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1.1
Zeolites and Zeotypes as Nanocatalysts for Petroleum and Natural Gas

A revolution occurred in the field of heterogeneous catalysis in the 1960s when
zeolites were revealed to have a remarkable performance for acid-catalyzed pro-
cesses [1,2]. The zeolites are used in fluid catalytic cracking, and thus are
involved in the production of one-third of all gasoline. Other applications are
hydrocracking, isomerization, selective catalytic reduction of nitrogen oxides,
and the conversion of methanol to hydrocarbons. Zeolites are microporous,
crystalline aluminosilicates, having pores and cavities with dimensions typically
ranging from 3-12 A, that is, in the nanometer or even subnanometer range.
The building units of a zeolite are [SiO4]* and [AlO,]°~ tetrahedra, which can
be linked together forming a huge number of different topologies. At present,
231 different structural types of zeolites exist [3].

A huge effort has been made into the synthesis of materials containing ele-
ments other than silicon and aluminum [4—6]. Examples of these zeolite-related
(or zeotype) materials include aluminophosphates, gallophosphates (AIPOs,
GaPOs), and silicoaluminophosphates (SAPOs) [4]. Metals such as Ti, Fe, V, Ge,
Cr, and Mn have also been incorporated by isomorphic substitution into the
framework, thereby providing unique acid and redox properties [7].

Zeolite synthesis requires sources of silicon, aluminum, and charge-balancing
cations that are mixed in water at basic pH. In many cases, the presence of
organic additives that act as structure-directing agents (or templates) is very
important. These SDAs steer the crystallization toward the formation of a
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Figure 1.1 Various methods of affecting the catalytic performance of a zeolite. The approaches
marked in bold are described in this chapter.

specific structure. Crystallization occurs in a sealed vessel in a temperature range
60—-200 °C. Clearly, at such conditions it is hard to follow the ongoing chemical
and physical processes related to crystallization, and much of the understanding
is superficial and descriptive.

However, the zeolite nanostructure can be tailored not only during synthesis
but also by postsynthetic treatments. Figure 1.1 provides an overview of the
methods that can be applied. These widely investigated approaches are subdi-
vided according to the parameter that is sought to be manipulated. Most of the
preparation routes lead to changes in more than one parameter. As the topic of
zeolite material design is very broad, in this chapter we describe only the meth-
ods that we believe hold the promise to perform rational materials design and
show the resulting effects on the catalytic performance in the MTH reaction.
For information about other synthetic approaches, we refer the reader to litera-
ture dedicated to zeolite synthesis [8—11]. In this contribution, we will highlight
the effects of zeolite catalyst nanostructure, or morphology, on their perform-
ance in the industrially relevant conversion of methanol to hydrocarbons
(MTH). Several variations of this process are currently being commercialized;
with 20+ plants being constructed worldwide.

1.2
Modification of Porosity: Hierarchical Zeolites

Hierarchical zeolites consist of both micro- and mesopores/macropores in the
same material. We can distinguish between bottom-up and top-down
approaches to introduce such an additional pore system. The first method
involves modification of the crystallization processes, whereas the second is a
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postsynthetic treatment. Moreover, the routes differ in terms of versatility, effec-
tiveness in porosity generation, applicability, and scalability [12].

1.2.1
Desilication in Alkaline Media

The alkaline-mediated desilication is a top-down postsynthetic treatment that
allows creation of mesopores in premade zeolites. The desilication of zeolites
was pioneered by Ogura et al. [13] and revitalized by Groen et al. [14]. Since
then, the selective extraction of silicon from the zeolite framework through alka-
line treatment has been widely investigated [14—20]. The alkaline solutions used
in desilication of the ZSM-5 zeolite include, for example, NaOH, KOH, LiOH,
and NH,OH. Etching with HF is closely related. It was shown that sodium cat-
ions in the alkaline solution are required to achieve the highest efficiency [21].
Interestingly, the hydroxides of various organic ammonium cations commonly
used to synthesize zeolites, such as tetrapropylammonium and tetrabutylammo-
nium, can also lead to mesopore formation. In comparison to inorganic hydrox-
ides, these organic bases are less reactive as concluded based on their slower
desilication rate and less selective for Si extraction. However, organic com-
pounds have an advantage over Na*, that is, higher controllability of the desilica-
tion process. Other important parameters that affect desilication process include
temperature, time of the treatment, base concentration, and also some features
of a material submitted for modification. The influence of morphology and
defects on the desilication of ZSM-5 has been demonstrated [20,22]. It was
shown that for crystals with little intergrowths or defects, efficient desilication is
limited to an optimal Si/Al ratio of 20:50. However, if the crystals possess many
intergrowths and defects, the importance of the Si/Al ratio is reduced and the
mesopores are mostly formed due to intergrowths/defect removal (Figure 1.2).

Morphology and Desilication
crystal characteristics characteristics

- Noflittle intergrowths/defects

N ; - Mesopores from Al distribution
- BifAl = 20-50 (requirad)

- Few intergrowths/defects
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", - Mesopores from Al distribution
" & intergrowths/defact removal

- Mesopores predominantly from
intergrowths/defact removal

- Many intergrowths/defects
- Si¥Al less important

D Internal defacts . External surface

Figure 1.2 The relationships between effects of defects and intergrowths and framework Si/Al
ratio on the mesopore formation during desilication. (Reprinted from Ref. [20] with permission
from Elsevier.)
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Table 1.1 Overview of framework types amenable to mesopore formation by desilication.

Framework Si/Al ratio Type of mesoporosity References
MFI (3D) 12-200 Intracrystalline [13,14,17,18,20,21,23—-45]
FAU (3D) 28 Intracrystalline [46]

CHA (3D) 14 Intracrystalline [47]

BEA (3D) 35 Intracrystalline [48-54]
FER(2D) 29 Intra- and intercrystalline [14,55]
MWW (2D) 40 Not specified [56]
MTW(1D) 58 Intracrystalline [57]
MOR(1D) 20-30 Intracrystalline [58-62]
TON(1D) 31-50 Intra- and intercrystalline [63-67]
IFR(1D) 32 Intracrystalline [68]
STF(1D) 29 Not specified [69]
AST(0D) 31 Intercrystalline [70]

TUN (3D) 20 Intracrystalline [71]

Beato [22] confirmed that crystal defects have a significant influence on the desi-
lication outcome. Thus, the alkaline treatment needs to be tailored for each spe-
cific batch of zeolite to obtain optimum results.

