the series of industrially relevant methanol-to-olefins
(MTO) processes closely related to methanol-to-gasoline
(MTG) and -hydrocarbons (MTH) technologies. The first
step in the overall mechanism of all these reactions is methanol
conversion into dimethyl ether (DME) followed by C−C bond
formation reactions, resulting in a mixture of products (olefins,
aliphatic, or aromatics, depending on the conditions and the
type of catalyst).278 After the formation of DME, the complex
process of hydrocarbons formation can proceed through either
direct route279 (with relatively high activation barriers, takes
place at the initial stages) or hydrocarbon pool route280 when
species formed at the initial stages (different types of species
corresponding to arene, alkene, or alkane cycles or pools) are
combined, providing the final products by reactions with
relatively low activation barriers. Among aluminosilicate zeolites
(in addition to the silicoaluminophosphate SAPO-34 withCHA
topology), MFI is the only type of catalyst considered for this
process due to superior activity and selectivity. Therefore,
zeolites with MWW topology are not discussed in this section.
Most studies have aimed to develop an MFI crystal

architecture to solve particular issues with the MTP reaction
such as fast catalyst deactivation and relatively low selectivity to
propylene. High methanol conversion and selectivity to
propylene are the key parameters that are controlled when
optimizing catalysts for MTP reactions. From the fundamental
point of view, the MTP reaction is a good example of the
evolution of ideas about the applicability of different forms of
zeolites (from bulk to hierarchical and then to 2D) for this class
of reactions.
The first step of MTP or MTH, DME formation, is

independent of accessibility to acid sites and diffusion
restrictions and does not require strong acid sites.281 The
small methanol molecules (0.37 nm) can easily diffuse through
the 10-ring windows (0.55 nm) inMFI zeolite to reach acid sites
located in micropores. The comparison of the catalytic behavior
of layered and bulk MFI indicated that activity correlates with
total acid concentration. As 2D and 3D zeolites have
significantly different fractions of internal and external acid
sites, this result confirms the same impact of those sites on the
rate of DME formation. Although the acid sites on the external
surface did not provide higher reaction rates, they were more
stable against steam treatment, thus resulting in less
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deterioration and dealumination of the acid sites. These
processes are important because amorphous Al-containing
materials are inactive in DME synthesis.282

Despite the insignificant effect on the rate of DME formation,
decreasing the diffusion constraints improves the selectivity
toward propylene. At lower residence times, olefin can diffuse
from the pores of a zeolite, thus avoiding secondary trans-
formations. These conditions increase the selectivity to
propylene and improve the catalyst lifetime, as exemplified by
zeolite nanoparticles (selectivity was improved from 43% to 49%
for bulk MFI vs MFI nanoparticles).283 The development of
MFI materials with decreased size along one crystallographic
direction (i.e., 3D → 2D trend, but the thicknesses does not
approach the 2D limits) yielded materials with higher activity
than conventional zeolites.284 MFI with a thinner b-axis
morphology (100 nm thickness) was prepared in a fluoride
medium and had a higher pore volume and external surface area
than the conventional zeolite. In theMTP process, this modified
MFI exhibited improved initial selectivity to propylene (45 vs
38%) and deactivation resistance. The superior performance of
the modified MFI was related to the shorter b-axis path and to
intracrystalline secondary mesoporosity both facilitating dif-
fusion of propylene.
For the MTH reaction on MFI, the presence of mesopores

was also initially considered advantageous, so the development
of secondary mesoporosity was often the goal in the catalyst
design.285 As a result, catalyst stability significantly increased
during the MTH process (the period before 50% conversion
drop was extended from 39 to 132 h) with the development of
mesoporosity in theMFI family.286 Moreover, an approximately
linear relationship was found between mesoporosity and
lifetime. Bulk MFI is deactivated faster than the zeolite with
enhanced mesoporosity due to the preferential formation of
carbon deposits inside the micropores. Accordingly, selective
removal of Al from the external surface did not change the
internal/external coke ratio. Simultaneously, dealumination of
internal surface of the catalyst increased its resistance to
deactivation. Therefore, the mesoporosity of MFI should be
maximized to improve catalyst stability and activity.
This subject has been reinvestigated to understand whether

