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1.1
Introduction

Zeolites have been known for more than 250 years since the Swedish chemist and
mineralogist Axel F. Cronstedt coined the term zeolite to baptize a new mineral
that exhibited a very curious behavior when subjected to the action of a blowpipe
[1, 2], for the mineral released substantial amount of water on heating, which it
adsorbed again from the atmosphere on cooling without any noticeable change.
The zeolite family of minerals introduced by Cronstedt consists of crystalline alu-
minosilicates formed by TO4 tetrahedral units (T= Si, Al; Si/Al atom ratio not
lower than 1) that are interconnected through the oxygen atoms to form tridimen-
sional structures containing a large fraction of inner cavities of molecular dimen-
sion in which cations must be present in order to counterbalance the framework
negative charge due to the presence of aluminum atoms. Moreover, the cations
are hydrated. The presence of these cavities constitutes the key structural factor
that differentiates zeolites from other related 3D tectosilicates, such as feldspars
and it is indeed this factor that enabled these substances to occupy a privileged
status in the modern chemical industry.
The scientific knowledge and technological development of zeolites have

evolved enormously since their potential to perform selective adsorption of
different compounds according to their molecular size was recognized in the
1930s [3]. This property of the zeolites to act as molecular sieves is attributed
to the presence of pores of dimensions below 2 nm in the micropore structure
that allow the reactants access to the inner cavities in such a way that only
molecules smaller enough to enter through these pores are adsorbed, while the
other molecules are excluded.
Prompted by the aforementioned discovery and with the increasing geological

knowledge on zeolite formation in nature, efforts were made to obtain synthetic
zeolites in the laboratory that can widen the field of application of the already
known zeolite minerals. In this way, artificial specimens of zeolites that replicate
the natural ones have been obtained, and, even more importantly, a large variety
of zeolite structures without natural counterparts are synthesized every year, all

Mesoporous Zeolites: Preparation, Characterization and Applications, First Edition.
Edited by Javier García-Martínez and Kunhao Li.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.



2 1 Strategies to Improve the Accessibility to the Intracrystalline Void of Zeolite Materials

around the world, to which it has to be added that new zeolite minerals are still
being discovered [4].
By the time this chapter was written, 213 different zeolite structures had been

discovered, and between six and seven new structures are added to the catalog
every year. This evolution reflects not only a quantitative expansion of the field
but also an ever-increasing growing of the chemical and structural complexity of
these substances. Although this aspect is discussed in detail next, now it can be
said that many zeolitic structures can only be composed of T atoms other than
Si and Al, such as Ge, P, or Zn, in such a way that they are not aluminosilicates
but aluminophosphates; or can contain just silicon and oxygen; or can be a com-
bination of Ge, Si, and Al (in addition to oxygen) in several proportions. Mainly
for this reason, the term zeolite materials is generally used to encompass microp-
orous crystalline materials that have the basic structural features commonly and
formerly attributed to zeolites, that is, to aluminosilicates. In this chapter, both
the terms, zeolites and zeolite materials, are used indistinctly.
The application of zeolites in the chemical industry basically depends on two

factors: the presence of appropriate active centers in the crystals and the archi-
tecture, size, and geometry of the inner cavities, which are responsible for the
shape selectivity manifested by zeolite catalysts in a large number and variety of
catalytic reactions. The active centers can be acid sites, associated with the pres-
ence of protons in the framework that compensate for the negative charge due to
the trivalent elements tetrahedrally coordinated in the framework, such as Al3+;
redox-type cations such as Cr3+ or Co2+ that can replace some of the extraframe-
work cations originally present in the structure; or some other elements that can
replace the Si and/or Al of the framework. One of the most successful approaches
of this type is the partial replacement of Ti for Si, which enables Ti-containing
catalysts to oxidize a large variety of organic substrates selectively using hydrogen
peroxide or organic peroxides as oxygen donors under mild conditions.
The active centers in zeolites can be located both in the inner cavities and at the

external surface, and normally, they are present at both locations; however, it has
to be considered that they could not be evenly distributed between the external
surface and the internal surface of the crystals. This aspect is most relevant for
the type of zeolite materials being dealt with in this chapter. Moreover, the pres-
ence of active sites in the zeolite micropores gives rise to shape-selective catalysis,
which is a characteristic of this type of materials. The presence of micropores of
molecular size imposes steric limitations to the diffusion of the reactants from
the reaction media to the interior of the pores, and it prohibits the access of too
bulky molecules. The same effect also reduces the diffusion rate of the reaction
products outside the inner cavities. Moreover, the size and geometry of the inner
cavities can also prevent the formation of certain reaction products, because the
transition state required by the reaction mechanism cannot be accommodated in
the space available in the micropores. In this way, a reaction pathway can be even-
tually favored among the several ones theoretically feasible on the basis of their
respective steric requirements [5].
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The two types of shape selectivity described in the first place, the ones based
on the size of the reactants and products, are basically dependent on the diffusion
length along the zeolite pores, and, for a given reactant, product, and zeolite, this
selectivity is directly related to the crystal size along the diffusional path, that is,
along the zeolite pores. However, the same properties of the zeolite crystals that
produce such desirable shape-selective effects, namely, their shape and size, simul-
taneously reduce the accessibility of the reactants to the active sites and, hence,
decrease the reaction rate, rendering a large portion of the actual zeolite crystals
ineffective from the point of view of the catalyst.The reactants that are simply very
bulky to penetrate the intricate pore system of the zeolites can only interact with
the active sites located at the external surface.
These severe accessibility limitations can be overcome by following essentially

three different yet complementary strategies. For the known zeolites that have
already proven to be efficient catalysts, two different strategies can be followed.
First, it is possible to reduce the crystal size, and eventually the shape, to decrease
the diffusion effects along the pores. Second, it is possible to also reduce the dif-
fusional path inside the pores by creating large pores (in some way, this means
to create “cracks” or “holes” within the crystal bulk) in the crystals that facilitate
the access of bulky molecules to a larger portion of the internal micropore sys-
tem. The current catalytic cracking processes benefit from this approach, as such
intracrystalline mesopores and also macropores have already been formed by the
dealumination treatments of the zeolite catalysts, as it has been recognized long
ago [6]. Finally, the last approach is the synthesis of new zeolite materials contain-
ing very large pores, which can be subjected to the same accessibility-increasing
treatments as those applied to the existing zeolites.
All the previously described three main strategies have been experimentally