The alkaline-mediated desilication is an approach that is straightforward to
use. Table 1.1 shows that it is also a versatile method that allows the introduc-
tion of an additional pore system to many different frameworks. However, it may
have a profound impact on the acidity and crystallinity of zeolites. A clear under-
standing of the correlations between the changes of porous, textural, composi-
tional, and acidic properties that occur upon desilication is necessary to utilize
this postsynthetic method in the optimum manner for a given zeolite sample.

1.2.2
Carbon Templating

The carbon templating bottom-up method was originally developed for the syn-
thesis of nanosized zeolites that crystallize within a porous carbon material, that
is, confined space synthesis. The size of the final zeolite crystal is governed by
pore size of carbon template. However, the formed zeolite crystals may contain
a secondary mesopore system as a result of the packing and intergrowth of the
small zeolite crystals, that is, intercrystalline pores. If the carbon material is
incorporated within a single crystal, and once it is removed by calcination in air,
an intracrystalline mesoporous zeolite is obtained [12]. The formation of both
kinds of pore systems is illustrated in Figure 1.3.

Clearly, the size and shape of the intracrystalline mesopores will mirror that of
the porous carbon (hard templating). Consequently, a broad range of carbonaceous
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Figure 1.3 lllustrations of (a) the confined space synthesis method to obtain nanocrystals and
(b) the formation of an additional mesoporosity in a single zeolite crystal.

Intracrystalline mesopores

materials exhibiting different shapes, sizes, and porosities, such as carbon particles,
fibers, nanotubes, and colloidal imprinted carbon, have been explored [72]. In a
very elegant work Jacobsen et al. [73] impregnated carbon black pearls with an
excess of the synthesis gel to obtain ZSM-5-containing embedded carbon particles
after crystallization. The carbon was burned off, leading to zeolite crystals with a
secondary pore system. Schmidt et al. [74] synthesized MFI zeolite crystals with
mesoporous system that exactly replicated the structure of the carbon nanotubes
used.

There is still a lot to understand about the zeolite crystallization in the pres-
ence of carbon templates. Pérez-Pariente and Alvaro-Munoz [75] highlighted
that the growth of the zeolite crystals around the carbonaceous materials should
be related to the presence of an appropriate chemical interaction between the
functional groups of the carbon template and the aluminosilicate species present
in the synthesis medium. Little attention has been paid to the possible modifica-
tion of this interaction in order to control synthesis, and consequently the prop-
erties of hierarchical materials. The authors notice that in most approaches, the
zeolite is considered to be an “inert receptacle” for the “hard spheres” of carbon
particles. A more thorough consideration of these chemical interactions could be
very helpful in designing new materials with, for example, improved pore
accessibility [75].

The carbon-templating approach can be applied to all zeolites and zeotypes.
The method does in principle not affect the chemical composition or acidity of
the material. The possibility of tailoring the size and connectivity of mesopores
by varying the carbon employed is the great advantage of the method. However,
the application of carbon templates has also some limitations, especially when
production on the industrial scale is considered. Highly specialized carbons hav-
ing the desired morphology, porosity, and purity can be expensive or need to be
prepared in-house. Moreover, incorporation of the zeolite gel into the carbon
can be challenging and may require complicated synthesis steps [12].
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1.3
Modification of Size and Morphology

Crystal size is a function of the ratio between rate of nucleation and rate of
growth [76]. As a consequence, synthesis of small zeolite crystals, which are
often desired in catalysis (see below), takes place under conditions favoring
nucleation over crystal growth [77]. The nucleation rate can be increased by
optimization of parameters such as temperature, alkalinity (mineralizer), dilu-
tion, ionic strength, agitation, and aging. Furthermore, the protozeolitic species
should be stabilized to prevent the formation of aggregates.

1.3.1
Nanozeolites

It is recognized that materials obtained from an aqueous phase have a tendency
to agglomerate. In effect, large crystals (often undesired for catalytic reactions)
are produced. However, an addition of organic medium can lead to the synthesis
of nanocrystals. Vuong et al. reported a two-phase method (Figure 1.4) where
nanosized silicate-1 (MFI) was received in the presence of both an organic (tolu-
ene) and an aqueous phase [78]. Hexadecyltrimethoxysilane was used as silylat-
ing agent to functionalize the zeolite seeds (prepared in water solution) with
silane groups. The protozeolitic species thus become hydrophobic and enter and
become dispersed in the organic solvent. The silanization prevents particle
growth during subsequent hydrothermal crystallization of the two-phase mix-
ture. Finally, two products with different size and morphology were synthesized:
spherical and cubic nanocrystals (30—50 nm) in the toluene phase and microme-
ter sized (5 pm) coffin-like crystals in the aqueous phase.
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Figure 1.4 Schematic representation of the silicalite-1 crystals synthesized in the aqueous
two-phase synthesis method. SEM image phase (b). (Adapted with permission from

of silicalite-1 nanozeolites in the organic Ref. [78]. © Elsevier, 2009.)
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formation showing (a) the PHAPTMS surface  PHAPTMS and n-butoxy grafted species.
silanization, (b) the incorporation of alkoxy (Reprinted from Ref. [82] with permission from

moieties by alkoxylation when the silanization Elsevier.)

To obtain exclusively a nanosized product, the authors proposed single-phase
method [78]. In this approach, n-butanol was added to toluene, thereby increas-
ing the miscibility of the organic and aqueous phases. As n-butanol is miscible
with hydrocarbon solvent and moderately soluble in water, the resulting organic
phase with lowered hydrophobicity disperses into the entire aqueous phase
forming a “single phase” (in reality a dispersion). The hydrothermal synthesis of
silicalite-1 (MFI) and faujasite (FAU) using a mixture of toluene with butanol
provides nanocrystals of 20 and 25 nm, respectively [79].

Nanocrystals of MFI, BEA, FAU, and MOR can be also synthesized in an aque-
ous medium, when phenylaminopropyltrimethoxysilane (PHAPTMS) is applied
for silanization of the zeolitic seeds obtained in a precrystallization step [80,81].
Serrano et al. [81] showed that synthesis of ZSM-5 is not successful if the pre-
crystallization treatment is omitted. In such a case, the silanization species serves
only as an additional silica source, obstructing completely the crystallization pro-
cess. MFI prepared from silanized seeds tend to form aggregates that are com-
prised of nanocrystals with size <10 nm. Moreover, addition of alcohols in the
silanization step was reported to improve the textural properties of the MFI zeo-
lite, and this was explained by two effects, summarized in Figure 1.5 [82] — first,
an increase in the degree of incorporation of PHAPTMS into the zeolite seeds;
second, a stabilization of the hydrophobic organosilane layer.