the origin ofMFI activity in MTH and its deactivation behavior
are related to active centers situated in micropores or at the
external surface of nanolayered MFI.287 For this purpose,
catalytic reactions were performed with and without a poisoning
agent, bulk triphenylphospine oxide, affecting only external acid
sites. When using the poison, the reaction rate remains
unchanged, indicating that catalysis occurs inside micropores
and that Al centers on the external surface do not participate in
the desired transformation despite being Brønsted type acid sites
of relatively high strength. Concomitantly, these surface active
centers are strong enough to catalyze secondary hydrocarbon
cracking and alkylation reactions. Thus, internal active centers
catalyze propylene formation with the effect of transition-state
selectivity, whereas the external acid sites are responsible for the
deposition of carbonaceous species and catalyst deactivation.
In the MTP reaction, MFI nanosheets with an increased

concentration of external acid sites are deactivated more
quickly.270 The higher ratio of strong/weak centers on the
crystal exterior is the reason for the fastMFI zeolite deactivation
due to coke formation, thereby decreasing the accessibility to Al
sites. Thus, pore system characteristics, acid strength, and the
location of active sites must be optimized for MTP and related
reactions. Such an optimization was attempted when designing

seed-fused MFI nanosheets (hybrid of lamellar and bulk MFI)
using a seed-inducedmethod.270 The resultingmaterials showed
longer lifetimes than the pure nanosheets (168−226 h vs 103 h
for materials of similar composition) with the highest mesopore
volume and the lowest layer thickness, which was related to the
decreased particle size and optimized distribution of acid sites.
Seed-fused nanosheets showed increased micropore volume at
decreased external surface area. By optimizing acid strength and
diffusion properties, such hybrid materials showed improved
selectivity to propylene (up to 49%) and total selectivity to light
olefins (C2−C4, up to 81%) in comparison with pure nanosheets
(45% and 78%) or physical mixture (46% and 79%,
respectively).

5.3. MFI and MWW as Model Layered Lewis-Acid Zeolite
Catalysts. 5.3.1. Probing Lewis Acidity in 2D Zeolites. Lewis
acid sites in zeolites are classified into three types:288 (i)
coordinatively unsaturated extra-framework or “framework-
associated” Al atoms; (ii) metal cations at ion-exchange
positions; and (iii) intrinsic centers related to framework
tetravalent elements (Ti, Sn, Zr, and others).
The first type of Lewis centers, Al-associated Lewis acid sites,

are a deviation from an ideal tetrahedral structure due to
dissociation of the framework Si−O−Al bonds. This generates
either complete or partial extra-framework species, resulting in
“framework-associated” Al species. Lewis acid sites are not as
uniform as the Brønsted acid sites because they are affected by
various factors. The pathways that are involved in the origin and
classification of Lewis acid sites are presented in an excellent
review written by Ravi et al.289 Lewis acid sites cannot be
observed directly by IR and can be detected only via interaction
with basic molecules. CO is the most often used probe for the
simplicity of its own spectrum, high absorption coefficient of C−
Ovibrations, and strong influence of the electrostatic field on the
spectrum of adsorbed CO molecules.290 Besides the bands of
physically adsorbed CO (2138 cm−1) and CO interacting with
silanol groups (2156 cm−1) and BAS (2175 cm−1), MWW
materials show two bands of adsorbed CO: one at 2230 cm−1,
for LAS, associated with partial framework Al species, and
another at 2243 cm−1, for very strong LAS, related to highly
coordinatively unsaturated Al3+ cations. The 2243 cm−1 band
may be assigned to Al3+ of small aluminum oxide clusters formed
by complete dealumination252 or by dehydroxylation of the
pyramidal aluminum, typical of MWW structures (Figure 10a).
The former is also observed in 2D MFI,244 but the latter has
never been observed in this structure (Figure 10).
An additional band of CO adsorbed on Lewis acid sites, at

2190 cm−1, was reported by Wu et al.203 for mono- and
multilamellar (but not bulk) MFI. The authors concluded that
Al atoms were more heterogeneous in the nanolayered zeolites
than in regular MFI.
Co-adsorptions of hexamethylenimine and pivalonitrile with