implemented to enhancemass transportation in zeolite catalysts, and a large body
of chemical literature has already been produced, which has been specifically cited
in the following appropriate section. In the past 10 years, the second approach, the
fabrication of mesopores (and, eventually, macropores) inside the zeolite crystals,
has experienced revitalization thanks to the discovery of certain nanoengineering
strategies that have brought much novelty to the field. In parallel to this, much
attention has also been paid to the development of what are called lamellar zeo-
lites, which are extremely structurally anisotropic zeolite materials, while new
insights into the preparation of nanosized zeolite crystals have also been con-
tinuously reported, in addition to new exciting extra-large-pore materials. The
relevance of all these aspects for catalytic applications has been discussed recently
[7]. As excellent reviews on all of these aspects are already available to interested
readers, several of them being published within a year or less this chapter has been
in preparation, we do not intend to rereview what has already been reviewed. We
have instead focused our work in a different direction.
As we had mentioned earlier, many of the most innovative approaches to syn-

thesize zeolite materials with enhanced accessibility involve the creation of meso-
pores inside the zeolite crystals. For this reason, the term mesopore zeolite has
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been coined.This term clearly describes the final physical property of thematerial
from the point of view of the actual presence of mesopores in the crystals; how-
ever, it overshadows the chemical aspects that make possible the creation of such
noncrystalline porosity within the crystals and the consequences that the physic-
ochemical process that enables the formation of such pores might have on the
chemical properties of the resultingmaterials.This field seems to be dominated by
engineering approaches, more specifically nanoengineering, and we would like to
highlight some of the chemical aspects we believe are required not only to under-
stand the progress made until now but also, more importantly, to facilitate the
improvement of the known methods or to serve as inspiration to develop new
ones.
From the point of view of chemistry, several methods described so far to

enhance the molecular accessibility to the intracrystalline voids of the zeolite
materials can be classified according to the methodological tree presented
in Scheme 1.1. The first distinction in the classification is made between the
already existing zeolite structures and the strategies aiming at synthesizing new
large-pore materials. The second main distinction is made between the method-
ologies that encompass the approaches to control the crystallization process
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Scheme 1.1 Methods described to enhance the molecular accessibility to the intracrys-
talline voids of the zeolite materials.
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of the zeolites, on the one hand, and the postsynthesis chemical treatments of
the zeolites that involve, in some cases, partial recrystallization of the starting
materials. Subsets of these categories are discussed in the following sections.

1.2
Strategies to Obtain New Large-Pore Materials

Zeolitematerials are characterized by the presence of intracrystalline voids, which
can adopt the geometry of channels, cavities, or, often, a combination of both.
Access to these voids is limited by the aperture of the pores that project these voids
on the external surface of the crystals. The size of the pore aperture is basically
determined by the number of tetrahedral atoms forming the rings that delineate
the pores, and by their shape, and the aperture size increases with that number.
For the rings composed of 12 tetrahedral atoms, or 12-membered rings (12MRs)
the largest pore aperture corresponds to the circular and coplanar rings, that is, all
the T atoms are located on the same plane. This situation corresponds to materi-
als having the faujasite structure with (FAU) code according to the classification of
the International Zeolite Association (IZA) [8], which possesses a pore aperture of
7.4Å. Out-of-plane configurations of T atoms, in the case of offretite, or elliptical
rings, as those present in mordenite, always decrease the effective pore size.There
are many examples of zeolite materials that contain inner cavities with a diame-
ter greater than that of the pore aperture, or window, which allow the reactants
access to these cavities, as the large supercage present in faujasite. Nevertheless,
the pore aperture is always the limiting factor for the incomingmolecules to pene-
trate into the zeolite crystal core, unless specific strategies are developed to expose
these otherwise inaccessible cavities to the reactants, as it is discussed later.There-
fore, one of the strongest driving forces of zeolite synthesis is the preparation
of materials with the largest possible ring size, which would allow the access of
bulky reactants to the intracrystalline cavities where most of the active centers
are located. For this purpose, many different synthesis strategies have been devel-
oped over the years, involving a considerable material and intellectual effort made
by many laboratories at both academic and industry [9] levels. On the basis of the
accumulated experience, it is reasonable to evaluate the success of these synthesis
approaches in tackling the target.
There are 213 available zeolite structures, and 71 of them possess at least 12MR

or greater, about one-third of the total, which are known as large-pore materials.
However, a vast majority of them are 12MR structures (Figure 1.1), and very few
possess ring sizes above 12.
The uneven distribution of the rings according to their sizes is closely related

to the concept of framework density (FD), which is defined as the number of T
atoms per 1000Å3, a structural parameter that is commonly used to differenti-
ate the zeolite structures from the other denser tectosilicates such as feldspars
and several silica polymorphs. For nonzeolite frameworks, the FD values tend to
be in the range 20–21. As the value of FD decreases for more open frameworks,
the probability that the structure has large rings also increases. As can be seen in



6 1 Strategies to Improve the Accessibility to the Intracrystalline Void of Zeolite Materials

6 8 10 12 14 16 18 20 22 24 26 28 30

0

10

20

30

40

50

60

70

N
u
m

b
e
r 

o
f 
z
e
o
lit

e
s

Major ring size (T atoms)

Figure 1.1 Number of the zeolite as a function of the major ring size.
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Figure 1.2 Number of the major ring size of the zeolite structure as a function of the
framework density.