132
Lamellar Zeolites

Lamellar zeolites can be seen as extended platelets with only one of the three
dimensions limited to the nanometer size. Such 2D zeolites are attractive for
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catalysis because of a high number of accessible catalytic sites on the external
surface and reduced diffusion limitations that increase activity and reduce (the
detrimental effects of) coke deposition.

The intensive work on lamellar zeolites started with a preparation of the a
layered precursor MCM-22(P) [83], which can be seen as stacked zeolite layers
containing the zeolite template occluded in the interlayer space. In contrast to
the typical 3D zeolite frameworks, the layered precursor was demonstrated to be
more flexible for structural modification. This is because the interlayer interac-
tion is relatively weak. Subjecting those materials to appropriate postsynthetic
treatments can therefore lead to separated sheets with nanometer thickness.
Clearly, preparation of such lamellar materials is experimentally very challeng-
ing. Figure 1.6 shows the materials that can be prepared from the MCM-22(P)
precursor phase. Upon calcination, the layers of MCM-22(P) connect and form
the three-dimensional zeolite MCM-22 with a 10MR pore system. The related
MCM-36 material is prepared by swelling MCM-22(P) in concentrated surfac-
tant solutions and subsequent pillaring with a silica precursor [84]. Delamination
of the swollen MCM-22 provides the ITQ-2 material with thickness of 2.5 nm.

OHOH  OHOH  OHOH washing
[
<

Acidification

OHOH OHOH  OHOH

OHOH  OHOH  OHOH

Figure 1.6 Various materials prepared from the layered precursor MCM-22(P). (Reprinted from
Ref. [86] with permission from John Wiley & Sons, Inc.)
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Figure 1.7 Zeolite frameworks approved by the IZA Structure Commission - structures that
have the layered forms are highlighted in orange [87,88].

This material has very high surface area and direct access to surface pockets that
correspond to half a MCM-22 cage (indicated in red in Figure 1.6) [85,86].

The layered forms of other frameworks (Figure 1.7) have also been prepared,
and for more details we refer the reader to recent excellent reviews [87,88].

Despite the success in preparation of lamellar zeolites, this has usually been a
result of serendipity, rather than by a careful design strategy. This is a crucial
difference when compared with the elegant approach described by Ryoo and
coworkers. They have pioneered the application of bifunctional surfactants to
produce single unit cell thick nanosheets of zeolite MFI [89]. The method relies
on designing a diquaternary ammonium-type surfactant, CyyHys—N"—(CHj),
—CgH;5—NT(CH3),—CgH,3, that consists a structure-directing part and an alkyl
chain that provides a hydrophobic environment for mesopore formation
between the thin zeolite sheets. The assembly of the nanosheets occurs either as
multilamellar stacks or in disordered unilamellar arrangements (Figure 1.8).
Developing this idea further, Na et al. [90] synthesized surfactants with two
symmetrical long alkyl tails linked by differently bridged ammonium groups.
Using this type of SDAs, the resulting nanosheets of MFI zeolite were shaped
into cylinders, creating an ordered mesoporous system [91].
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stacking of MFI nanosheets along the b-axis.

133
Zeolite Growth Modifiers

The introduction of foreign substances, often called growth modifiers, cosolvents
(if liquid), or additives, is one of the methods to tailor size and morphology of
organic and inorganic crystals. The compounds that have been investigated as
modifiers range from ions and small molecules to macromolecules such as pro-
teins and polymers [92]. An inspiration to develop this strategy was taken from
an observation that small quantities of impurities can interact with higher energy
crystal faces in such a way that their energy and growth rate is decreased. Conse-
quently, the area of a facet that could even be absent for the crystal shape
obtained without a growth modifier can be increased. In effect, the crystal
growth is modified in an anisotropic way (Figure 1.9).

Leiserowitz and coworkers [94] showed that the chemical and structural het-
erogeneity of the crystal surfaces is key in a proper design or selection of a
growth modifier. An additive has to possess an affinity to a particular surface in
order to shape the crystal in the desired way. The influence of additives has been
explored in the field of zeolites. The effects of, for example, alcohols and amines
on the morphology of different frameworks have been explored (Table 1.2). As
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Table 1.2 Examples of growth modifiers that have been used in the synthesis of different
zeolite frameworks.

Additives Framework

Alcohols TON [98], LTL [96,97,99], MOR [95,100], AFI [101], MTW [102],
MFI [103], LTA [104]

Amines LTL [97], LTA [105], AFI [101,106], MFI [107,108]

Organic acids AFI [101,106], MFI [107]
Inorganic acids AFI [101]
Inorganic salts AFI [101], MFI [107], MOR [109]

zeolite crystallization is a very complex process, the mechanism of additive
action is still not clear. Some studies support a hypothesis that the introduction
of aliphatic alcohol causes a slower release of silicon and aluminum species from
the aliphatic alcohol phase into the aqueous reaction medium. This leads to a
reduced nucleation and consequently to the synthesis of larger crystals [95].
However, it was also shown that the addition of alcohols may decrease the aspect
ratio of zeolite crystals [92,96,97]. For example, the introduction of 1,2,3-hexane-
triol to the synthesis gel of zeolite LTL reduced the crystal growth along the c-
direction, providing thin (<100 nm) crystals with disc-like shape (Figure 1.10a).
Lupulescu et al. postulate a mechanism involving the interaction of alcohols
through hydrogen bonding with terminal hydroxyl groups of silicon and alumi-
num species on selected crystal surfaces [97]. Some alcohols and their isomers
induce larger changes in crystal aspect ratio than others. As all the zeolite sur-
faces may possess OH groups, the results indicate that spatial arrangement of
the additives and their functional groups can be a key feature of surface/additive
matching that might allow tuning of the crystal morphology. Long, cylindrical
LTL crystals were synthesized when PDDAC (polydiallyldimethylammonium
chloride) was used as growth modifier (Figure 1.10b). In this case, electrostatic
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Figure 1.10 SEM images of (a) low-aspect-ratio disk-shaped crystals synthesized with addition
of 1,2,3-hexanetriol, and (b) high-aspect-ratio rod-like crystals obtained using PDDAC.
(Reprinted from Ref. [92] with permission from Royal Society of Chemistry.)

interactions were suggested to contribute to the adsorption of positively charged
quaternary amines to the negatively charged 001 surface [92,97]. A limitation of
the method is that a growth modifier found to be effective for one zeolite might
not be efficient for other frameworks. For example, the majority of the tested
additives that changed the morphology of LTL crystals were found to have little
influence on zeolite MOR having a similar structure [92]. To predict that an
additive will provide an effective crystal shape modification is a big challenge.
Molecular modeling could be a great approach to elucidate the possible binding
modes on zeolite surfaces. However, one has to remember that it will be exceed-
ingly complex to model every aspect of the zeolite synthesis gel chemistry.