CO were used to determine the location of Lewis acid sites in
MWW-type zeolites, including Al-MCM-22 with the template
removed by acid-treatment and with an interlayer-expanded
derivative.291 For Al-MCM-22 and its expanded form, the Lewis
centers characterized by CO vibrations at 2227 and 2220 cm−1

were found only at the external surfaces of theMWW layers and
inside the channels that were expanded by silylation. In the acid-
treated sample, additional LAS were generated, located in the
interlayer 10-ring micropores (CO vibrations at 2227 cm−1).
The authors concluded that all Lewis acid sites were either
framework, tetrahedral Al species, or octahedral, extraframework
Al and that these sites only differed by location, not by chemical
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character. For other MWW series (MCM-22, MCM-56, and
UJM-1), LAS were found only at internal surfaces.208 Samples
activated at moderate temperatures (450−480 °C) had very few
Lewis acid sites detected by pyridine (30−90 μmol/g), and no
interaction with pivalonitrile was observed, even after
pivalonitrile adsorption at high temperature, which allowed its
adsorption to micropores. Only in materials dehydroxylated at
high temperature did the LAS give the small-intensity IR band at
2317 cm−1 and only after pivalonitrile adsorption at high
temperature; therefore, these sites had to be located in
micropores. Unfortunately, in this work, CO was not used as
the secondary probe for Lewis acidity.
The comparison between these two works208,291 on MWW

materials suggests that Lewis acid sites may form both at the
external layer surfaces and inside micropores upon thermal
treatment in the presence of template, whereas thermal
dehydroxylation in the absence of the template produces
exclusively internal Lewis acid sites.
Lewis acid sites can be detected using also other approaches

such as 31P MAS NMR with trimethyl phosphine oxide
(TMPO) as a probe molecule.79 The peak observed at 53
ppm may be associated with TMPO coordinated to Lewis acid
sites in the MIT-1 material, but another report did not observe
this peak in MWW samples, regardless of the presence or
absence of Lewis acid sites.216 Since MIT-1 has a much more
open structure (house-of-cards), it can in fact admit TMPO to
its Lewis acid sites, whereas access may be problematic in the
standardMWWmaterials. A similar dichotomy in the detection
of Lewis acid sites using pivalonitrile was reported by
Matsunaga291 and by Gil.208

The second type of Lewis acid sites related to cations in ion-
exchange positions was considered from experimental and
theoretical points of view in relation to both 2D and 3D forms of
zeolites ofMWW andMFI topologies containing Li+ cations.77

Depending on the zeolite topology, the effect of changing layer
connectivity (2D or 3D) on cation Lewis acidity, evaluated
based on the interaction with CO (IR frequencies and
adsorption enthalpies), was either negligible (MWW) or
significant (MFI). This result was related to the surface density
of silanols, which is 3 times higher in 2D MFI than in MWW,
thus inducing much deeper changes in the state of Li+ cation in
2DMFI than in the 3D form. Lewis site strength decreases as the

Si−OH population (and layer flexibility) increases because this
improves Li+ coordination with the framework.
The sites of the third type, related to tetravalent elements in

zeolite frameworks, are Lewis acid sites that can be active in
various redox transformations, including biomass processing.
The difference of catalytic behavior of 2D and 3D zeolites
possessing the sites of this type are discussed in sections 5.3.2
and 5.3.3. Despite rapidly increasing the range of catalytic
functions played by LAS incorporated in zeolite frameworks,
their exact structure remains controversial.292 One of the
reasons complicating the understanding of local structure of
Lewis centers related to four-valent metals is their relatively high
chemical and structural flexibility, which results in a wide variety
of possible site configurations. This variability becomes even
more complicated as additional components appear in the
system (e.g., under catalytic conditions), affecting the state of
LAS by coordinating or deconstructing (often reversibly)
chemical interactions. In a fully connected configurations
(either perfect or distorted tetrahedral), M(OSi)4 are referred
to as ‘closed’ sites, whereas once one Si−O−M bond is broken,
these sites are termed ‘open’ M(OSi)3OH. Computational
studies for Ti analogues of ‘closed’-‘open’ centers and sites
potentially formed upon deeper hydrolysis revealed that the
second and further steps of M(OSi)3OH hydrolysis are
energetically unfavorable, whereas bond breaking and the
formation of a hydroxyl group in the first step suffices for
framework relaxation/stabilization.293 Specific features of
M(IV) Lewis centers depend on the type of zeolite framework,
through its influence on possible bond distances and angles, and
on the type of central element, which determines the preferred
geometry and energy of interaction with surrounding mole-
cules.201 Despite the diversity and dynamic nature of LAS in
zeolites, some of them can be observed directly. For example,
EXAFS and XANES have been used to confirm the nearly
tetrahedral symmetry of Ti LAS in the TS-1 zeolite, in good
agreement with theoretical findings.294 The incorporation of Sn
atoms, which are larger than Ti atoms, elongated the Sn−O
distance in comparison with Ti−O (0.191 vs 0.179 nm), thereby
distorting the zeolite framework.295

