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Scope

The scope of this PhD project was to study reaction mechanisms and kinetics of
acid-catalysed hydrocarbon reactions over zeolitic catalysts, with the effects of catalyst
acid strength as the main focus. The first goal was to study in detail the reaction
mechanisms of the commercially interesting methanol to hydrocarbons (MTH) reaction
over the weakly acidic zeotype H-SAPO-5. Subsequently the structurally identical strongly
acidic zeolite H-SSZ-24 should be synthesised, and a detailed comparison of the two
catalysts in the MTH reaction performed. The third aim was to study the kinetics of single
reactions over these two catalysts.

The large amount of work related to the MTH reaction also led to involvement in
studies of other catalysts for the same reaction. For this reason, work and discussions on
the MTH reaction constitutes a large portion of this thesis. Two single reaction steps were
studied in more detail: methylation and polymethylbenzene de-alkylation. While a full
kinetic study of the methylation of benzene and propene over the two catalysts was
initiated, it was not completed due to experimental difficulties. Nevertheless, novel results
on how acid strength affected methylation of aromatics and alkenes were obtained and are
reported here.

The first two chapters of this thesis provide a background for the work performed.
First, general aspects of catalysis and zeolite chemistry are discussed, including a section
on acidity. Secondly, an overview of the field of MTH chemistry, de-alkylation and
methylation reactions and previous work concerning the effect of catalyst acid strength on
reactions is given. Chapter three provides details on experimental methods. Chapter four
summarises the work performed during this project. The full details of the work performed

can be found in the papers collected in the appendix.






1 Catalysis and zeolitic materials

1.1 Catalysis

Catalysis plays an integral part both in most industrial chemical processes and in
the chemical reactions of living organisms, and thus impacts strongly on our everyday
lives. Stated briefly, a catalyst accelerates a chemical reaction without itself being
consumed and without altering the overall thermodynamics of the reaction. This means
that catalysis enables reactions to proceed more efficiently and under milder conditions
than what would be possible otherwise. An example of how a catalytic reaction differs

from a non-catalytic reaction is illustrated by the potential energy diagram in Figure 1.1.

potential energy

bonding reaction separation

reaction coordinate

Figure 1.1: Potential energy diagram of a non-catalysed (upper curve) and a catalysed reaction (lower
curve). Figure adapted from [1].

From Figure 1.1 it is apparent that the catalyst offers an alternative reaction path
that is more complex than the non-catalysed path, but contains significantly lower
activation barriers. The added complexity is common for catalysed reactions, as some form
of bonding between the catalyst and the reactant (substrate) must occur. This inevitably
leads to more reaction steps. In order to accelerate the reaction, the catalyst must stabilise

the transition state of the reaction more than it stabilises the reactants [2].



Chapter 1 - Catalysis and zeolitic materials

A second important observation from Figure 1.1 is that the overall energy change
from reactants to products is identical in the catalysed and un-catalysed reactions. This
means that a catalyst will not in any way affect the position of equilibrium for the reaction.
Catalysis thus falls solely within the field of kinetics.

The word catalysis was first coined by Jons Jacob Berzelius in 1836 [3]. However,
the phenomenon, although not previously defined, had gained practical importance before
this. For instance, Humphry Davy had already observed in 1817 that a pre-heated platinum
wire would glow white hot in a mixture of air and alcohol or coal gas until all the
flammable material was consumed, and Gottlieb Kirchoff had reported the conversion of
starch into sugars by dilute acids in 1814 [4]. Even as far back as the gt century, the
writings of the Arabic [5] (or possibly Persian) alchemist Jabir Ibn Haiyan mention the use
of mineral acids for dehydration of alcohol to ether [4]. The first large-scale commercial
use of catalysts was made possible by Johan Wolfgang Dobereiner, whose experiments
enabled mass production of a lighter based on the incineration of hydrogen over a fine
platinum sponge. By 1828, some 20 000 such lighters were in use in England and Germany
alone, and it was still in use at the beginning of the First World War [4, 6].

In principle a catalyst can take any form, including atoms, small or large molecules,
and solids such as metal or oxide surfaces. It is customary to distinguish between
homogeneous catalysis, where the reactants and catalysts are in the same phase, and
heterogeneous catalysis, where the catalyst is in a different phase from the reactant. In
addition, the field of biocatalysis or enzymatic catalysis is usually treated as a separate
discipline. This thesis focuses on heterogeneous catalysis of hydrocarbons in gas phase

reacting over solid zeolitic oxide catalysts.
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1.2 Zeolitic materials

Zeolites are a class of crystalline aluminosilicates with uniform intracrystalline
porosity [7, 8]. They are a subclass of the tectosilicates, meaning that they consist of a
three-dimensional network of TO4 tetrahedra, where T is either Al or Si. These TO4 units
are connected to each other through the oxygen at the vertices, and can assemble into a
large variety of microporous (pore dimensions <2 nm [9]) three-dimensional frameworks.
Some examples of how TO, tetrahedra can assemble to produce structures with different

pore geometries are shown in Figure 1.2.
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Figure 1.2: Examples of how TO, tetrahedra can connect in four different manners in order to form
four different zeolite structures. Illustration from [10].

Due to the molecular dimensions of zeolitic pores, small molecules are selectively
adsorbed into the porous framework, whilst larger molecules are rejected. This ability is
often referred to as molecular sieving [7]. In addition to this, zeolitic pores can contain
easily exchangeable cations or well-defined acid sites. This combination of properties
makes zeolites highly successful for a number of commercial applications within sorption,
ion-exchange and catalysis, and several million tons are used annually [8, 11, 12].