1.4
Tools to Predict and Characterize Zeolite Morphology

In this section, we will discuss a few methods to predict and characterize zeolite
morphology. Clearly, a wide array of methods is relevant such as sorption meth-
ods and spectroscopy. We do not intend to be exhaustive, but rather wish to high-
light techniques that we believe hold a great potential for further advancement.

1.4
Computationally Guided Morphology Prediction

The use of computational methods to predict the effects of zeolite growth modi-
fiers on the outcome of a zeolite synthesis has the potential to reduce or even
completely remove any trial and error element of the procedure. The basis of
such predictions should be a computer code doing molecular dynamics (MD).
MD basically solves Newton’s equations for each molecule in a simulation. It is
a viable method for doing calculations when either the system’s size exceeds
thousands of atoms or when the number of simulations exceeds thousands.
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Figure 1.11 Two different ways of cleaving the same zeolite (MTT). (a) The resulting surface
contains half pipe-like structures. (b) The surface is smooth.

However, only very recent literature addresses morphology control and predic-
tion, and much work has to be done in order to arrive at a functional approach.

1.4.1.1 Predicting Zeolite Equilibrium Morphology

To predict the equilibrium morphology of a zeolite is the first step toward
understanding the outcome of the synthesis. Even though the outcome of a syn-
thesis procedure is not necessarily the equilibrium shape, this will give a basic
understanding of the problem at hand. A suggested approach is to calculate the
surface energy of the facets of the zeolite and use these energies to predict the
equilibrium shape of the zeolite particle [110].

In order to calculate the surface energy of the facets, one needs to limit the
amount of facets to investigate. In the literature, low-index Miller planes are
often chosen. A zeolite has a large unit cell, thus a Miller plane is not one
uniquely defined surface. This is in contrast to, for example, metals in an FCC
structure where a Miller plane has a uniquely defined surface structure. A zeolite
facet can have different surface structures; these are referred to as cleavings. To
grasp this concept, the easiest example to consider is a 1D zeolite with straight
channels. Considering a facet that is parallel with the channels, one could in a
simple picture either cleave the zeolite through the channels, yielding a surface
with half-pipes, or not through the channels, yielding a smoother and more
homogenous surface (Figure 1.11).

Using MD, the energy of the chosen surface structures are calculated and the
morphology can be predicted by a Wulff construction. A Wulff construction is a
scheme of constructing a crystal in the equilibrium shape such that the surface
Gibbs free energy is minimized [111]. This method has successfully predicted
the shape of several zeolites, but cannot account for how the zeolite morpholo-
gies might depend on the synthesis procedure.

1.4.1.2 Modifier/Template Effect on Morphology

A method to predict the effect of the species-like templates and modifiers pres-
ent in the synthesis gel is to analyze the behavior of these species when adsorbed
at the zeolite surface. The same preparations regarding facets and cleavings as
described in the preceding section are necessary. A suggested approach follows
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these steps [112]: Try to insert the modifier molecule onto each surface. The
most energetically favorable positions are then considered for each facet. If the
modifier is strongly adsorbed in a position that will hinder or promote the
growth on that facet, one can argue the qualitative effect of the modifier.

The effects of some species are most clearly interpreted if they are in a posi-
tion to hinder growth. As an example, consider a chain-like modifier molecule,
and again a 1D zeolite with straight channels. If the molecule adsorbs strongly
perpendicular to the channels, it will retard the growth in that direction. How-
ever, if the molecule adsorbs along the channels, it might promote the growth in
that direction, but it might also have no effect. This method is not quantifiable,
so the detailed morphology cannot be predicted, but rather the qualitative effect
can be speculated on. Nevertheless, this has successfully been done for the mor-
phology effect of chain-like modifiers on some SAPO materials [112] and for
crown ethers in zeolite L [113].

A drawback of the method is that it relies on an analysis of every single sur-
face, and the possible positions of the species in question. From these analyses it
is not always as easy to draw a conclusion as the simple example given here. The
sheer number of possibilities makes it difficult to automate the method, hence
making the screening of the morphology effect of many species tedious.

1.4.2
Structural Characterization of Zeolites by Transmission Electron Microscopy (TEM)

Electron microscopy (EM) is a very powerful technique for structural analysis at
the nanometer scale, able to probe a very small area of the sample selectively.
Using TEM it is possible to do both imaging and electron diffraction (ED) on
the same region by adjusting the power of the lenses. Compared to the interac-
tion with X-rays, where the scattering is caused by the electron density, the elec-
trons from the beam are scattered by the electrostatic potential generated by
both nucleus and electrons of the atoms. The interaction of electrons with mat-
ter is much stronger than with X-rays, allowing the measurement of very small
crystals, but at the same time allowing multiple scattering especially for thick
samples, allowing symmetry forbidden reflections to appear as weak spots. The
intensities in ED are then caused by dynamical scattering. While this is not a
problem for the phase identification or determination of the crystallographic ori-
entation, it makes structure solution by direct methods impossible. A way to
reduce the dynamical scattering is to use a very thin specimen or by rotating the
tilted incident beam around the central axis, the so-called precession electron
diffraction method (PED). By integrating the series of diffractograms collected at
different precession angles, the intensities are semikinematical, allowing the use
of direct methods; in such way in the recent past more zeolite structures have
been solved with this method [114].

However, zeolites are extremely beam sensitive, and they suffer both radiolysis
and knock-on displacement, so they can handle from 100 up to 10 000 times less
radiation than other crystalline materials such as metals and metal oxides [115].
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Figure 1.12 Structure (a-c) and electron micrograph and diffraction pattern (d-f) of two-
dimensional nanosheet of ZSM-5. In part (d) is shown the micrograph of the crystal along [010]
direction with the corresponding diffraction pattern (e) and structure (f) [117].

The experiments then need to be carried out in low-dose beam conditions, and
the images are acquired at a dose-limited resolution [115]. For zeolite Y it has
been observed that the higher the accelerating voltage, the better, and a higher
Si/Al ratio allows the framework to tolerate a higher beam dose [116].
Figure 1.12 shows how TEM and ED can be used for structure identification and
to determine how the topology is related to crystal morphology.

143
Powder XRD Anisotropic Peak Broadening Analysis for Morphology Investigations

Another useful and well-known technique used to study the morphology and
size of nanocrystals is the analysis of the broadening of different peaks in XRD
by using the well-known Scherrer equation:

KA
" B-cos(0)’

where L is the crystallite average size; K is the shape factor, a dimensionless con-
stant that can vary for different shape, with a value close to unit; 4 is the X-ray
wavelength; B is the peak width at half height; and 0 is the diffracting angle (in
radians).