Figure 1.2, rings of sizes above 12 are only present in structures with low-FD val-
ues, about or below ∼12, and, hence, this seems to be a criterion for the synthesis
of such materials. However, the distribution of FDs among known zeolite struc-
tures shows a nonrandom specific pattern, which is presented in Figure 1.3. The
distribution of zeolites as a function of their FD reaches a maximum at FD = 17,
and there are very few structures with FD < 12.
Moreover, it is also interesting to plot the distribution of the FDs as a function of

the time during which the structures of the corresponding zeolites were reported,
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Figure 1.3 Number of the zeolite as a function of the framework density.
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Figure 1.4 Distribution of the framework density as a function of the time.

as presented in Figure 1.4. In this way, the resulting graphic can be considered
as an indication of the effectiveness of the synthesis efforts carried out in the past
decades for obtaining large-porematerials, particularly thosewith ring sizes above
12. As mentioned earlier, specific synthesis strategies have been developed with
the deliberate purpose of favoring the crystallization of hypothetical large-pore
materials; therefore, they are not the result of random laboratory tests.Thefirst set
of data corresponds to the zeolites included in the first Atlas of Zeolite Structures
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published by IZA in 1978. At that time, most of the structures corresponded to
natural zeolites, and the distribution can be considered as a reference to the most
favored FD in a geological environment. The distribution peaks at an FD value
of ∼17. In subsequent years, the relative weight of the artificial zeolite structures
without natural counterparts significantly increased in such a way that the tempo-
ral distribution of FDs in the 1980s basically reflects the results of the laboratory
work specifically designed to obtain large-pore structures. However, this distribu-
tion is still centered at quite the same value as compared to that of 1978, although
the low-FD side of the distribution has been populated with some new and very
interesting structures, particularly in recent years, as a result of innovative syn-
thesis strategies, which are discussed next.
The data discussed previously can be considered as empirical evidence that zeo-

lites having medium FD, in the narrow 16–18 range, are more stable as compared
to those having lower or higher FD values. The reason for this behavior, in the
case of such a maximum in the FD distribution, can be found as a combination of
the following two opposite effects. On the one hand, the intrinsic stability of the
zeolite frameworks increases with the FD. This can be manifested in the increase
in the number of zeolite structures as the FD increases, which does not corre-
spond to what has been empirically observed. As opposed to this effect, there
exists a strong stabilizing interaction between the negatively charged framework
and the hydrated cations located in the intracrystalline channels and cages. This
effect increases as the FD reduces, because more space is available to accommo-
date these chemical species, and, hence, the overall contribution of this stabilizing
interaction to the total zeolite energy increases. The final effect of such opposite
trends is reflected in the maximum observed in the FD distribution, which sug-
gests an optimum equilibrium of both effects at FD values in the range 16–18.
It is interesting to state that a connection between FD and the smallest ring

in the loop configuration present in zeolite structures was proposed in Ref. [10].
According to this correlation, zeolites having a very low FD are expected to con-
tain 3MR in their structure. Hence, the synthesis strategies that tend to favor the
presence of such small rings increase the probability of obtaining large-poremate-
rials. Moreover, the intrinsic framework stability of zeolite materials depends not
only on the FD but also on their chemical composition. In this regard, it has been
found that the D4Rs (double-four-membered rings) unit is stabilized by the incor-
poration of up to three Ge atoms [11], as compared with the pure-silicon version.
Hence, the presence of such particularly stable SBUs (secondary building units)
can contribute to the decrease in the overall framework energy, thereby favor-
ing the crystallization of structures with a density lower than that attainable by
pure-Si frameworks.This property has been used to synthesize several large-pore
microporous germanosilicates with a low FD, most of which additionally contain
three-ring units, as predicted in Ref. [10]. Some examples of this type of structure
are ITQ-33, containing single 3MR and having an FD of 12.3 [12]; ITQ-44, also
comprising a 18-ring structure and containing D3R, FD = 10.9 [13]; and ITQ-40,
a 16-ring structure that has the lowest FD (10.1) among the already known zeolite
structures [14].
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It has been reported [15] that only 13 out of the 213 framework types available
today are employed as catalysts for commercial purpose, and none of the struc-
tures synthesized over the past 20 years have found any application so far, to the
best of our knowledge. Nevertheless, in that period, several new 12MR materials
were obtained. Moreover, only five or six among those 13 frameworks are large-
pore materials.
Considering all these aspects, it can be concluded that, although it is quite pos-

sible that large- and very-large-pore materials can find interesting commercial
applications in some specific processes, there is a clear need to explore more gen-
eral avenues to develop zeolite materials with enhanced pore accessibility.

1.3
Methodologies to Control the Crystallization Process of Zeolite Materials in the
Absence of Pore-Forming Agents

A large number of these approaches involve control of the crystallization pathway
of the zeolites using different strategies. Not all of them are reviewed here with the
same amplitude; however, particular attention is paid to those that, in our view,
have received comparatively less attention or are worthy of more in-depth study.
Probably the most simply way to reduce the diffusional constraints inside the

zeolite intracrystalline pores is to reduce the length of the diffusional path, that
is, to reduce the average crystal size (Figure 1.5). In addition, this strategy also
increases the external surface area of the crystals in a substantial way, which can
be very useful to process themolecules that are too bulky to diffuse inside the zeo-
lite pores but can still react on the active sites located at the external surface.With

Zeolite
pores

Small crystals

<< d

d

Large crystals

[C]

Figure 1.5 Schematic illustration of the diffusional constraints inside the zeolite with small
or large crystal size.
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Figure 1.6 Variation of the external surface
area of the zeolite nanoparticles with dif-
ferent shapes (cube, needle-like, and square
plate) as a function of the crystal size. For
needle-like and plates, the data are plotted
as bands that indicate the surface area range
corresponding to an aspect ratio L/d varying
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where d is the smallest particle dimension,
that is, its thickness, and L is the plate side
or needle length. The data have been calcu-
lated for a zeolite framework density of 17 T
atoms per 1000 Å3.

regard to the actual effect that the reduction of crystal size can have on the overall
diffusion rate, it should be considered that many interesting zeolite structures are
highly anisotropic from the point of view of their shape, which is, in general, a
consequence of the large differences in the T atom densities in different crystallo-
graphic directions, which in turn reflect the existence of pores extending along a
certain preferred crystal orientation. In this way, the zeolites containing monodi-
rectional channels tend to adopt needle-shape morphologies in which the pores
run along the main crystal axis.
The expected effect of the decrease in the average crystal size on the external