Both theoretical and experimental evidence supports the
generation of ‘open’ sites in Sn- and Zr-substituted zeolites.296

Brønsted acid centers can be relatively easy distinguished by the
acid strength. In contrast, similar differentiation of Lewis acid
sites is both challenging and probe-dependent because of
significant variations in the energy of metal−base interactions
and its dependence on the nature of the central element and on
the properties of the probe. To estimate the relative strengths of
‘closed’ M(OSi)4 centers, the lowest unoccupied molecular
orbital (LUMO) energies, Fukui functions and absolute
electronegativity/hardness were evaluated as descriptors of
Lewis acidity using MFI zeolite as a model,297 albeit without
establishing a clear correlation between the mentioned intrinsic
descriptors and experimental data. Conversely, estimations
using NH3 adsorption energies established the following order
of acid strength for Lewis sites inMFI: Ge < Ti < Pb ≤ Sn ≤ Zr,
with a good correlation between the intrinsic chemical
descriptor (Mulliken electronegativity) of the metal center
and the 15N NMR chemical shift of pyridine adsorbed on the
respective site.298 The 15N-pyridine adsorption/15N NMR
combination made it possible to investigate metal−probe
adducts and was used for both qualitative (acid strength) and
quantitative characterization of Lewis centers in zeolites
containing various elements in tetrahedral positions. The

Figure 10. FTIR spectra of dehydrated ITQ-2 (a) and 2D MFI (b) at
77 K as a function of the CO coverage. Reproduced with permission
from refs 252 and refs 203. Copyrights 2003 and 2014 Elsevier.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://dx.doi.org/10.1021/acscatal.0c05332
ACS Catal. 2021, 11, 2366−2396

2385

https://pubs.acs.org/doi/10.1021/acscatal.0c05332?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05332?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05332?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05332?fig=fig10&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c05332?ref=pdf


estimated strength of Lewis acid sites increased in the following
order: Ti < Hf < Zr < Nb < Ta < Sn.
5.3.2. Biomass Transformation: From Brønsted to Lewis

Sites. Biomass is considered a renewable raw substrate for a wide
range of applications, mainly related to the manufacture of
biobased fuels and chemicals via diverse chemical routes.299−301

The application of zeolites for such catalytic processes is
complicated by the complex biomass composition and multiple
functionalities, which enable interactions with the metal centers
and interfere with the behavior of the catalysts or even with
poisoning. In addition, biomass typically contains a large
fraction of water, which potentially affects the zeolite structure
by hydrolysis, leaching and structural transformation, among
other processes. Biomass containing heavy or highly reactive
constituents also have carbon deposition tendency, thus
shortening the lifetime of catalysts. The catalytic performance
of layered zeolites in comparison to their 3D analogues depends
on the type of reaction. Thus, 2D zeolite catalyst may show the
following: (i) enhanced activity (e.g., in catalytic pyrolysis of
biomass); (ii) no significant effect (as in the case of
isomerization of particular terpenes); or even (iii) worse overall
performance (e.g., in epoxidation of small-size linear alkenes),
which are discussed in this section.
Thermal pyrolysis is used for biomass decomposition,