Other sources of broadening such as crystal strain and instrument source
sharpness need to be deconvoluted from the total peak broadening. To measure
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the instrumental peak broadening, a typical procedure is to measure crystallites
without strain in the size range 5-20 pm [118]. As the broadening caused by a
routine instrument is usually in the range 0.08—0.2° [119], the size of the crystals
can only be accurately estimated if less than 100—150 nm by this method.

A much more sophisticated analysis is achieved by selecting specific reflec-
tions; in particular the ones parallel to the crystallographic orientations h00 0k0O
and 00l By doing so, the average crystallite size along the three different crystal-
lographic orientations of the crystal can be derived, and information about the
total crystal morphology is revealed. For zeolite with very peculiar morphologies,
such as the ZSM-5 nanosheets [89] with a thickness of only 2 unit cells, the
anisotropic method has been applied successfully [120]. It was found that the
average dimensions of an MFI nanosheet material were 29.8 x 5.7 x 37.8 nm>
along the a-, b-, and c-axes, respectively. The great advantage of such measure-
ments is that the values represent the whole sample or the average crystallite
size, rather than a single or a few crystallites, as is often the case with
microscopy.

1.5
Tailor-Made Catalysts for the Methanol-to-Hydrocarbons (MTH) Reaction

1.5.1
Introduction: The MTH Reaction - A Prime Example of Shape-Selective Nanocatalysis

In the early 1970s, about a decade after the introduction of the concept of shape-
selective catalysis by Weisz and Frilette in the 1960s [121], workers at Mobil
Research and Development Corporation made the remarkable discovery that
methanol could be converted to high-quality gasoline over the zeolite ZSM-5.
The concurrence of this discovery with the first oil crisis in 1973 led to a rapid
development of a methanol-to-gasoline (MTG) process and its first large-scale
commercialization in New Zealand in 1985 [122].

While the commercial activities have experienced considerable ups and downs
in the following 30 years, the fundamental aspects of the transformation of
methanol to hydrocarbons have remained a formidable scientific challenge and
still today represent one of the most fascinating examples of shape-selective
catalysis. Today, besides the conversion of MTG, methanol-to-olefins/propene
(MTO and MTP) and methanol-to-aromatics (MTA) reactions are attracting
interest. Many different zeolite topologies have been investigated, but interest-
ingly the catalysts for all MTH processes have remained to be ZSM-5 and
SAPO-34.

The aluminosilicate ZSM-5 zeolite has the MFI topology, characterized by a
medium-sized three-dimensional pore structure. The pore system consists of
interconnected straight (5.1 Ax55 A) and zigzag (5.3 Ax56 A) channels [123].
At the intersections slightly larger cavities are formed. The silicoaluminophos-
phate SAPO-34 zeotype has the CHA topology, composed of large cages that are
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Figure 1.13 Dual cycle hydrocarbon pool mechanism. (Reprinted from Ref. [128] with
permission from Elsevier.)

connected via small pore openings (3.8 x 3.8 A) to form a three-dimensional
system.

To understand the performance of zeolites in the MTH reaction it is useful
to consider the hydrocarbon pool mechanism. This concept was coined by
Dahl and Kolboe [124-126], and the mechanism was elaborated and further
refined by Haw et al. [127]. In 2007, a breakthrough was made with the formu-
lation of the dual cycle concept [128], which represents the current consensus
(Figure 1.13).

The dual-cycle hydrocarbon pool mechanism consists of two cycles: (i) an
alkene cycle in which alkenes are successively methylated until they reach a cer-
tain size and leave the zeolite pores again or they get cracked down to smaller
sizes and reenter the catalytic cycle; (ii) an arene cycle in which aromatic mole-
cules get methylated until they reach a certain size to either leave the zeolite
pores or split smaller alkenes by molecular rearrangements and reenter the cata-
lytic cycle. The cycles are linked when larger alkenes undergo cyclization accom-
panied by hydride transfer, resulting in the formation of aromatics and alkanes.
Thus, the actual active site is an organic—inorganic hybrid species encapsulated
within the subnanometer channels of the zeolite.

In ZSM-5, both cycles are operative and contribute to the reaction products.
The pore sizes of ZSM-5 are large enough so that even tetramethylbenzenes can
diffuse out of the zeolite crystals. Indeed, the product stream during MTH on
ZSM-5 is typically rich in aromatic hydrocarbons (about 30 vol%) at intermedi-
ate reaction temperatures (320—420 °C). Therefore, ZSM-5 is the preferred zeo-
lite for MTG applications. The dual cycle is also operative in SAPO-34, but the
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small channels do not allow molecules larger than C, to diffuse out of the micro-
porous network and it is difficult to separate reaction mechanism from diffusion.
However, the large cages allow the retention of methylbenzenes, which are
known to be active species to yield a product stream very rich in ethene and
propene [129,130], and thus SAPO-34 is the preferred zeotype for MTO applica-
tions. However, it is important to stress that it is the interplay of topology, acid
site density, and reaction conditions that ultimately determine the catalytic per-
formance of a zeolite/zeotype material in the MTH reaction.

In the following sections we will establish a connection between the described
possible synthetic approaches to modify the structural and textural properties of
zeolites and their effects on the catalytic performance of the two archetype MTH
catalysts ZSM-5 and SAPO-34.

1.5.2
Crystal Size Effects

The potent shape-selective properties of zeolites and zeotypes, caused by their
crystalline microporous nature, result also in an inherent drawback of these
materials, as molecules in nanosized channels experience severe diffusion limi-
tations. Depending on crystal size and reaction conditions, it has been shown
that only 10% of the acid sites in a zeolite may participate in the reactions in
bulk crystals due to mass transfer limitations [12]. Therefore, diffusion of
hydrocarbons is crucial to explain the reactivity and deactivation properties.
The effectiveness factor (1) is the classical approach to measure the degree of
catalyst utilization [131]. A full use of the catalyst is associated with a kineti-
cally controlled regime with Thiele modulus () close to zero and an effective-
ness factor close to unity. In the case of diffusion-controlled regime, the Thiele
modulus increases and the effectiveness factor decreases, leading to a poor
use of the catalyst. Large crystals lead to higher diffusion limitations, larger
Thiele modulus, and thus, less effective use of the zeolite (Figure 1.14). One
way to overcome the diffusion limitations is the use of zeolite nanocrystals
[89,120,132,133].