surface area of the nanocrystals of zeolites has been plotted in Figure 1.6 for three
different crystal shapes – cubes, needles, and plates – belonging to amodel zeolite
material that has an FD of 17.This value is representative of zeolites such as ZSM-
5 with FD = 18.4 or mordenite with FD = 17. A flat surface has been assumed in
every case, although real zeolite crystals do contain surface features (roughness,
stepped surfaces, etc.) that can significantly increase the actual external surface
area. However, this figure can still be useful to capture the crystal size–external
surface area relationship in a semiquantitative manner. It can be seen that sig-
nificant contribution of the external surface to the total area is expected only for
zeolite crystals of size below 100 nm. For the cube-shaped morphology, crystals
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of size about 30 nm exhibit an external surface area of about 100m2 g−1. As the
crystal shape becomes less isotropic, needles and plates, the crystal size required
to reach that value is progressively reduced, and very thin platelets of thickness
between 10 and 12 nm are required to obtain that external surface area. For pseu-
dospherical crystals, the external surface area is smaller than that of the cubical
ones with the same size. It is also interesting to mention that this simple model
reflects that a large variation of the aspect ratio of the crystals, for example, the
length-to-thickness ratio in plates, can have a slight influence on the external sur-
face. This plot is referred to later when describing the textural properties of the
so-called mesopore zeolites.
Several methodologies have been specifically developed to obtain nanosized

zeolite crystals [16, 17].However, under appropriate control of the nucleation step,
ultrasmall crystals of a large-pore EMT zeolite, with sizes in the range 6–15 nm,
have been obtained in the colloidal systems in the absence of any organic tem-
plate [18]. The use of colloidal systems to obtain nanosized zeolite materials is
not restricted to Si-based frameworks. Using this approach, SAPO-34 (silicoalu-
minophosphate) (carbonate-hydroxyapatite (CHA) structure) nanocrystals of size
∼100 nm were obtained by microwave heating [19]. This latter result is particu-
larly relevant to the catalysis, because of the recognized experimental difficulty in
obtaining aluminophosphate-type materials in the submicrometer size.

1.3.1
Confined Nucleation and Growth

Appropriate control of the nucleation versus crystal growth rate allows for the
synthesis of small zeolite crystals; however, in general, sizes below ∼30 nm are
not safely attainable, with a few exceptions, as described earlier. This is precisely
the size range in which the contribution of the external surface to the total zeolite
becomes significant. In order to achieve this goal, for the preparation of ultra-
small zeolite crystals, a different strategy was described by a series of papers by
Jacobsen et al. [20–22], which the authors defined as confined space synthesis.
This strategy is apparently very simple: it involves growing the zeolite inside the
small pores present in an appropriate support. The size of the pores can impose
a limitation to the crystal growth, and the nanocrystals formed in this way are
recovered after removing the support. Several commercially available samples of
carbon black were used as supports in these studies, which were removed after
crystallization by calcination in air. Figure 1.7 shows a schematic representation
of the final product.
Carbon black pearls BP700 and BP2000 were used in these experiments as con-

fining matrices. In this way, and using BP2000, crystals of ZSM-5 with average
crystal sizes in the range 20–75 nm were obtained, while those of Beta were in
the range 7–30 nm; those of zeolite X were between 22 and 60 nm; and, finally,
crystal sizes of zeolite A were in the range 25–37 nm. The textural properties of
the carbon pearls are given in Ref. [21], and an average pore diameter of 45.6 nm
is reported. Therefore, the crystal size is apparently controlled by the pore size
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Figure 1.7 Schematic illustrations of (a) the confined space synthesis method to obtain
nanocrystals and (b) the formation of an additional mesoporosity in the zeolite.

distribution of the matrix. However, it can be noticed that the carbon pore size
is smaller than some of the aforementioned values for zeolite crystal size, which
indicates some particle growth outside the carbonmatrix. Moreover, a more care-
ful inspection of further reports by the same group led to somewhat contradictory
results. The particle size of BP2000 is 12 nm as reported in Ref. [23], a seminal
paper that claimed the formation ofmesopores inside the zeolite crystals using the
same types of carbon black as pore-forming agents, an approach that is discussed
next. Wang et al. [24] reported a particle size of 30 nm for this type of carbon
black as determined by transmission electron microscopy (TEM) (averaging the
sizes of only five particles, however), while most of the pores of this type of car-
bon black are below 5 nmas reported in Ref. [25]. Interestingly, the ZSM-5 crystals
obtained by thismethod containmesopores with an average radius of 17.5 nm and
mesopore volumes in the range 0.5–1.0ml g−1 [21]. Considering all these results ,
we ponder whether the ZSM-5 nanocrystals obtained by this method of confined
space crystallization using carbon blackmatriceswould have already formed small
mesoporous zeolite crystals of the very same type as comparedwith those of larger
size but also mesoporous, as reported in Ref. [23].
Another method to obtain more homogeneous ZSM-5 nanocrystals involves

the use of colloid-imprinting carbons as matrices [26]. In this procedure, col-
loidal silica is used as an imprinting agent for a mesophase pitch used as carbon
source. The resulting silica–carbon composite is washed with HF to remove the
silica particles entrapped in the carbon matrix. Further, the resulting material is
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impregnated with the synthesis solution in such a way that the zeolite crystallizes
inside the carbon pores previously occupied by the silica nanoparticles. In this
way, ZSM-5 nanocrystals in the range 13–90 nm were obtained.

1.3.2
Use of Blocking Agents for Crystal Growth

Other strategies that have been used to limit the crystal growth involve the use
of certain chemical compounds that interact with the surface of the nanocrystals
or protozeolitic nanounits present at the early stages of the nucleation process,
in order to limit the crystal growth rate. Two approaches are discussed here: the
silanization methods, on the one hand, and the addition of surfactants, on the
other.

1.3.2.1 Silanization Methods
The silanization methods devised by Serrano et al.[27] involve several steps [28].
First, a synthesis gel is precrystallized to promote the formation of zeolitic seeds
or protozeolitic units. Second, these units are functionalized by inducing their
reaction with organosilanes. Further, the crystallization is continued in order to
complete the zeolitization of the protozeolitic units. Finally, the sample is calcined
in air to remove both the structure-directing agent and the organosilane. Several
organotrialkoxysilanes can be used; however, phenylaminopropyltrimethoxysi-
lane is preferred because it produces ultrasmall crystals in the range 5–10 nm,
with a more uniform pore size distribution. Furthermore, 2D 29Si (H) heteronu-
clear correlation (HETCOR) spectra of the as-made silanized nanocrystals show
that the silane moieties are anchored to the external surface and not inside
the pores [29]. A closely related strategy designed by Pinnavaia et al. [30, 31]
involves the use of a silylated polymer that is grafted on the external surface of
the protozeolitic units, which grow leaving behind the polymer encapsulated in
the crystal aggregates, thereby forming mesopores after calcination.
The silanization method produces extremely small crystals, with the highest