forming different fractions of products in different states: solid
(biochar), liquid (bio-oil), and light gaseous products. Applying
a zeolite catalyst during pyrolysis helps to transform biomass raw
materials more deeply and gently than without a catalyst.302 The
higher the concentration and strength of acid sites, the higher
the activity in a wide range of reactions, including simple
elimination (dehydration, decarboxylation, and decarbon-
ylation), C−C bond breaking, polymerization, and aromatiza-
tion, which decrease the amount of oxygen in the resulting bio-
oil.301 The chemistry of product pools will also differ between
catalytic and noncatalytic pyrolysis, particularly regarding the
formation of a higher fraction of aromatics and furans instead of
oxygen-rich polyfunctional alcohols and ketones upon pyrolysis
of cellulose and xylan, or lighter phenolics and aromatics instead
of heavy phenolics upon lignin conversion. However, a major
disadvantage of catalytic pyrolysis is the high rate of coke
formation, but this problem was partly alleviated when applying
hierarchical or 2D zeolites.303−305 Layered zeolites demonstrate
better catalytic activity and lifetime than 3D analogues or purely
mesoporous materials with relatively weak acid sites. Zeolites
with bothMFI andMWW topologies were used to compare the
performance of 2D vs 3D in catalytic pyrolysis. An MFI
nanosheet catalyst with surface area, micropore volume, and
number of acid sites comparable to those of a commercial MFI
was applied to cellulose pyrolysis vapor upgrading. The yields of
hydrocarbons and particularly aromatics were similar (33−34
and 26−28%, respectively) over both types of catalysts, but the
2D materials increased molecular transport, thus showing that
mesopores have a positive impact on catalyst lifetime. Yet, the
coke content was higher on nanosheets than on conventional
MFI (0.22 vs 0.11 g/g catalyst at the same biomass/catalyst
loading) because the increased accessibility of acid centers also
facilitated coke precursors.306

Unilamellar MFI was also used to upgrade pyrolysis vapors
formed upon cellulose, hemicellulose, or lignin treatment.305 As
strong acidity is required for upgrading through cracking and
deoxygenation reactions, the 2D zeolite catalyst improved the
quality of the resulting bio-oil by increasing the yield of more
valuable products. For example, in cellulose pyrolysis, the use of

layered MFI decreased the undesired fraction of oxygenates
from >90% to <40% at the optimized catalyst content, and from
50+% to less than 30% in xylan pyrolysis. For similar reasons,
layered-typeMWW catalysts (e.g., ITQ-2) outperform their 3D
analogues, as shown by their higher aromatics yield or
deoxygenation degree.307

Considering the above, in catalytic pyrolysis, 2D zeolites
generally perform better than their 3D counterparts, regardless
of zeolite type or differences in acid properties. However, the
trend is sometimes different when 2D and 3D zeolites are used
to process biomass derivatives. Because of their increased
external area, 2D zeolites should be suitable catalyst for the aldol
condensation of various carbonyl-containing substances that
appear in the gas fraction upon biomass thermal treatment.
Therefore, 2D and 3D forms of zeolites with anMWW topology
(MCM-56 and MCM-36 vs MCM-22 and MCM-49) were
studied in condensation of furfural and acetone.308 At
comparable selectivity to the targeted condensation products,
MCM-22 showed the highest conversion (over 60%), which was
attributed to the highest total concentration of acid sites in
supercages and on the external surface even though MCM-22 is
supposed to have fewer Al on the external surface. Among 2D
zeolites, MCM-36 exhibited the lowest conversion (30−35%)
and was rapidly deactivated, which was attributed to easier coke
formation on the external acid sites. These results contrast with
the MCM-36 performance in isobutane/butene alkylation,
whose prolonged performance is ascribed to delayed coking
because of open access to acid sites.41