1.5.2.1 SAPO-34 (CHA-Topology)

As will become evident, a persistent challenge encountered throughout these
sections is related to the ability to change only one catalyst parameter at a time,
to carry out the genuine so-called single-parameter variations. Modifications of
SAPO-34 crystals toward an average crystallite size in the nanometer range are
naturally accompanied with an increased surface area. There is a clear benefit of
the higher external surface area on the MTO lifetime for the nanosized SAPO-
34 catalysts [134,135]. However, the stability of nanosized SAPO-34 when
exposed to moisture at room conditions was found to be lower than that of the
standard SAPO-34. Silicon content and distribution are also an important aspect
that may control the selectivity and catalytic activity [136]. For example, if a syn-
thesis method leading to nanocrystals also leads to a lower level of silicon
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Figure 1.14 (a) Concentration profiles on a
zeolite crystal with slab geometry at different
Thiele modulus. (b) Effectiveness factor
illustrating the use of the catalyst as a function

incorporation, a slightly lower acidity is observed for the resulting catalysts, and
any improved catalytic performance cannot be effectively attributed to the
change in crystal size alone. Nevertheless, when acidity and crystal size are both
varied, an increase in crystal size is found to have a greater impact on catalyst
deactivation [135,137].

The deposition of large poly-aromatic species trapped in the nanocages of
the SAPO-34 catalyst causes a reduction in the diffusivities. Reactants are pre-
vented from reaching the acid sites and products cannot diffuse out the crys-
tals. Internal mode of coke is responsible for the blocking of the catalyst pores
and plays the most detrimental role. The formation of these polyaromatics has
been linked to an increase in the ethene/propene ratio, which is generally seen
with increasing deactivation [138]. Several studies have aimed at tuning the
particle size of SAPO-34 and investigating the influence on the catalytic per-
formance in the recent years. The general trend is that minimization of the
crystallite size leads to longer lifetime [130,135,139-142]. Figure 1.15a—c
shows SEM images of cubic crystals of SAPO-34 with different sizes. The
improvement in lifetime when reducing the particle size from 8 to 1 um can
be observed in Figure 1.16 (traces (iv) and (iii)). Increased diffusion hindrance
contributes not only to catalyst deactivation, but may also lead to a shift in
product selectivity [130]. Small SAPO-34 crystals tend to lead to a higher ini-
tial propene/ethene ratio.
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Figure 1.15 (a—c)Scanning electron micro- nanocrystals with irregular shape (f), spherical-
graphs of rhombohedral SAPO-34 particles of  shaped particles aggregated with SAPO-34
different sizes. (Adapted from Ref. [140].) nanocrystals (g), nanosheets (h), and nano-
(d—i) SEM images of the different SAPO-34 spheres (i). The white line indicates the size of
morphologies: cubic crystals (d), spherical 1 pm. (Adapted from Refs [134,137].)

aggregates of nanosized cubes (e),

Lee et al. studied how the crystal size variation of SAPO-34 catalyst affected
their catalytic properties during MTH, and the different performance was
attributed to the variations in the number of active accessible cages located
near the external surface of the crystal. The fraction of active cages for the
SAPO-34 with small crystals is higher than that of the catalyst with large crys-
tallites (Figure 1.16b). Complementary explanations for the enhanced lifetime
of small crystals refer to the lower diffusivity of product olefins into the
SAPO-34 pores compared to that of methanol. The idea is that readsorption
of the products is hindered, and therefore their subsequent reaction into coke
is eliminated [139,141].
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Figure 1.16 Methanol conversion variation and WHSV of 2 h-1: 20 nm x 250 nm X 250 nm
with time-on-stream (a) and scheme of the (i), nanospheres 20-80 nm (ii), 1 pm cubic
coke location (b) over the SAPO-34 catalyst crystals (iii), and 8 pm cubic crystals (iv).

with different particle morphologies at 673K (Adapted from Ref. [135].)

1.5.22 ZSM-5 (MFI Topology)

One of the first studies that attempts to correlate the crystal size of ZSM-5 zeo-
lites and their catalytic properties for MTG was performed by Sugimoto
et al. [143]. Two ZSM-5 samples with the smallest crystallites below 0.2 pm and
the largest ones in the range of 3—4 pm were tested. The analysis of the product
stream at full methanol conversion revealed higher selectivities toward Cs,
hydrocarbons for the smaller crystals (64.2 versus 43.4 wt%), and a higher pro-
portion of aromatics within the Cs, fraction (53.1 versus 23.0 wt%). The more
facile formation of Cs, hydrocarbons was associated to the larger external sur-
face area of the small crystals and therefore higher amounts of pore mouths.
Additionally, the authors reported an equilibrium concentration of p-xylene
within the xylenes isomers fraction of 26.1 wt% for the small crystals, whereas
for the largest zeolite crystals a p-xylene selectivity of 83.1 wt% was observed,
which they related to product shape selective properties of the large crystals.
The isomerization reactions toward p-xylene dominate in the large crystals as
p-xylene diffuses 1000 times faster than o- and m-xylenes. Deactivation was also
linked to crystal size by Sugimoto et al. [143]. The small crystals retained larger
amounts of carbon deposits, but their activity was higher after 100h MTG
reaction. The faster deactivation of the large crystals was then related to the
blocking of the lower amounts of pore openings by coke.

Large ZSM-5 crystals have been also used to improve propylene formation
during MTO reaction [144,145]. The behavior of conventional coffin-shaped
crystals of around 5pm was compared with large prismatic crystals around
15-20 pm. It was reported that the propene/ethene ratios were changed from
2-2.5 on the smaller crystals to 5.5 on the large crystals. However, the superior
propylene production was ascribed to the combination of both the lower
Bronsted acid sites and longer diffusion paths of the large crystals, illustrating
well the challenges associated with performing single-parameter variations in
zeolite catalysis.
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153
Mesoporosity as Variable Parameter

Another method to shorten the diffusion path lengths and to increase the acces-
sibility to the catalyst acid sites is to create an additional network of pores with
different pore sizes connected to the micropore system. As already discussed in
Section 1.2, postsynthesis alkali treatment and carbon templating are the most
frequently used synthetic methods to introduce mesopores into ZSM-5 and
SAPO-34. Generally, the observed effect on the MTH performance is similar as
in the case of nanozeolites, as enhanced catalytic lifetime and reduction of the
aromatic cycle are observed [67,146].