external surface areas ever reported, which are a function of the several synthesis
parameters. In the case of ZSM-5, nanocrystals with an external surface area of
about 500m2⋅g−1 are obtained; however, the micropore area (and the micropore
volume) decreases, in the same manner, to a value lower than 200m2⋅g−1 for the
samples with the highest external surface area. Conventional, micrometer-sized
crystals of ZSM-5 have amicropore surface area of∼350m2⋅g−1. According to the
plot shown in Figure 1.6, such high values of external surface area cannot be solely
explained by the decrease in the crystal size.There is a possibility that such values
reflect the large contribution of the surface roughness produced at the termination
of the crystal, as represented in Figure 1.8.
The noticeable yet less pronounced decrease in the micropore surface area, or

the micropore volume, observed in the zeolite nanocrystals synthesized by other
methods, also requires an explanation. First, this decrease can be just because the
ratio between the structural micropore volume and the mass of zeolite, given by
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(a) (b)

Figure 1.8 Illustration of the micropore channels of the MFI structure for crystals of differ-
ent size.

the number and composition of the TO2 units per unit cell, which can be calcu-
lated for quasi-infinite crystals of micrometer size for practical purposes, does not
apply to ultrasmall crystals, as depicted in Figure 1.8.
Fivemicropore channels are represented in this projection of a small crystalwith

an MFI structure. When the crystal is halved along the dotted line, two smaller
crystals of weight equivalent to that of the original (because the initial number
of T units have been preserved) are obtained; however, both the crystals contain
only one channel system each; therefore, three-fifth of the initial micropore vol-
ume (and, consequently, of the micropore surface) of the original larger crystal
has been lost. Moreover, the surface roughness per unit weight has also increased
significantly.
The extreme reduction of zeolites crystal size could also have other chemical

consequences in addition to the geometry aspects discussed above. First, the
fraction of external T sites as compared with the internal ones would be very
much larger than those in the conventional crystals. Many of these T sites can
be terminated by silanol (Si–OH) groups, which are hydrophilic. In this way,
the hydrophobic/hydrophilic balance of the crystal would be highly affected by
the extreme reduction of crystal size. Further, an all-silica framework, which
usually exhibits a hydrophobic character in micrometer-sized crystals, such as
MFI, would rather be hydrophilic for ultrasmall crystal specimens. Hence, this
aspect could have consequences not only in the adsorption processes but also in
catalysis, as it dramatically alters the adsorption equilibrium of the reactants and
products as a function of their relative polarity.
In addition to this aspect, it should be also considered whether the zeolite

nanocrystals, particularly the ultrasmall ones, still retain at their surface and
their vicinity the chemical properties associated with the active sites located at
the interior of the micron-sized crystals. In this regard, as pointed out earlier,
the intrinsic stability of the zeolites is smaller than that in the denser phases
or that of amorphous materials. Moreover, the free energy in the condensed
phases at the surface is generally high, and it is compensated by the reticular
energy only when the size of the crystal increases. This factor is very well known,
and it practically occurs during the nucleation of the zeolitic phases in gels. For
this reason, it is possible that, for nanocrystals, the structure of the external
surface does not necessarily retain the local structure and, hence, the chemical
properties commonly observed in large zeolite crystals. Indeed, this aspect
offers an alternative explanation for the strong reduction of micropore volume
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observed in ultrasmall crystals, because it is possible that, in addition to the effect
described by the simple model represented in Figure 1.8, some portion of the
crystals in the vicinity of the external surface collapse, that is, become amorphous
and, therefore, do not exhibit any longer the regular crystalline arrangement of
atoms present in the interior of the micropores [32]. The characterization of the
surface properties of these ultrasmall crystals can be very useful to determine
the extent to which they are affected by the extreme reduction of the crystal
size. However, there is already some evidence that a considerable portion of
the nanocrystals have already lost the chemical properties associated with the
micrometer-sized ones after calcination.
It has been reported that the framework aluminum in the silanized samples is

less stable when compared with the conventional ZSM-5 zeolite, as determined
by 27Al magic-angle spinning (MAS) NMR [33]. Moreover, ammonia desorption
indicates that the acid concentration decreases as the mesopore/micropore sur-
face area increases, that is, as the crystal size reduces [34], in agreement with the
removal of framework aluminum, and the overall acid strength of the acid sites
also decreases similarly. The content of the Brønsted acid sites determined by
means of the Fourier transform infrared spectroscopy (FTIR) spectra of adsorbed
pyridine also decreases in the silanized samples as compared with the conven-
tional ones [33, 35]. Nevertheless, a positive finding is that these samples contain a
large number of fairly strong Lewis acid sites [33]. All these results clearly indicate
that the stability of the nanocrystals decreases rapidlywith the crystal size, and this
effect is quite significant for ultrasmall crystals of sizes in the range 5–10 nm.
Reduction of the zeolite micropore volume (and the surface area) concomitant

with an increase in the mesopore surface area has already been recognized by
Pérez-Ramirez et al. [36], not only in the silanization method but also in most of
the procedures reported at that time to prepare zeolite materials with enhanced
pore accessibility. These materials are also often termed hierarchical zeolites, in
the context that they comprise, in addition to the intracrystalline structuralmicro-
pores, exostructural mesopores and, eventually, macropores, thereby possessing
a hierarchy of pores of different sizes. In this regard, the same group developed
the concept of hierarchy factor (HF), which expresses the relationship between
the relative micropore volume (Vmicro/V total) and the relative mesopore surface
area (Smesop)/(SBET).The objective of the methods used for successfully increasing
the accessibility is to maximize the HF, which involves enhancing the mesopore
surface without severely affecting the micropore volume.
It can be concluded from the aforementioned results of the silanization method