Lewis acid zeolites are widely applied in isomerization
reactions, where crystal dimensionality (3D or 2D) determines
the type of transformation. The latter can be either sensitive
(e.g., sugars isomerization over Sn active sites) or practically
insensitive (e.g., terpenoids isomerization over Ti active sites) to
the extent of the external surface in layered materials. Sn-
containing pillared309 and self-pillared310 MFI materials with
increased accessibility of active centers were efficient catalysts in
mono- and disaccharide isomerization. In glucose-to-fructose
isomerization, both 3D and pillared 2D zeolites produced high
fructose yields (>50%) and selectivity (approximately 70%) at
similar glucose conversions (75% after 24 h). However, the 50%
fructose yield was achieved after 8 h over 2D vs 24 h over 3D
catalysts, respectively. These results can be easily attributed to
facilitated diffusion in pillared zeolites considering the similar
acidic properties of the two catalysts, which have been confirmed
by FTIR. In maltose-to-maltulose isomerization, the 2D
analogue shows higher targeted product yields than its bulk
(3D) Sn-MWW, albeit with similar selectivity. Thus, in the
isomerization of sugars, decreasing zeolite layer thickness has
virtually no effect on selectivity but enhances conversion.
In addition to isomerization reactions, Sn-substituted zeolites

were used in Baeyer−Villiger oxidation. 2D Sn-MWW prepared
by postsynthesis treatment of a layered precursor outperformed
bulk Sn-MWW (approximately 10% gain in conversion at the
same selectivity >99%) in the Baeyer−Villiger oxidation of 2-
adamantanone.311 Similarly to zeolites with the MWW top-
ology, Sn-MFI composed of nanosheets was also tested in the
same Baeyer−Villiger reaction, outperforming bulk Sn-MFI in
terms of activity (TOFnanosheets = 86 h−1, TOFbulk = 9 h−1) at a
similar selectivity of over 98%.312

The difference in catalytic behavior between Ti-containing
2D and 3D zeolites in isomerization reactions is exemplified by
the α-pinene oxide transformation to campholenic alde-
hyde.313,314 The 3D Ti-MWW zeolites exhibited the highest
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yield of targeted aldehyde (up to 96% over Ti-MCM-22 catalysts
with different Si/Ti ratios). Ti-MCM-36 is just slightly less
active than the bulk analogue (91% yield) but significantly
outperforms Ti-containing MFI, aluminosilicate, and meso-
porous materials. The exceptionally high selectivity of MWW-
type catalysts to campholenic aldehyde, independently of their
dimensionality, was attributed to the presence of the
predominant fraction of tetrahedrally coordinated titanium
sites in the framework and their optimal concentration, without
BAS facilitating undesired transformations. The slightly lower
activity of Ti-substituted pillaredMWW can be attributed to the
still small (but higher than MCM-22) fraction of penta- and
hexacoordinated Ti that does not catalyze α-pinene oxide
isomerization similarly to the oxidation reactions.180

5.3.3. Oxidation Reactions: Key Role of the Metal Center
State. As mentioned above for isomerization reactions involving
Lewis acid sites, the coordination and distribution of Ti atoms,
in addition to their accessibility, affect redox processes catalyzed
by Ti sites. Simultaneously, if the coordination of Ti is
appropriate for a reaction, 2D zeolites almost invariably
outperform 3D analogues.200 In the epoxidation of relatively
active cyclic alkenes (C6, C8), layered Ti-MFI showed higher
activity than purely microporous Ti-MFI (TS-1) when using
tert-butyl hydroperoxide as oxidant (TOF = 61.9 vs 0.2 h−1 for
C6). When using aqueous H2O2, this difference was less
pronounced (TOF = 15.3 and 7.2 h−1).315 In the epoxidation
of propylene with cumene hydroperoxide, which requires even
more open reaction spaces, 2D Ti-MFI totally outperformed
conventional MFI (conversion values are 20.0 and 0.8%,
respectively). The catalytic performance of layered titanosilicate
was enhanced via postsynthetic NH4F-treatment, which
increased surface hydrophobicity through the interaction
between surface silanol groups and fluoride. As a result, the
conversion values approximately doubled (11% before vs 25%
after for C6 and 9% vs 15% for C8) and selectivity toward epoxide
improved (69% vs 43% for C6 and 95% vs 91% for C8).