The word zeolite is derived from the Greek words “zeo” (boiling) and “lithos”
(stone), and was coined in 1756 by the Swedish geologist Axel Fredrick Cronstedt to
describe a newly discovered class of minerals that bubbled and swelled due to loss of water

when heated [13]. Later research has identified one of the samples studied by Cronstedt as
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a mixture of the isostructural zeolites stellerite and stilbite [14]. Even though zeolites were
regarded as rare minerals for centuries after their discovery, the increased availability of X-
ray characterisation facilities in the 1950’s revealed that these minerals are in fact abundant
in nature [8].

Despite the early discovery of zeolites, and their abundance in nature, zeolites did
not gain commercial importance before Barrer and Milton [8, 10] managed to synthesise
zeolites by low-temperature hydrothermal methods in the 1940s’ and 50’s. Since then, the
importance of zeolites has grown tremendously, not least due to their use as catalysts.
Major milestones include the discovery of shape selective catalysis [15-17] and intensive
research on acid properties by Rabo and others [11]. The number of different framework
structures synthesised has also increased dramatically, with 218 different zeolite structures
recognized by the International Zeolite Association (IZA) [18] at the time of writing. All
recognized frameworks are identified by a unique three letter code. Not all of these
structures are aluminosilicates, as numerous zeolitic materials of other compositions have
also been synthesised or discovered [19-23].

The increasingly large variety of zeolite-like materials makes it difficult to find a
suitable definition of which materials are actually zeolites, and this topic has been subject
to debate [24-29]. This work will follow the recommendation by Dyer [7] and others, and
reserve the name zeolites for aluminosilicate materials built into frameworks approved by
the IZA. Materials containing other elements will be referred to as zeotypes, and the term
zeolitic will be used more loosely to cover both zeolites and zeotype materials.

Zeolitic structures are complex and varied, and it is not necessarily easy to visualise
them from their unit cell parameters alone. In order to facilitate easier visualisation and
comparisons of framework structures, a number of secondary and composite building units
shared between many structures have been recognized. Secondary building units (SBUs)
are finite and achiral units that can be used to construct an entire framework. Often, a given
framework can be constructed from several different SBUs. Composite building units
(CBUs) are larger units which are not necessarily achiral, and some CBUs may be
infinitely extended (i.e. chains or layers). They are useful in ascertaining relations between
different framework types, but cannot necessarily be used to construct whole frameworks.

Some examples of SBUs and CBUs are presented in Figure 1.3.
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Figure 1.3: Some examples of SBUs (left) and CBUs (right). Bridging O-atoms have been omitted
and T-O-T bonds drawn as straight lines for clarity in the drawings.

While SBUs and CBUs are very useful in visualizing the full framework, for many
applications a more general way to describe them is by the features of their pore system.
The pore system may extend in one, two or three dimensions and may or may not contain
inner cavities that are larger than the apertures leading into them. The pore size of a
material is typically characterised by the size of the smallest ring in the pore and named
after how many T-atoms it contains. The most common pore sizes contain 8, 10 or 12 T-
atoms, and materials containing these are often referred to as small-, medium- and large-
pore zeotypes. In addition, a number of so-called extra-large-pore materials, containing
pores with 14 or more T-atoms, have been discovered [30-33]. The free diameters of
circular 8-, 10- and 12-ring pores are roughly 4.1, 5.5 and 7.4 A respectively [34], but
distorted rings may deviate significantly from these diameters. A good example of
deviating pore dimensions can be found in the AFI and MTW frameworks. Both structures
contain 12-ring one-dimensional pores, but their maximum diameters are 7.3 A and 6.0 A
respectively [18].

While the structural framework determines the porosity of the materials, chemical
properties are dependent on the T-atom composition. If we consider a framework
consisting of SiO4 tetrahedra only, this will be electronically neutral and hydrophobic. As
aluminium is trivalent and silicon is tetravalent, substitution of Al for Si leads to a net
negative charge in the framework, which must be balanced by a cation residing inside the
channel system. Such cations are exchangeable, and thus give rise to the ion-exchange
capabilities of zeolites. In addition to increasing the number of ion-exchange sites,
increasing the amount of Al relative to Si T-atoms in a zeolite also gradually changes the

material from hydrophobic to hydrophilic, with zeolites of low Si/Al ratios being strongly
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hydrophilic [12]. Normally, the amount of Al in any zeolite is limited to half the T-atoms,
since two Al-containing tetrahedra cannot share an oxygen atom [35]. Materials with
elemental composition near the minimum Si/Al ratio of 1 tend to be less thermally stable
than their silicon-rich counterparts [12].

Other atoms can replace Si and Al in zeolitic structures, which will alter the
properties of the material. For instance, main group elements such as Be, B, Ga and Ge and
a number of transition metals have been shown to substitute either Al or Si [22-24, 36, 37].
A class of zeotype materials where half the T-atoms are Al and the other half P, in a
strictly alternating fashion, was synthesised by workers at Union Carbide in 1982 [20].
Such a combination of T-atoms leads to a framework with localised charges, but a net
charge of zero. The result is a moderately hydrophilic framework that does not possess ion-
exchange capabilities. However, ion-exchange capability can be introduced by substitution
of aluminium or phosphorous by elements of different valence. While a large number of
elements can be incorporated into AIPOy structures [19], perhaps the most common class
of such materials are the silicoaluminophosphate (SAPO) materials first reported in 1984
[21]. In the SAPO materials, Si substitutes for P to produce a net negative charge
analogously to substitution of Al for Si in zeolites. In addition to this, other phosphate
based zeotypes incorporating Be, Zn or Ga instead of Al have also been reported [32, 38,
39].
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1.3 Catalysis by zeolitic materials

One of the largest commercial markets for zeolites is their use as acid catalysts.
Their use dates back to the 1950’s, when it was discovered that zeolite X was a much more
active acid catalyst than the amorphous silica-alumina catalysts used commercially at the
time [11, 12]. Today, zeolite catalysts are employed extensively for hydrocarbon
conversion reactions in petrochemical industry [40, 41]. As solids, the zeolites offer the
advantage of easier separation inherent in heterogeneous catalysis. However, two
properties set the zeolites apart from other (amorphous) solid acid catalysts: well-defined
catalytic sites and shape selectivity. Of these, the second will be discussed here, while
acidity will be discussed in Section 1.4.