that, for practical catalytic purposes, there is a compromise between the crystal
size and stability, and excessively small nanocrystals are probably not the most
preferred materials if enhancement of the accessibility to the micropores is
required while the micropore volume needs to be preserved. Moreover, the
optimum (nano)crystal size would be different for different zeolite materials.
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1.3.2.2 Use of Surfactants in the Synthesis of Silicoaluminophosphates
The silanization method specifically designed to decrease the crystal size, though
successful in this regard, also illustrates that the chemical properties of the active
sites are also highly modified, not necessarily in the desired direction. This con-
clusion could most probably be extended to many other procedures designed to
obtain zeolite materials with enhanced accessibility, and it should be considered
in the evaluation of their suitability for specific catalytic purposes. One earlier
example of this aspect, the unavoidable relationship between the chemical meth-
ods used to gain micropore accessibility and the impact that these methods can
have on the chemical environment of the zeolite active sites, is concerned with
the synthesis of crystalline microporous SAPOs in the presence of surfactants.
There have been very few studies on these zeolite-typematerials as comparedwith
silicon-based structures with regard to accessibility-enhancing synthesis strate-
gies, which probably reflect the comparatively lower impact of these materials at
industrial scale in the catalysis field.
Pure aluminophosphate frameworks (AlPO) are neutral, similar to all-silicon

zeolites, and further, active sites must be introduced in their structure for catalytic
purposes. The replacement of P(V) by Si(IV) generates a negative charge in the
framework that could be compensated by a proton, much in the same way when
Si(IV) is replaced by Al(III) in a zeolite structure. However, there is also a possi-
bility of simultaneous replacement of one P(V)+Al(III) pair by two Si(IV) atoms.
The combination of these substitution mechanisms generates Si environments in
the structure of the type Si(AlnSi4−n), where n = 0 − 4, leading to materials with
different number and strength of acid sites. In an attempt to gain control over the
silicon environment in the framework of silicon-substituted aluminophosphates,
and, hence, on the catalytic properties of the resulting materials, in the late 1980s,
Derouane et al. [37] designed a new synthesis strategy involving the use of two-
liquid phases in the synthesis gel, as depicted in Figure 1.9.
This procedure involves the use of an alkoxysilane, for example, tetraethoxysi-

lane (TEOS) as silicon source, which is dissolved in a solvent immiscible with
water, such as n-hexanol. The P and Al sources are present in the aqueous phase
in such a way that the TEOS is slowly hydrolyzed at the water–hexanol interface;
its concentration in the aqueous phase remains low during crystallization. In this
way, it was expected to replace mainly P(V), avoiding the substitution mechanism
by pairs, which produces materials with a very low level of acidity.
This procedure was later modified by another group by introducing an

amphiphilic agent that disperses the organic phase into the aqueous one by
forming micelles, thereby producing a microemulsion. Long-chain trialkylam-
monium cations such as hexadecyl- and dodecyltrimethylammonium, long-chain
alkylamines, and neutral amphiphilic molecules were used as surfactants. It was
found that the presence of cationic and fatty amines in the two-liquid phase
system has a significant influence both on the mechanism of Si incorporation
in the crystals and on the textural properties of the resulting materials such as
large-pore AFI structure [38, 39], extra-large-pore VFI [40], medium-pore AEL
[41], and, more recently, small pore CHA-type material SAPO-34 [42]. Often,
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Figure 1.9 Schematic illustration of the synthesis strategy involving the use of two-liquid
phases in the synthesis gel in the absence (a) and in the presence (b) of surfactant.

the as-made crystals synthesized by this method have been found to contain an
excess of organic material as compared with the conventional reference material,
which is due to the presence of the surfactant in the crystals. It has been found
by 29Si MAS NMR that the silicon substitution mechanism is modified in such
a way that materials with higher total acidity and acid strength are obtained
as compared with the conventional ones with the same Si content. Although
details of the mechanism by which the surfactant alters the silicon substitution
mechanism are yet to be studied, it is proposed that the electrostatic interaction
between the positively charged surfactant (the fatty amines are also protonated at
the low synthesis pH) and the negatively charged framework is the main driving
force (Figure 1.10).
Additionally, it was found that the microemulsion method led to the generation

of very small crystallites that are about 100 nm for SAPO-34 [42] and also to a sub-
stantial increase in themesopore surface and volume. For this CHA-typematerial,
the Vmicro/V total ratio was found to be 0.34 as compared with the reference sample
synthesized in the aqueous phase (0.47).
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Figure 1.10 Schematic illustration of the crystal of the SAPO-type material prepared using
two-liquid phases in the synthesis gel in the presence of positively charged surfactant.

1.3.3
Synthesis in the Presence of Pore-Forming Agents

One of the simplest methods to create mesopore-sized holes inside the zeolite
crystals is to use amatrix, or pore-imprinting template, that can be easily removed
after crystallization, most preferably in the same air-calcination step that is usu-
ally required to eliminate the structure-directing agent (SDA) occluded inside the
zeolite micropores. Jacobsen et al. [23] reported such a method as an extension of
the confined space synthesis described earlier. By impregnating the carbon black
pearls used as a confining agent with an excess of the synthesis gel, ZSM-5 crystals
containing embedded carbon particles are obtained. After air calcination, the car-
bon is burned off, leaving the zeolite crystals permeated by the pores (Figures 1.7
and 1.11).
This method has been extended to the synthesis of other zeolite structures

such as MEL, BEA, MTW, AFI, and CHA; and other carbon sources such as
carbon nanotubes or nanofibers [43, 44], ordered mesoporous carbons [45],
and carbon aerogels [46, 47]. Some of the other approaches involve the use of
polymeric organic materials that can play a role similar to that of carbon, which
are pyrolyzed and, finally, burned off during calcination.
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Figure 1.11 Schematic illustration of the pores created inside the crystals. In (a), the meso-
pores formed are not accessible from the external surface of the crystals, whereas in (b),
some of the pores are accessible.