316

Specifically, in this transformation, the Ti sites on the outer
surface usually show lower catalytic activity than inner centers,
as reflected in the reduced efficiency of epoxidation of linear 1-
hexene (conversion is 20% for 3D vs 14% for 2D catalysts).
Since hydrophobization has no effect on the intrinsic acidity of
active sites, fluorination does not improve the conversion of such
a reactant (13%), thus underscoring the “limitation” of 2D
materials in the transformation of small molecules. In contrast to
MFI, 2DMWW derivatives outperform conventional 3DMWW
not only in the transformation of C5−C12 cycloalkenes (for
example, for C12 TON2D = 57, TON3D = 9) but also in the
epoxidation of linear 1- and 2-hexenes (for 1-hexene TON2D =
1390, TON3D = 934).317

In addition to the appropriate coordination state, usually
considered a necessary condition for successful epoxidation
reactions, Ti confinement has been recently shown to play a key
role as well.318 Chelated Ti sites with enforced tetrahedral
coordination (by using a bulk calixarene ligand) were selectively
anchored on the external surface of MWW layers to mimic (i)
unconfined terminal sites, (ii) partly confined positions at
surface cavities, or (iii) the mixture of both. Confining
environments provided 5-fold higher reaction rates in cyclo-C6
epoxidation than sites where reaction events are unconfined. All
types of sites activation enthalpies of the formation of kinetically
relevant transition states were similar, whereas entropic barriers
increased in the absence of confinement, in line with previous
reports on similar enthalpic but lower entropic barriers for

transformations in completely confining environments.319

Although the studied material is not truly a Ti-MWW zeolite
and thus does not completely represent its behavior during the
catalytic process, the reaction rates for the mixture of Ti
environments match the values typical of confined sites but
differ from the intermediate values between two extreme states.
This result suggests that Ti sites can move during a catalytic
experiment from unconfined terminal framework positions to
partly confined sites located inMWW surface pockets. MCM-56
is a MWW material with Al atoms located on the surface in
“pyramidal” sites. Such atoms may be replaced by Ti to produce
pyramidal TiOH groups, via Al removal by nitric acid, followed
by calcination and treatment with titanium diisopropoxide
bis(acetylacetonate).320 In the resulting catalysts, three types of
Ti moieties were identified in uncalcined materials−tetrahedral
in the framework, five or six-coordinated Ti on the surface,
presumably in pyramidal sites, and oxide-like clusters. After
calcination, such surface Ti-atoms were converted into
tetrahedral sites terminated by OH group and were the most
active, resulting in the highest relative conversion of methyl
phenyl sulfide per Ti content. In conclusion, these studies
confirmed the potential of open, surface TiOH species for
oxidation catalysis.
Considering the prevailing trend in zeolite catalysis, the

advantages of 2D derivatives, if present, can be characterized as
quantitativethe reactions proceed in basically the same
manner but 2D derivatives favor the yield or the selectivities.
A rare example of qualitative switch has been observed in
cerium-exchanged MWW materials.188 More specifically, IEZ-
MWW with a slightly expanded interlayer distance can adsorb
greater amounts of Ce3+ than both 3DMCM-22 and 2DMCM-
56, acquiring a new type of activity at room temperature, CO-to-
CO2 conversion, which Ce-MCM-22 lacks. Such a change is
particularly valuable because the possible performance debit of
3D vs 2D (quantitative) can be offset simply by increasing the
catalyst volume (favored by the additional cost and labor of
preparing 2D forms). Tomatch the qualitative change offered by
2D, the only alternative may be another catalyst.

■ SUMMARY AND PERSPECTIVES

The possible existence of layered forms was not considered
during the initial development of zeolites when the fundamental
foundations and principal practical applications were estab-
lished. In fact, there was a sharp boundary between 3D and 2D
structures, reinforced by significant differences in fundamental
characteristics. Layered zeolites represent a shift in a long-held
concept with far reaching consequences, both fundamental and
practical.
Layered zeolites are often regarded as one of the different