1.5.3.1 SAPO-34 (CHA Topology)

A number of synthesis strategies have been developed for making hierarchically
nanoporous structures of the SAPO-34 zeotype catalyst. Longer catalytic lifetime
is usually achieved when the additional pore system is introduced [54,147-149].
A slight increase in light olefin yield can be reached when accessible mesopores
are created. However, it has been shown that hierarchical SAPO-34 systems syn-
thesized using carbon nanoparticles or carbon nanotubes as templating agents
had very different catalytic performance. Mesopores created by carbon nanopar-
ticles were found to be located inside the particle without forming a three-
dimensional mesopore network and thus did not enhance the catalyst lifetime,
whereas a significant improvement in the conversion of methanol and catalyst
stability was achieved with the open mesopores created within the nanotube-
templated SAPO-34 catalyst. Besides, the additional pore system in the carbon
nanotube-templated catalyst remained stable for a number of reactivation cycles,
and it was additionally stable in terms of product distribution, which represents
a key aspect for the industrial applications [147].

1.53.2 ZSM-5 (MFI Topology)

Ryoo and coworkers [19] performed a comparative study investigating the effect
of mesoporosity against ZSM-5 deactivation during the MTH reaction. Different
techniques for the creation of mesopores were applied. For hierarchical MFI
samples, in which mesopores were created by alkaline treatment (BTZ sample in
Figure 1.17) following the same conditions reported by Groen [29], the time to
reach 50% of MeOH conversion was increased almost twofold in comparison to
the purely microporous material (ZST sample in Figure 1.17). A very similar
increase in lifetime was also achieved for ZSM-5 samples synthesized with car-
bon as template (CTZ sample in Figure 1.17).

Bjorgen et al. [18] investigated the influence of the alkaline concentration dur-
ing desilication on the catalyst performance in the conversion of methanol to
gasoline at 370 °C and ambient pressure. The conversion capacity was increased
by a factor of 3.3 for the most severe treatment, while for a milder treatment the
conversion capacity was improved by a factor of 2.4 with respect to the pristine
ZSM-5 zeolite. In the same work, an increase in the initial activity as well as an
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Figure 1.17 Catalyst lifetime for differently treated ZSM-5 catalysts, carbon-templated zeolite
(CTZ-16), base-treated zeolite (BTZ-13), and pristine ZSM-5 (ZST-12). (Reprinted from Ref. [19]
with permission from Elsevier.)

increase in the selectivity to the gasoline range Cs, products by a factor of 1.7
was observed over the whole MeOH conversion range for the best desilicated
catalyst. Similar improvements were seen in more industrially relevant experi-
ments carried out at 400 °C and 15 barg [20]. This clearly highlights the poten-
tial for catalyst and process improvement by this straightforward and affordable
method. In a more fundamental study, Bleken et al. [41] compared the degree of
deactivation of a commercial, purely microporous ZSM-5 to the desilicated ver-
sion obtained using 0.3M NaOH. It was concluded that the degree of
deactivation in the desilicated sample was much more homogeneous than in the
microporous sample. Also, the desilicated sample showed a similar coke distri-
bution along the catalytic bed and could tolerate a larger amount of external
coke than the regular sample.

154
Nanostructured Materials

1.54.1 SAPO-34 (CHA Topology)

Variations from the cubic shape of the typical SAPO-34 crystallite to other
nanostructured morphologies will influence the performance in the MTO con-
version [54,134-137,148]. Figure 1.15d—i shows SEM micrographs for the repre-
sentative morphologies discussed in this section. As previously mentioned, both
the (meso)pore system and acidity of the created structures are inherently
affected when the morphology is modified. However, as was the case for particle
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size, when different SAPO-34 morphologies are prepared with similar silicon
environment distributions, the key factor for the improved catalytic lifetime is
the length of the shortest diffusion pathway [150].

Starting from the rhombohedral micrometer-sized SAPO-34 particle, different
templating methods lead to a change of the morphology toward spherical aggre-
gates of nanosized SAPO-34 crystals (Figure 1.15) [134,135]. The activity and
light olefin selectivity in the MTO reaction is hardly affected by the change in
morphology when the acidity is unchanged. Nevertheless, an increase in lifetime
from the original catalyst is effectively achieved. Different morphologies yield
different extent of increase in lifetime. Investigations on the effect of different
crystal morphologies with similar acidic properties on the MTO lifetime showed
an optimum crystal size for spherical aggregates of nanosized cube-type SAPO-
34 crystals with an average aggregate size of about 1 pm (Figure 1.16). Aminor
increase in lifetime shown by SAPO-34 crystallites with irregular shape, where
the surface of the spherical nanoparticles are aggregated with SAPO-34 nano-
crystals, was attributed to too short diffusion lengths for the reaction intermedi-
ates to react to olefins within the crystals [134]. A nanosheet-like crystal
morphology (Figure 1.15) is often obtained by microwave-assisted hydrothermal
synthesis [135,137]. When comparing nanostructured SAPO-34 catalysts, the
nanosheet-like crystals show the greatest increase in lifetime (Figure 1.16a). For
a given coke content, a lower fraction of micropores are blocked by coke species
deposited on the external crystal surface and thus, the accessibility of the reac-
tants to the catalyst acid sites in the micropores is higher, maintaining higher
MTO conversion for a longer time [137].

It has been so far evidenced that SAPO-34 crystals can be varied in different
morphologies and sizes comprising micrometer-sized cubic crystals, nanospheres
or aggregates, and nanosheet-like crystals, and their deactivation also occurs in
different ways. In order to summarize the effect of the catalyst particle morphol-
ogy in general, different deactivation modes are explained by means of the loca-
tion of the retained coke species after methanol conversion for the three main
crystal morphologies. Figure 1.16b presents the coke location and deactivation
mode for the different SAPO-34 morphologies. For the crystals comprising
cubic morphology on the micrometer range, the formation and accommodation
of large aromatic molecules prevent methanol from accessing the active reaction
site. Some cages in the central part of the SAPO-34 crystal particles experience
no contact with methanol. Consequently, quick deactivation is observed over
these bigger particles. For the nanosized crystal particles (nanospheres and
nanosheets), most of the SAPO-34 cages are accessible during methanol conver-
sion, and the usage of these nanosized catalysts is much more efficient. Simulta-
neously, quick escape of products also reduces the occurrence of hydrogen-
transfer reactions and the formation of highly unsaturated products such as
polycyclic aromatics (coke) [135,139]. Particularly, the nanosheet SAPO-34 cata-
lyst presents the shortest diffusion lengths and also the lowest coking rate.

Only small changes can be observed in terms of MTO product selectivity. The
high light olefin selectivity is maintained even when the size and morphology are
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Figure 1.18 Conversion during MTH reaction  (a) Conventional MFI zeolite. (b) Unilamellar
versus time in stream and the amount of coke MFI zeolite. (Reprinted from Ref. [89] with
deposited on the zeolite (internal coke in permission from Nature Publishing Group.)
dark blue, external coke in light blue).

affected and very similar ethene-to-propene ratios are observed for the catalysts
having different morphologies. A more severe coke deposition over the large
SAPO-34 catalysts crystals leads to more ethene and less C4;—Cgs products,
whereas the slight coke formation over nanosized catalysts has no substantial
influence on the product diffusion, showing a relatively stable and high C4—Cq
product selectivity.