Shape selectivity results from the uniform pores present in the zeolite frameworks.
The size of the pores determines which reactions can occur inside the materials, based on
whether the chemical species involved have sufficient space to reside inside the pore
system. Shape selectivity is usually divided into three differing types [42-45]: reactant-,
product- and (restricted) transition state shape selectivity. These are schematically

illustrated in Figure 1.4.
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Figure 1.4: The three classes of shape selectivity, adapted from [43].

In reactant selectivity (top left in Figure 1.4) bulky reactants are prevented from diffusing
into the pore system, while smaller molecules diffuse more easily into the pores. Larger
molecules will thus be unable to reach an active site, and will not react. Product shape

selectivity (top right in Figure 1.4) is observed when some of the product molecules are too
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large to diffuse out of the pore system. This is often observed in zeolites featuring large
internal cavities connected by narrow apertures. Large molecules can be formed in the
cavities but are restricted from diffusing out of the structure unless they react further to
form less bulky molecules. In (restricted) transition state shape selectivity (bottom of
Figure 1.4) neither the product nor the reactant are hindered from diffusing into or out of
the zeolite, but the available space cannot accommodate certain transition states. Transition
state shape selectivity may also lead to some transition states being stabilised more than
others due to a “good fit” with the available space [46].

Since both reactant and product shape selectivity are based on mass transfer
limitations, they are affected by the size of the catalyst crystal. On the other hand, this is
not the case for transition state selectivity which does not involve hindered diffusion.
Studies of catalysts of different crystal size can thus be used to discriminate between
product and transition state shape selectivity [47]. Concerning all types of shape
selectivity, it is important to keep in mind that it occurs only in the bulk of the zeolitic
crystals. In crystals small enough that a large fraction of the active sites are accessible from

the external surface, the effects of shape selectivity will be greatly diminished.

10
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1.4 Zeolitic acidity

Well-defined catalytically active acid sites in zeolitic materials are obtained when
protons act as charge-compensating cations for a net negatively charged framework. In this
case, the framework will contain an acidic OH group at one of the corner positions
between two TO,4 of different valence. Figure 1.5 shows the acid site in an aluminosilicate
zeolite and a silicoaluminophosphate (SAPO) zeotype material. Note that while the OH
group is at a shared corner between a SiO4 and an AlOy4 tetrahedra in both materials, the
identities of the neighbouring T atoms differs, and thus the chemical environment around

the OH group is also different.

Figure 1.5: A Bridging OH group in a zeolite (left) and a SAPO (right).

In an ideal H-exchanged zeolite these Brensted acidic (proton donating) OH groups
are the only type of acid site present. This means that the acid site density (or number of
acid sites) of an ideal zeotype material is equal to the number of substituted framework
atoms (with respect to an electronically neutral framework). For zeolites, the molar ratio
between silicon and aluminium (Si/Al) or their corresponding oxides (SiO,/Al,03) is often
reported, and this value is inversely proportional to the acid site density of the material. A
similar ratio of (Al+P)/Si can be used for SAPO materials.

Some materials also contain Lewis acid (electron accepting) sites. These are usually
associated either with defects or the presence of extra-framework aluminium in the
channels, but can also be introduced by ion-exchange with polyvalent cations [11]. While
Lewis acidity may play a role in some reactions, the catalytic hydrocarbon cracking
activity of high silica zeolites has been shown to depend linearly on the number of
Bronsted sites [48-50], and it is therefore generally accepted that these are the most

important catalytic sites in aluminosilicate zeolites.

11
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The topic of acidity in solids is complex and even the term itself is fraught with
ambiguity [51]. Firstly, the terms acidity and acid strength are sometimes used to describe
both the acid strength (related to the ease of removing the proton) and acid site density of a
material. While both properties are important in catalysis, such an imprecise expression
may easily lead to confusion. This thesis will use the term acid site density to describe the
number of acid sites, while reserving the term acid strength to describe the ease of breaking
the acid site O-H bond.

Secondly, zeolite acid strength has proven very difficult both to define and
determine. Until a few decades ago, zeolites were treated as superacids, a view which
shaped many of the early proposals for reaction mechanisms in zeolite catalysis [51].
However, this view was largely abandoned over time as several works failed to observe
carbocations in zeolites that were persistent in liquid superacids or on metal halide
powders at low temperature [52-56]. On the other hand, the deprotonation energy of zeolite
frameworks have been calculated to be below 1200 kJ/mol [57], which is lower than the
gas phase acidity of H,SO4 [58]. Thus, comparing zeolite acidity with solution phase acids
is not straight-forward, and doing so may be more confusing than helpful [59]. Indeed,
predicting the catalytic activity of zeolitic materials for any given reaction is still a
challenge. This is partly due to the fact that the catalytic activity is not determined by the
deprotonation energy of the framework alone, but also by a “solvation” effect dependent
on the zeolite framework [60]. The situation is summarized elegantly by the following

quote from James Haw [54]:

“Zeolites are not superacids, they are smart and subtle acids that find shortcuts past high-

s

energy intermediates and the even higher energy transition states that must lead to them”.