modifications that can solve accessibility problems and diffu-
sional constrains, which limit the applicability of conventional
microporous catalysts. In a broader fundamental perspective,
layered zeolites represent an expansion of the traditional view of
frameworks as extended 3D networks, together forming a
seamless 2D-3D continuum. In practical terms, 2D forms allow
modifications and the creation of new forms and (molecularly
mixed) compositions previously impossible to prepare. These
capabilities are illustrated herein by the MWW and MFI
materials, as models for replication and expansion with other
frameworks that have been and will continue to be prepared in
2D forms. The assumption is that layered forms are possible for
most and maybe all frameworks.
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The layered zeolites MFI and MWW have produced almost
20 different layered forms, some common for both, including 9
by direct synthesis. Several reports have demonstrated that
layered forms can perform better than conventional 3D zeolites,
but most remain unconfirmed under conditions suitable for
commercial uses, for example, in a bound form, and in
comparison to commercial benchmarks. The practical uses of
2D zeolites can be also hindered by the additional costs and
labor, so the quantitative advantage (yield and selectivity) may
not justify substitution of existing catalysts. Instead, some
qualitative changes displayed by a 2D zeolite form but not by the
3D parent may be the preferred route of development, as shown
by CO-to-CO2 oxidation by Ce-IEZ-MCM-22 (interlayer
expanded zeolite (IEZ)), for which Ce-MCM-22(conventional
3D from) is inert.
Despite major advances in 2DMWW andMFI, there are still

many basic open problems. For example, there is no MFI
equivalent of the MWW precursor (MCM-22P). In addition,
other frameworks can show forms and behavior similar to the
two model systems, but other factors related to the framework
itself (surface silanol concentration) may nevertheless play a key
role and limit the options. A recent advance has been the liquid
exfoliation of MWW into a liquid dispersion of monolayers.
Thanks to this groundbreaking achievement, monolayers can be
used as reagents to prepare suitable advanced materials at will,
subject to favorable interactions and compatibility. The
fundamental properties of 2D zeolites vs 3D, such as intrinsic
activity and stability, among others, are still not firmly
established, and conflicting results have been reported, most
likely because many factors control the preparation, in addition
to the test conditions.
The discovered coexistence of 2D and 3D structures for

zeolites has implications for other solids both 2D and 3D by
encouraging consideration of analogous circumstances not only
with other 3D solids but also in the opposite direction3D
structures that can be made from classical 2D solids. From a
long-term perspective, even lower-dimensional materials (e.g.,
1D) may be used as precursors to materials with 2 or more
dimensions. Yet, such systems are not easy to handle with and
remain outside the current state of the art, for now, but declaring
their impossibility a priori would be presumptuous. The
evolution of 2D zeolites led to some unusual or unexpected
phenomena or materials. However, this pattern is common to
any scientific endeavor as new findings often seem to be obvious
in hindsight and could have been anticipated if a broader analysis
had been performed. Paradigmatic examples include interlayer
expanded zeolites,140 which have not been identified with other
layered solids, and the generation of new zeolites structures,
previously “unfeasible”, by layer rearrangement.30
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Lamellar and Pillared ZSM-5 ZeolitesModified withMgO and ZnO for
Catalytic Fast-Pyrolysis of Eucalyptus Woodchips. Catal. Today 2016,
277, 171−181.
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Nachtigall, P.; Čejka, J. Synthesis and Post-Synthesis Transformation of
Germanosilicate Zeolites. Angew. Chem., Int. Ed. 2020, 59, 19380−
19389.
(49) Heard, C. J.; Grajciar, L.; Uhlik, F.; Shamzhy, M.; Opanasenko,
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(75) Roth, W. J.; Čejka, J.; Millini, R.; Montanari, E.; Gil, B.; Kubů, M.
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Synthesis and Structural Characterization of MWWType Zeolite ITQ-
1, the Pure Silica Analog of MCM-22 and SSZ-25. J. Phys. Chem. B
1998, 102 (1), 44−51.
(79) Luo, H. Y.; Michaelis, V. K.; Hodges, S.; Griffin, R. G.; Roman-
Leshkov, Y. One-Pot Synthesis of MWW Zeolite Nanosheets Using a

Rationally Designed Organic Structure-Directing Agent. Chem. Sci.
2015, 6 (11), 6320−6324.
(80) Grzybek, J.; Roth, W. J.; Gil, B.; Korzeniowska, A.; Mazur, M.;
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Zukal, A.; Shvets, O.; Čejka, J. A Family of Zeolites with Controlled
Pore Size Prepared Using a Top-Down Method. Nat. Chem. 2013, 5
(7), 628−633.
(109) Galli, E.; Gottardi, G. The Crystal Structure of Stilbite.Mineral.
Petrogr. Acta 1966, 12, 1−10.
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