Several aspects of these synthesis methods are worth mentioning in this
chapter. First, as it has already been noticed in Ref. [36], many of the mesopore
zeolite materials obtained exhibit a noticeable reduction in the micropore volume
as compared with the conventional ones, which implies partial amorphization of
the samples during calcination.This effect is not surprising, owing to the expected
increase in the temperature at the interface between the carbon particles and
the zeolite surface, where the actual temperature during the exothermic burning
of the carbon would be much higher than the one recorded at the bulk, unless
special precautions are taken to avoid such undesirable effect.
Other important aspects to be discussed are concerned with the actual accessi-

bility of the pores created inside the crystals by the aforementioned procedures to
the reactants molecules. Figure 1.11 depicts the general representation of the for-
mation of mesopores holes using pore-imprinting carbons or carbon precursors.
As shown in Figure 1.11a, there is a thin slice of the inner part of the crystal where
most of the mesopores are not be accessible from the external surface of the crys-
tals. In the situation represented in Figure 1.11b, some of the pores are accessible.
The method generally used to determine the mesoporosity of these materials is
nitrogen adsorption; however, it does not provide information on the actual acces-
sibility of bulky molecules, that is, molecules of size greater than the micropore
size. Mercury porosimetry is a convenient technique to determine the effective
accessibility and interconnection of the mesopores present inside the crystals,
although it is limited to pores of size above 4 nm while using conventional instru-
ments, which ismuch smaller than the diameters ofmany pores reported for these
materials. Although the use of this technique has already been recommended [48],
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it is surprising to see how scarcely it has been used in the textural characteriza-
tion of mesoporous zeolites, as concluded from the data reported in the available
scientific literature. In the absence of this technique or any other suitable tech-
nique used to determine the effective accessibility of the innermesopores to bulky
molecules, little can be concluded on the success of these approaches to accom-
plish the initial goal, that is, to enhance the access of large reactant molecules to
the active sites located inside the micropores.
The effective growth of the zeolite crystals around the pore-forming agents, as

the carbon particles, should be based on the existence of an appropriate chem-
ical interaction between the carbon particles and the oligomeric aluminosilicate
present in the synthesis medium. However, it can be determined from the pub-
lished literature that little attention has been generally paid to the eventual mod-
ification of this interaction in order to influence the textural properties of the
resulting hierarchical material. This aspect seems to reflect the predominance of
the experimental approaches in which the pore-imprinting ability of the pore-
forming agents is seen as a “ball dipped on fresh concrete”model, where the zeolite
is considered just an inert receptacle for the “hard spheres” of carbon particles.
On the contrary, chemical approaches can aid in designing new materials with
enhanced pore accessibility.
The surface of the carbonmaterials used as amesopore template contains chem-

ical groups such as OH and C=O.This is schematically represented in Figure 1.12
for carbon aerogels obtained by pyrolization of formaldehyde–resorcinol organic
aerogels [49, 50]. Moreover, the carbon aerogels can be chemically activated by
the oxidizing agents, and in this way, high-density surface oxide functional groups

O
H

HO

O
H

7–10 nm

OH

OH

HO ~50 nm

O=C

O=C

C=O

C
=O

C=O

Figure 1.12 Schematic illustration of the surface of the carbon aerogel. (Source: Adapted
from http://www.reade.com/western-region-%28usa%29/8826.)
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are obtained, thereby altering the polar character of the carbon surface [51, 52].
Therefore, the interaction between the carbon particles and the zeolite precursors
can be regulated as a function of the surface chemistry of carbon. Moreover, this
interaction is pH dependent; therefore, it would most probably be different for
the synthesis of zeolite in alkaline media as compared with the crystallization of
AlPO-type materials, which usually takes place at neutral–acidic pH values. Fol-
lowing this approach, the chemical nature of the zeolite–carbon interface could,
eventually, also affect the chemical properties of the zeolite surface, particularly
the concentration and location of the acid sites. This aspect is of key importance
in obtaining a catalytically active mesoporous surface using the aforementioned
pore-imprinting techniques.

1.4
Postsynthesis Methodologies

A large number of different strategies have been developed to improve the pore
accessibility in preformed zeolite crystals, which are grouped as postsynthesis
methodologies in this chapter. Some of these strategies are based on the existence
of marked anisotropies in the starting materials, either in their crystal growth
habit and morphology, or in the preferential location of specific T atoms at spe-
cific T sites, or both. In other approaches, the zeolite crystals are subjected to
certain chemical treatments, which, in some cases, involve partial recrystallization
of the zeolite, in order to create mesoporosity in the crystal bulk. These different
approaches are separately discussed next.

1.4.1
Materials with High Structural Anisotropy: Layered Zeolites

As discussed earlier, a successful strategy to gain micropore accessibility is to
decrease the crystal size. For zeolite materials that exhibit a large structural
anisotropy, that is, where the crystal growth is most favored in a particular
direction, this strategy enables the synthesis of layered zeolite materials, which
are seen as “bidimensional” or 2D materials, in contrast to the tridimensional
(3D) and more conventional zeolite structures [53].
In a simplified manner and with regard to the crystal habit formalism, these 2D

materials can be seen as extended platelets of the type represented in Figure 1.6.
It can be seen that, in contrast to 3D crystals, the platelet thickness should be well
below 10–20 nm in order to have a significant external area. However, it can be
seen that, in addition to this beneficial effect, in some cases the layered materials
facilitate the access of bulky molecules to the active sites that could be essentially
inaccessible in the corresponding 3D structures.
There are several layered zeolite precursors, which can be seen as stacked zeolite

layers containing the zeolite template occluded in the interlayer space, as shown in
Figure 1.13. The interlayer interaction is relatively weak, in such a way that these
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Figure 1.13 A simplified representation of a 2D material. The interlayer interaction is weak,
and delamination is possible with an appropiate treatment.

precursors can be subjected to appropriate swelling and delamination treatments
in order to obtain lamellar materials with a very small thickness.This is the chem-
ical disassembling pathway, which is included in Scheme 1.1. The first successful
example of these methodologies for obtaining 2D zeolite materials was the syn-
thesis of the material denoted ITQ-2, which was obtained from the layered zeolite
precursor MCM-22 (P) using hexadecyltrimethylammonium bromide (CTAB) as
a swelling agent [54]. A very interesting feature of this approach is that thismethod
not only led to the production of a high-surface material, but also, more impor-
tantly, enabled free access to the zeolite supercages that would otherwise be acces-
sible only from the 10 rings in the fully condensed 3D MCM-22 structure, which
imparted specific catalytic properties to the resulting material.
Layered precursors of zeolite FER [55] and Nu-6 [56] are also known. It can be

seen in Figure 1.13 that the lamella comprising these materials are terminated by
the Si–OH groups, which, under appropriate conditions, could undergo conden-
sation to give rise to 3D structures.
Recently, a somewhat different approach for the synthesis of 2D materials has

been reported [57, 58], which involves selective removal of atoms of specific reac-
tive elements located at specific structural T sites. The Ge atoms at specific inter-
layer positions can be removed without dissolving the Si or Al atoms, and in this
way, lamellar materials are obtained (Figure 1.14). Although it is beyond the scope
of this study, it is worth mentioning that these individual lamellar materials can
undergo rearrangement through condensation of the Si–OH present at the sur-
face, thereby giving rise to new zeolite topologies [59].