In many zeolites, individual acid sites have been shown to possess nearly identical
acid strength [61, 62]. An exception to this homogeneity of acid sites occurs when the acid
sites are not isolated from each other, as acid sites in close proximity to each other will
have a lower acid strength than isolated sites. This effect usually becomes prominent when
the Si/Al ratio is below 10 [63-65].

The acid strength of silicoaluminophosphate (SAPO) zeotype materials have not
been studied in as great detail as for zeolites. It is usually assumed that isolated acid sites in

SAPOs are less acidic than those in zeolites. This has been verified in the CHA structure

12
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by several studies [66-68]. However, SAPO materials present some additional
complications due to the possibility of SiO4 clustering together in “silicon islands”. Such
clustering of SiO4 tetrahedra means that the number of acidic OH groups may be lower
than one per Si atom [69-71]. In addition, the strength of the acid site increases with the
number of SiO4 neighbours (up to 3), meaning that a range of different acid strengths is
possible [72]. SAPO structures may even contain large siliceous or aluminosilicate

domains [73], with the latter containing acid sites similar to those found in zeolites.

1.4.1 Measuring zeolitic acidity

While an exhaustive review of all techniques employed to characterise acidity is
beyond the scope of this work, a short overview of some common methods for
characterisation both of acid site density and acid strength is given below.

The most obvious way to measure the acid site density of a given zeotype material
would be to determine the elemental composition of the material. However, direct
correlations between elemental ratios and acid site density should not be automatically
assumed. Where elemental ratios are determined by elemental analysis, there is no
discrimination between framework and extra-framework elements. Various defects in the
crystal structure may also lead to differences between elemental ratios and the number of
acid sites, or may result in acid sites that are inaccessible to reactant molecules. Together,
these considerations mean that direct measurements of the acid site density rather than the
elemental composition are desirable. Such measurements will often yield the number of
acid sites in mmol per gram of catalyst. A useful rule of thumb is that 0.41 mmol/g
corresponds to a perfect zeolite framework with a Si/Al ratio of 40.

One of the most common methods for measurements both of acid strength and acid
site density is temperature programmed desorption (TPD) of ammonia. Unfortunately, this
method suffers from several disadvantages that complicate the interpretation of results. For
samples such as H-ZSM-5 (MFTI structure, see Section 1.5.2) [74] a desorption peak at low
temperature, attributed to weakly bound NHj, and a high-temperature peak attributed to
NH; bound to the Bronsted acid sites are usually observed. In principle, the amount of NHj3
desorbing in the high temperature region should correspond to the number of acid sites in
the sample. However, NH; can also interact strongly both with Lewis acids and with

materials not commonly classified as acidic, such as calcium oxide [75]. Thus, the amount
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of ammonia desorbed at high temperature does not necessarily equal the number of
Bronsted acid sites in a zeolite containing defects, non-framework alumina or other
impurities. Furthermore some samples, such as H-SAPO-5 [76], give rise to only one broad
desorption peak. This makes quantification of Brensted sites even more difficult. While
NH; TPD can provide useful information on some samples, conclusions based on this
technique should only be drawn with great care. It has been shown that transport
limitations can have a strong influence on the desorption temperature [77], meaning that
pore size may be equally important as acid strength for the desorption temperature.

Several other methods for determination of acid site density have been reported,
although few are used as regularly as NHs; TPD. One alternative is the use of Fourier
Transform Infrared (FTIR) spectroscopy to monitor adsorption of a strong base, such as
pyridine [78, 79]. In principle, such techniques allow quantification of the number of acid
sites through integration of bands caused by the protonated base, while at the same time
monitoring which OH groups are interacting with the base. Unfortunately, molar extinction
coefficients for adsorbed species are hard to determine accurately, and the literature values
vary greatly [80]. Combined Thermogravimetry and FTIR [81] provides an elegant
solution to this problem, but requires highly specialized apparatus. Another option involves
titration of OH groups by H/D exchange [82]. While this enables determination of the total
number of O-H groups present, it should not be assumed that all O-H groups confer
catalytic activity to the zeolite.

Another promising method for quantification of acid sites across different zeolite
structures and compositions is TPD of reactive probe molecules such as alkylamines [59,
60, 77]. With the exception of methylamine all alkylammonium ions, formed by
protonation of alkylamines on the acid sites, react in a narrow temperature range to form
ammonia and the corresponding alkene. The reaction temperature is mainly dependent on
the amine used, and not the composition of the lattice [60]. By measuring the amount of
desorbed alkenes, the method selectively quantifies Bronsted acid sites of sufficient
strength to protonate and to retain the ions up the characteristic reaction temperature
(usually between ~250 and 450 °C depending on substitution at the a-carbon). The method
has been shown to produce consistent results both in vacuum and under flow conditions
[83]. Alkylamines of different sizes may even be used to probe the concentration of acid

sites in each of the components of a cracking catalyst containing both H-ZSM-5 and H-Y
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(FAU structure: 3D 12-rings and large cavities) in addition to amorphous silica-alumina
[84].

While the deprotonation energy provides arguably the only rigorous measure of
acid strength, this value cannot be easily measured. It can be calculated using theoretical
measurements, but reliable values are not yet available for the majority of zeolitic
materials. Use of microcalorimetry to obtain the heats of adsorption for basic probe
molecules, such as ammonia and pyridine, have provided valuable insights. However, it
must be combined with other methods in order to verify the nature of the adsorption sites.
It should also be noted that even when adsorption occurs with proton transfer at the acid
site, the measured value is not a measure of the proton affinity of the site [60]. The heat of
adsorption also includes the interaction energy of the formed ion pair, and this quantity is
dependent on both the framework structure and composition and on the adsorbed base. For
this reason, the heat of adsorption is not a rigorous measure of intrinsic acidity of the acid
site.