1.5.4.2 ZSM-5 (MFI Topology)

As mentioned in Section 1.3.2, in groundbreaking work, Ryoo’s group has cre-
ated a novel family of zeolite materials by synthesizing nanolayered ZSM-5 with
disordered and pillared structures [69,89] (see Figure 1.8) [89,151]. A significant
improvement in lifetime in the MTH reaction was demonstrated and shown to
be due to a lower coke deposition within the micropores of the nanostructured
H-ZSM-5 zeolite (Figure 1.18). Despite the promise of long lifetime of the nano-
sheets materials, Bleken et al. [120] have indicated that the nanosheets have
lower MTH activity than regular catalysts. By varying the contact time (WHSV)
it was shown that the contact time needed to obtain the same conversion over
nanosheets (2—3 nm thickness) was two times longer for the conventional crys-
tals (0.5-3 um). This was ascribed to the autocatalytic nature of the MTH
reaction, as the more facile diffusion of the nanostructures countered the build-
up of hydrocarbon pool species, which act as reaction centers [124,125]. In
agreement, the MFI nanosheets exhibited higher aromatic yields and lower
ethene production, reasonably due to the lower residence time of the aromatic
hydrocarbons within the microporous structure of the sheets. It is accepted that
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ethene is formed mainly by dealkylation of bulky polymethylbenzenes [152].
These species might diffuse more easily into the gas phase before dealkylation
may occur for the nanosheets. We note that the improved diffusivity of hydro-
carbons in MFI nanostructures makes this catalyst very attractive to be used as a
model material for kinetic studies, hopefully avoiding the accumulation of
hydrocarbons, which occurs in larger crystals.

Khare et al. [153] studied the MTH reaction using a series of ZSM-5 cata-
lyst samples with different effective crystallite sizes, including also nanostruc-
tured materials and large crystals. The diffusion lengths were determined
according to the crystal size and shape, and then correlated with the product
selectivity during MTH reaction at 350°C. The findings after 20min on
stream are reported in Figure 1.19. The ratio of (ethene)/(2-methylbutane and
2-methyl-2-butene) in the effluent was used as a descriptor to estimate the
relative contribution of the alkene cycle and aromatics cycle [154]. It was
observed that this ratio increases with the effective crystallite size, suggesting
that the propagation of the aromatics cycle becomes more prominent with the
increasing diffusion lengths. The increased intracrystalline residence time of
polymethylbenzenes induced a higher hydrocarbon concentration inside the
zeolite pores, leading to a larger extent of methylation and dealkylation
reactions and therefore, producing more products of the aromatic-based cycle
(aromatics and ethene) (Figure 1.19).

Product selectivity (%)

2nm 40 nm 500 nm 2 um 17 pm
MFI crystallite size

Figure 1.19 Selectivities on carbon basis during MTH by feeding DME over MFI crystals at
350°C, 57-66 kPa DME partial pressure and 115-130 kPa total feed pressure, 46-59% net DME
conversion, 20 min time on stream. (Reprinted from Ref. [153] with permission from Elsevier.)
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1.6
Summary and Outlook

As is apparent from the preceding paragraphs, most of the literature that con-
cerns the effect of zeolite particle nanostructure and morphology on the catalytic
performance is essentially based on alterations of the access to or from the active
sites by tuning diffusion lengths, either by creating mesopores, adjusting the par-
ticle size and shape, or by synthesizing layered materials by various methods. We
will in this summarizing subsection outline a novel route to pursue in order to
arrive at improved nanoporous zeolite catalysts that we believe hold great poten-
tial. Many zeolite topologies have pores of different sizes, which may be inter-
secting and of varying directionality. If intersecting pore systems of different
sizes terminate and are exposed at different crystal facets, it will be possible to
effectively force the products to leave the crystals via specific pore openings, if
one is able to control the degree to which specific facets are exposed. In a recent
patent [155] and journal publication [156], we have described a case where we
utilize this idea. Due to a strongly preferred growth mechanism, certain crystal
facets were indeed preferentially exposed, leading to a highly unexpected prod-
uct shape selectivity. The results were obtained for zeolite SUZ-4 and are visual-
ized in Figure 1.20. As the material prefers to crystallize as needles, the 10-ring
channels running along the c-direction (the direction of the needles) will only be

| I C1 [ C2 [ C3 [ C 4+ [l Aromatios

80 -
CH,OH & 60
£
2
CH,OH 2 a0
©
wn
CH,OH
20 4

SZR CHA MTT

Figure 1.20 Right panel: Product selectivity in  the needle-like morphology (SEM and TEM),

the methanol to hydrocarbons reaction. and the diffraction (c) proves that the 8-rings
Zeolite SZR behaves like the archetype 8-ring  cover the side of the needles, thus determin-
material CHA, despite the presence of ing the product selectivity for this morphol-

10-rings. Typical 10-ring selectivities are ogy, and that the 10-rings are only accessible

shown for zeolite MTT. Panels (a) and (b) show from the ends of the needles (d) [155,156].
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exposed to the gas phase via the ends of the needles, whereas the 8-ring channels
running perpendicular to the c-direction are exposed to the surroundings on the
majority of the crystal surface. Thus, the material displays shape selective proper-
ties like an 8-ring zeolite despite the presence of 10-rings and the shape selectiv-
ity is determined primarily by particle morphology and not framework topology.

During our systematic investigations of zeolite catalysts comprising pore chan-
nels of different dimensions (e.g., 8- and 10-rings) [157,158], we realized that this
might be a general feature, that is, it could be possible to tune the shape selectiv-
ity and properties of nanoporous materials by altering the particle morphology
so that different facets where different channel systems terminate are preferen-
tially exposed. The idea outlined here constitutes a new perspective on how to
influence the properties of nanoporous materials. The effects of preferential
exposure of certain crystal facets are well documented within other areas of
catalysis and materials science, such as nanoparticle-based catalysis, but appears
to have received much less attention within zeolite catalysis, presumably because
the properties of nanoporous materials are generally linked to the internal rather
than external surface, whereas the properties of, for example, metal nanopar-
ticles or functional oxides are obviously linked to the external surfaces. We
strongly believe that it will be possible to systematically tune the performance of
nanoporous materials as catalysts and adsorbents by controlling the exposure of
specific crystal facets, as indicated here. This could be a highly rewarding and
completely new research direction for developing nanoporous materials with
improved properties.
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