Ge Ge Ge Ge

OH OH OH OH

OH OH OH OH

Figure 1.14 Selective removal of atoms of certain reactive elements (in this case, Ge)
located at specific structural T sites.
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It can be summarized that, although the preparation of 2D zeolite materials has
experienced a significant development in recent years, the available methods are
applicable only to a limited variety of structures.

1.4.2
Removal/Reorganization of T Atoms in the Crystal Bulk

Dealumination treatments of zeolite faujasite are commonly used to obtain fauja-
site materials with higher Si/Al ratio, which are more stable and possess stronger
acidity as compared with the untreated ones. During these treatments, meso-
pores are also formed [60]. Although dealumination is highly optimized for FAU,
it cannot be generally extended to other zeolite materials. Moreover, as Al extrac-
tion occurs during dealumination, the acidity of the final material is also strongly
affected. For zeolites already having high Si/Al, further dealumination does not
increase the acid strength of the remaining acid sites and decreases their concen-
tration, with little benefit, if any, for catalysis.
Selective removal of silicon from zeolite, or desilication, was highly explored

in the past decade as a promising method to create mesopores inside the zeolite
crystals with different structures.Thismethodwas introduced byOgura et al. [61]
and applied to ZSM-5, and it involves the treatment of the zeolite with a NaOH
solution. Althoughmesoporosity is achieved, a marked decrease in the micropore
volume is observed, in addition to a high loss of the crystal mass, which is only
partially dissolved. Some amount of aluminum is also removed, however, to much
less extent as compared with silicon, which results in an overall decrease of Si/Al
in the treated zeolite.
The drawbacks of the desilication strategy were soon recognized, and several

strategies have been developed over the years to overcome such problems and
extend the methodology to zeolites with different structures and Si/Al ratios. The
basic strategy of these approaches involves moderation of the intensity of silicon
removal observed when strong alkaline solutions of inorganic cations are the only
attacking reactants used. Some of them are briefly mentioned in this chapter.
It has been observed that the dissolution of silicon in as-made zeolites still con-

taining the template is much lower than that found in the calcined materials [62].
Further, the template protects the Si–O–Si network from excessive and massive
leaching by the alkaline solution. Inspired by this observation, Pérez-Ramirez et al.
[63] controlled the calcination of the as-made zeolite Beta in order to remove
the template only partially, which enables control of the desilication process. Fur-
thermore, a somewhat related strategy reported by the same group [36] involves
treatment of the zeolite withNaOH solution in the presence of quaternary ammo-
nium cations that act as pore-growth moderators.
A method for creating mesopore zeolite crystals by avoiding the loss of mate-

rial and by simultaneously preserving the zeolite structure in its integrity has been
reported recently [64–67]. In addition to being used for the treatment of the zeo-
lite, FAU, this method has been claimed to be applicable to other structures as
well, such as mordenite, ZSM-5, A, and X, with a solution of the surfactant CTAB
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Figure 1.15 Schematic illustration of the mesopore zeolite formation process in the pres-
ence of a surfactant.

in aqueous NH4OH or TMAOH (tetramethylammonium hydroxide) at 150 ∘C. A
more detailed and ample discussion of this strategy is given in Ref. [67]. The pore
size distribution of the mesopores created in this way inside the FAU crystals is
very narrow and centered at 4 nm, which is quite similar to that of the ordered
mesoporous materials MCM-41 obtained using this surfactant, although there is
no evidence on the existence in the treated materials of a separate mesoporous
phase. Figure 1.15 shows a simple scheme of the resulting materials, where the
surfactantmicelles form inside the crystals, leading to the formation ofmesopores
after calcination. Almost 100%of the initial zeoliteweight has been recovered after
the treatment, and no separate mesoporous phase has been detected so far. The
formation of mesopores, as explained by these authors, is the result of recrystal-
lization of the zeolite.This conclusion is rather surprising from the point of view of
the existing knowledge of the gel composition and temperature required to crys-
tallize FAU, and it would be interesting to further explore the recrystallization
mechanism that enables the formation of such mesoporous FAU crystals by this
surfactant-assisted approach. The mesopore FAU zeolite synthesized using this
strategy shows improved performance in fluid catalytic cracking (FCC) at com-
mercial scale [67].

1.5
Conclusions

In recent years, significant progress has been made to enhance the accessibility of
bulky molecules to the interior of the micropores of zeolite materials. According
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to the existing knowledge, some of the approaches work better for certain zeo-
lite structures, and apparently, a general method has yet to be found. However,
already there are quite a large number of methods available for most of the zeolite
materials that are of commercial interest.
Many of these methods led to the production of materials that exhibit a large

mesopore surface, quite similar, inmany cases, to the external surface of ultrasmall
zeolite crystals, and it would be interesting to know whether or not the stability
and surface chemical properties of both set of materials are related. This has led
to a more general question that is yet to be answered: to what extent does the
method used to enhance the microporosity accessibility modify the nature of the
active sites present at the zeolite surface, in addition to the stability of these sites,
and that of the whole crystal? It would be quite useful, in this regard, to determine
the surface acidity of the mesopore (external) surface in a systematic and selective
way. This aspect has been considered in several of the following chapters of this
volume, more specifically in Chapter 16.
The alleviation of the restrictions on the diffusion of reactants to penetrate the

interior of the micropore system is obviously at the bottom of all these strategies;
however, surprisingly, very few works have determined the actual interconnec-
tion between the mesopores created by these methods. The simple presence of
mesopores inside the crystals does not necessarily translate itself into an auto-
matic benefit for the diffusion of ingoing molecules, if access to them is provided
through the zeolitemicropores, that is, if there is no actual connectivity among the
mesopores. Systematic studies onmolecular transport in mesoporous zeolites are
required in order to shed light on this critical aspect of the field, which is explored
in Chapter 13 and, more specifically, also in Chapter 14.
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