A common method to measure acidity differences utilises FTIR spectroscopy to
investigate the perturbation of the O-H bands during adsorption of a weak base [85]. For
example, adsorption of carbon monoxide at -196 °C results in moderate red-shift of the
hydroxyl stretching frequency. A longer red-shift indicates stronger acidity. However,
indications of spectral interference with the shifted absorption band and a large spread in
reported values for similar zeolites mean that small differences in the shifts should be

interpreted with caution [86].
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1.5 Zeolitic structures relevant to this thesis

The most important catalysts employed in this work were the isostructural
aluminosilicate H-SSZ-24 and the silicoaluminophosphate H-SAPO-5. The AFI
framework topology, common to both catalysts, is therefore described in detail below. In
addition, a number of different zeolites were compared in Papers III and IV and their
structures are described in less detail. For more information on these structures, the reader

is referred to the IZA webpage [18] or the atlas of zeolite framework types [28].

1.5.1 The AFI framework

The first report of a material with the AFI framework topology dates back to 1982
when Wilson et al. [20], working at the Union Carbide labs, presented the first
aluminophosphate zeotypes. The novel structure of this material, called AIPO-5, was
determined soon after [87]. When silicoaluminophosphate (SAPO) materials were reported
in 1984, an analogous structure named SAPO-5 was reported [21]. Thereafter, numerous
metals have been incorporated into AIPO4-5 and SAPO-5 lattices, creating MeAPO and
MeAPSO materials respectively [19]. An isostructural zeolite called SSZ-24 has also been
synthesised, initially only in pure siliceous form by van Nordstrand et al. [88], but later
with boron and aluminium incorporated [89, 90]. Curiously, the AFI structure may have
been the first structure for which a silica zeotype was discovered after its
aluminophosphate analogue [88].

The AFI framework is composed of columns of twisted four- and six- rings,
together forming one-dimensional twelve ring channels running parallel to the c-axis.
These channels are nearly circular, and measure 7.3 A in diameter. The framework can be
constructed from either of the secondary building units 4, 6 or 12. Alternatively, it can be
visualised as comprising any of the CBUs bog, afi or the nsc (narsarsukite) chain [18].
Figure 1.6 shows both the composite building units and a detailed view of the AFI

framework.
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M & OO

bog afi nsc chain

Figure 1.6: The AFI topology seen along the c-axis (bottom left) and a slightly tilted view
highlighting the 12-ring tubular pores (bottom right). The channels have been drawn with blue insides
and grey outsides. The CBUs present in the AFI structure are displayed in the top row, with the
framework oxygens omitted for clarity.

The rather simple framework of the AFI structure makes it well suited as a model
material for both experimental and theoretical investigations of zeolite- and zeotype-
catalysed reactions. In addition, the framework is one of few where both
silicoaluminophosphate and high-silica aluminosilicate variants are known. The
aluminosilicate H-SSZ-24 contains stronger acid sites than the silicoaluminophosphate H-
SAPO-5 due to their different elemental composition (see Section 1.4). A comparison of
these two catalysts thus enables investigation of the effects of catalyst acid strength on

reactions in otherwise identical materials.
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1.5.2 Other relevant frameworks

A number of other zeolitic frameworks are also relevant to the work in this thesis.
Particularly in Papers IIT and IV, a large number of structures are discussed. The structures
CHA, MFI and *BEA are discussed frequently also throughout the remainder of the work.
These three structures are displayed in Figure 1.7. The CHA framework, shared by the
silicoaluminophosphate SAPO-34 and the aluminosilicate SSZ-13, consists of large
cavities connected in three-dimensions by 8-ring apertures of 3.8 x 3.8 A. The MFI
framework, most known as the structure of ZSM-5, contains a pore system of
interconnecting straight and sinusoidal 10-ring channels with dimensions 5.1 x 5.5 A and
5.3 x 5.6 A respectively. The *BEA structure of zeolite Beta is a disordered zeolitic
structure (a star prior to the 3-letter code signifies a disordered structure) with a 3-
dimensional pore system made from two orthogonal and intersecting 12-ring channels with

dimensions 7.3 x 7.1 A and 5.6 x 5.6 A respectively.

Figure 1.7: The CHA (left), MFI, (middle) and *BEA (right) frameworks. The pore system has been
drawn with blue insides and grey outsides.

Three one-dimensional 10-ring frameworks: TON (ZSM-22), MTT (ZSM-23) and
*MRE (ZSM-48) are shown in Figure 1.8. The TON and MTT framework have very
similar pore dimensions (5.7 x 4.6 A and 5.2 x 4.5 A respectively), but with slightly
different pore shape. The *MRE structure is disordered, but contains nearly circular

channels 5.6x5.3 A in diameter [91].
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Figure 1.8: The TON (left), MTT, (middle) and *MRE (right) frameworks. The pore system has been
drawn with blue insides and grey outsides.

The MEL (ZSM-11), IMF (IM-5) and TUN (TUN-9) all contain 3-dimensional 10-
ring pore systems of similar dimensions to the MFI structure (Figure 1.9). The MEL
framework is crystallographically closely related to the MFI framework, but a difference in
the pentasil chain stacking leads to two perpendicular and intersecting systems of identical
(5.3 x 5.4 A) straight channels. The IMF framework consists of two interconnected 10-ring
channel systems with channel diameters of 5.5 x 5.6 A and 5.3 x 5.4 A forming small
cavities at the intersections. The pore system has only limited 3-dimensionality since only
a few layers are connected and a “wall” of dense material separates them from other layers
in the [010] direction. The TUN framework is a complex structure of two differently sized
channel systems with channel dimensions 6.0 x 5.2 A and 5.4 x 5.5 A, respectively. Large
cavities are present at the channel intersections, where one of the 10-rings is expanded to a

12-ring.
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Figure 1.9: The MEL (left), IMF, (middle) and TUN (right) frameworks. The pore system has been
drawn with blue insides and grey outsides.
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Figure 1.10 displays the MOR, MWW and EUO frameworks. The MOR
framework possessed by the zeolite Mordenite consists of 1-dimensional 12-ring channels
with channel dimensions of 7.0 x 6.5 A. While a system of 8-ring channels connects the
12-ring channels, these are limited by very narrow apertures of 5.7 x 2.6 A. In practice, as
few molecules can diffuse through these 8-rings, the channel structure is best described as
a one-dimensional 12-ring channel with side pockets. Both the MWW (MCM-22) and
EUO (EU-1) frameworks contain a system of 10-ring channels measuring 5.5 x 4.0 A and
5.1 x 41 A for MWW and 5.4 x 4.1 A for the one-dimensional channels of EUO.
However, the defining feature of these two frameworks and the zeolites is their large 12-

ring side pockets or cavities.

Figure 1.10: The MOR (left), MWW, (middle) and EUO (right) frameworks. The pore system has
been drawn with blue insides and grey outsides.

20



2 Reactions relevant to this work

2.1 Conversion of methanol to hydrocarbons (MTH)

2.1.1 Introduction and commercial status

The conversion of methanol to hydrocarbons (MTH) over a zeolite catalyst was
first reported by researchers at Mobil in the 1970’s [92, 93]. When feeding i-butane and
methanol over zeolite H-ZSM-5, they discovered that a mixture of alkanes and aromatics
similar to high octane gasoline was produced even though i-butane was not consumed. Due
to the Arab oil embargo and subsequent oil crisis, alternative carbon sources were already
being sought [94, 95]. As methanol can be produced from any gasifiable carbon-based
feedstock (via syngas: a mixture of H, and CO), this discovery sparked an extensive
research effort and considerable commercial interest.

The stoichiometry of the acid-catalysed methanol to hydrocarbons reaction can be

represented by the general reaction equation:

H+
CH3;0H —— "CH," + H,0

where “CH,” represents a wide range of both aliphatic and aromatic hydrocarbons. The
exact product distribution can be altered through variations in process conditions or the use
of shape-selective zeolite catalysts. The general reaction path consists of an initial
equilibration of methanol to dimethyl ether (DME) and water, before this mixture reacts
further to form alkenes. These alkenes then react further to form paraffins, aromatics and
larger olefins, as shown in Scheme 2.1.

The reaction is strongly exothermic, and this makes control and removal of reaction
heat a major factor in process design. The amount of heat released during the reaction
depends on the exact product distribution [96], but the dehydration of methanol to DME
accounts for a significant fraction of the total reaction heat. For this reason, some processes

use a mixture of methanol and DME as feed for the MTH reactor.
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Scheme 2.1: General scheme of the methanol to hydrocarbons reaction. Adapted from [96].

Several processes based on the reaction have been developed, and the first
commercial natural gas to gasoline plant utilising Mobil’s methanol-to-gasoline (MTG)
process was opened in New Zealand in 1985 [97]. Haldor Topsee also developed an
alternative gasoline technology called the Topsee integrated gasoline synthesis (TIGAS)
[98]. This process combines methanol and gasoline synthesis from synthesis gas in a single
loop, leading to a higher conversion of the syn-gas feed. A fluid bed process developed by
Mobil could further produce either gasoline or light alkenes over H-ZSM-5 by varying the
process conditions [99]. Olefin production can also be coupled with a second step to
produce gasoline and distillate fuels, as in the Mobil olefins to gasoline and distillate
process (MOGD) [100].

Shortly after the construction of the MTG plant in New Zealand oil prices
plummeted. For this reason, the gasoline plant shut down in the mid-nineties. Nevertheless,
methanol conversion to hydrocarbons has remained an important research topic both in
academia and industry. Now that oil prices have risen again, the reaction is also being
commercialised again. Perhaps most notably, commercialisation on a large scale in China
for production of olefins from coal is in progress. So far, plants based on three different
technologies have been constructed: The Lurgi methanol to propylene (MTP) process
[101], the UOP/Norsk Hydro (now UOP/INEOS) methanol to olefins (MTO) process [102]
and the Dalian methanol to olefins (DMTO) process. Of these, Lurgi’s process utilises H-
ZSM-5 in a parallel fixed-bed setup with feed injection between beds and product recycle
to maximise propene yields, while the latter two processes utilise the narrow-pore zeotype

catalyst H-SAPO-34 in fluidised bed reactors to produce a mixture of ethene and propene.
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2.1 - Conversion of methanol to hydrocarbons (MTH)

2.1.2 Reaction mechanisms

Ever since the discovery of the methanol to hydrocarbons (MTH) reaction, the
reaction mechanisms have been studied and debated. The reaction was first reviewed by
Chang in 1983 [96], and again several times in the following decades [95, 103, 104].
Recently, three separate reviews appeared within the space of one year [105-107]; more
than 35 years after the initial publication on the reaction.

The early MTH mechanistic research was devoted to direct formation of carbon-
carbon bonds from C; units (methanol or dimethyl ether), and several mechanisms were
proposed [96, 104]. However, the proposed mechanisms lack experimental evidence [105]
and already in 1979 Chen and Reagan proposed that the MTH reaction was autocatalytic
[108]. 20 years later, Song et al. performed the MTH reaction using extremely purified
reagents and reported a dramatic decrease in the initial rate of methanol conversion [109].
It was suggested from the observation that the rate at which the direct C; — C; coupling
operates is irrelevant compared to the rate at which trace impurities of C,+ compounds
initiate the reaction. This conclusion has been further verified by both theoretical [110,
111] and experimental [112] studies. For this reason, direct C; — C; coupling mechanisms
will not be discussed further.

At present, the MTH reaction is believed to proceed through an indirect
mechanism, wherein hydrocarbon species act as reaction centres for product formation
[105, 113-115]. The hydrocarbon reaction centres may be alkenes [116, 117], aromatic
species [118-123], or a combination of both [118]. The following sections will describe, in
a roughly chronological order, some of the efforts leading towards the current mechanistic

understanding of the reaction.

Auto-catalysis and indirect mechanisms

After the suggestion by Chen and Reagan [108] that the reaction was autocatalytic,
several indirect mechanisms were proposed during the early 1980’s. Dessau and co-
workers [116, 117], from the Mobil research laboratories, proposed that the reaction over
H-ZSM-5 was driven by a continuous cycle of alkene methylation and cracking, as

illustrated in Scheme 2.2.
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Scheme 2.2: The methylation/cracking mechanism proposed by Dessau. Adapted from [117]

According to this mechanism, the initial alkenes are formed from reactions
involving carbon-carbon bond formation, but once alkenes are present the reaction leading
to their formation is irrelevant, in accordance with Chen and Reagan’s autocatalytic
reaction scheme [108]. Dessau’s MTH reaction mechanism considers ethene as a product
obtained from secondary re-equilibration of primary alkenes and not as a primary product
obtained from methanol. In addition, aromatic species formed during the MTH reaction are
presented as end products (or coke precursors) resulting from hydrogen transfer reactions,
with no contribution to effluent product formation.

At approximately the same time Langner [124] reported that the addition of small
amounts of higher alcohols, and especially cyclohexanol, to the methanol feed dramatically
reduced the induction period over NaH-Y zeolite. While this result agreed with Dessau’s
proposal, Langner suggested a reaction mechanism where methylated cyclic intermediates
could undergo a “paring reaction” to produce light alkenes. This “paring reaction” was first
proposed by Sullivan et al. [125] to explain the formation of alkanes (especially i-butane)
from hexamethylbenzene (HexaMB), and involves ring-contraction and -expansion steps
connected to the de-alkylation. Work by Mole and co-workers [126, 127] in 1983 led to a
similar conclusion when they added 1 wt% of toluene or p-xylene to the methanol feed and
observed a dramatic increase in methanol conversion. However, based on co-reactions with
isotopically labelled aromatics over H-ZSM-5, they suggested a mechanism of alkene
formation where polymethylbenzenium ions are deprotonated to form exo-
methylenecyclohexadiene species. The exocyclic double bond of these compounds may be
methylated, and the resulting alkyl side chain successively eliminated. These two

mechanisms will be discussed in more detail in Section 2.2.
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The “hydrocarbon pool”

In the mid-1990’s, Dahl and Kolboe carried out isotopic labeling experiments by
co-feeding alkene precursors (ethanol, propanol) and *C-methanol over a H-SAPO-34
(CHA) catalyst. Analysis of the effluent showed that most of the products were formed
exclusively from methanol under the applied reaction conditions [113-115]. Hence, a
parallel indirect mechanism, the “hydrocarbon pool” was proposed. While their proposal
shared many similarities with previous works, this schematic concept had a greater
immediate influence than the works of the previous decade [103]. The original
hydrocarbon pool model, as shown in Scheme 2.3, assumed that methanol was
continuously added to a pool of adsorbed hydrocarbons, which successively eliminated

light alkenes.

ao N7

nCH;O0H — (CH,),

Tl Saturated hydrocarbons
C4Hg Aromatics

Scheme 2.3: The hydrocarbon pool mechanism proposed by Dahl and Kolboe. Adapted from [115].

The initial hydrocarbon pool was given an overall stoichiometry (CH;),, and the
chemical structure was not specified [113-115]. Thus, the concept of the hydrocarbon pool
could cover all intermediates in the proposed indirect mechanisms from the previous
decade. However, studies performed the following decade focused mainly on aromatic or
cyclic intermediates. The group of Haw et al. [128-131] used MAS NMR spectroscopy to
identify a number of benzenium and cyclopentadienyl cations present inside the catalyst
under working conditions, while Mikkelsen et al. [120] found support for the hydrocarbon
pool in large-pore zeolites from co-reactions between methanol and aromatics. The groups
of Haw and Kolboe simultaneously concluded that polymethylbenzenes (PolyMBs) were
the main hydrocarbon pool species in H-SAPO-34 (CHA) [121, 123, 132]. Additional
evidence for the hydrocarbon pool mechanism in H-ZSM-5, H-SAPO-34 (CHA) and H-
SAPO-18 (AEI) was also provided by Hunger et al. [133-135]. Later studies of the MTH
reaction in zeolite H-Beta (*BEA) cemented the importance of PolyMB intermediates in

this catalyst [136, 137].
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The dual cycle concept

After a period focusing mainly on aromatic intermediates in the MTH reaction,
steady-state isotope transient studies over H-ZSM-5 revealed that aromatics did not act as
intermediates for all alkenes formed [118, 119]. This finding gave rise to the dual cycle
concept, which states that the hydrocarbon pool proceeds through two partly separated
cyclic reaction mechanisms, as shown in Scheme 2.4. One of these cycles (the alkene
cycle) involves methylation and cracking of alkenes in a similar manner to what was
previously proposed by Dessau [116, 117]. A main difference from the proposal by Dessau
is that ethene formation from the alkene cycle is assumed to be neglible. The other cycle
(the arene cycle) involves continuous methylation of aromatic molecules, and their
subsequent de-alkylation. The mechanism for de-alkylation has not yet been fully

elucidated, but will be discussed in more detail in Section 2.2.
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Scheme 2.4: General scheme of the dual-cycle mechanism. Both the relative propagation of each
cycle and the exact structure of the intermediates depend on the catalyst employed and the reaction
conditions. This in turn means that all products shown here are not necessarily observed in all
systems.

The dual cycle proposal initiated a series of similar studies over different catalysts
with the aim of relating catalyst structure to product selectivity. Several studies have
shown that pore size is an important parameter determining which of the two cycles is
favoured. In general, it has been found that the arene cycle is more favoured in large-pore

than in medium pore catalysts [122, 138-141]. However, it has also been suggested that
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large-pore zeolites favour the alkene cycle at high pressure and low temperatures [142,
143].

Furthermore, the dual cycle concept raised an interesting fundamental question of
whether it was possible to run one cycle independently of the other [118, 119]. As both
cycles are active in the large pore zeolite H-Beta (although the arene cycle is favoured)
[122], attention turned to whether a catalyst with smaller pores than H-ZSM-5 would
suppress formation of aromatics and force the alkene cycle to operate on its own. In a rare
example of rational catalyst design, this question was answered by studies of the
unidimensional narrow 10-ring zeolite H-ZSM-22 (TON). This catalyst was indeed found
to strongly favour the alkene cycle, while suppressing the formation of aromatic products
[144, 145]. The resultant product spectrum was rich in Cs. alkenes, with a high fraction of

branched and di-branched Cs; products and very low amounts of aromatics.
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2.2 De-alkylation of polymethylbenzenes

The structure and reactivity of (poly)methylbenzenes and their corresponding
arenium ions are of relevance to several important areas in chemistry. Not least due to their
role as reaction intermediates in electrophilic aromatic substitutions [2], (alkyl)arenium
ions have been studied extensively both in gas phase [146] and in superacids [147, 148]. In
zeolites, polymethylbenzenium ions have been observed during reactions between
methanol and aromatics at 300 °C [131]. It has also been shown by Bjergen et al. [149,
150] that PolyMBs with four or more methyl groups form persistent cations at room
temperature in zeolite H-Beta.

In the methanol to hydrocarbons reaction, polymethylbenzenium ions are central
intermediates of the arene cycle. However, the mechanism by which these de-alkylate to
form alkenes is still debated. The two mechanistic proposals most often invoked, the
paring reaction and the side-chain (or exocyclic) methylation mechanism, are illustrated in
Scheme 2.5. As shown, both reactions involve methylation of HexaMB to form a
heptamethylbenzenium cation (heptaMB") as the first step. This ion has previously been
shown to be the terminal product of the friedel-craft methylation of benzene [151].
However, it is hypothesised that aromatics with fewer methyl groups could also form

polymethylbenzenium cations and undergo similar reactions.
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Scheme 2.5: The paring and side chain reaction pathways for de-alkylation of aromatics.
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The paring reaction was first proposed by Sullivan et al. [125] to account for the
high yield of i-butane during hydrocracking of HexaMB. It involves the rearrangement of
HeptaMB" to a five-membered ring with an alkyl substituent. This smaller ring can then
either split off propene directly, or reorganise further to eliminate i-butene before
deprotonation and expansion back to a six-ring. The side-chain methylation pathway was
first proposed by Mole and co-workers [126, 127], and later refined by Haw et al. [103,
137], and involves deprotonation of HeptaMB' to form 1,2,3,3.4,5-hexamethyl-6-
methylene-1,4-cyclohexadiene (HMMC). The exocyclic double bond present in HMMC
can subsequently be methylated to form an ethyl side-chain, which may be eliminated as
ethene. Alternatively, another deprotonation and methylation reaction may lead to an i-
propyl side-chain and subsequent elimination of propene.

A notable difference between the paring and side-chain methylation mechanisms is
that the paring reaction involves the use of a ring carbon to grow an alkyl chain, while in
the side-chain methylation reaction the aromatic ring is not broken during the reaction.
This difference was exploited by Bjergen et al. [136] and Sassi et al. [137], who performed
extensive isotopic labelling and co-feed studies aimed at elucidating the reaction
mechanisms of de-alkylation over zeolite H-Beta. Sassi et al. [137] worked at high
temperatures (350-450 °C) and concluded that side-chain methylation was the most
important pathway to alkenes, in part because 5 equivalents of methanol to one of toluene
was more reactive than HexaMB reacted alone or together with water. Also, they found
that the produced ethene and propene contained an excess of carbon atoms from methanol
compared to what would be expected from the paring reaction. On the other hand, Bjergen
et al. [136] found that the majority of the propene and i-butane (the latter formed directly
from i-butene by hydride transfer) formed at temperatures below 300 °C contained exactly
one ring-carbon, as expected from the paring mechanism. Further, no indication of side-
chain methylation was found when methanol was introduced into a catalyst known to
contain active PolyMBs.

Unimolecular de-alkylation from polymethylbenzenium ions has also been
demonstrated experimentally in gas phase using mass spectrometry [152, 153]. These
reveal that with a higher number of methyl groups, the chance of alkene loss relative to
methyl, methane or H, increases. It was also found that average size of the alkenes
eliminated increased with a higher number of methyl groups, which corresponds well with

findings in zeolite catalysed reactions [122, 139].
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Whether side-chain methylation becomes more important at higher temperatures is
an open question: Isotopic labelling experiments performed under typical MTH conditions
are very difficult to analyse, due to the possibility for both independent reactions leading to
ring/methyl carbon exchange without de-alkylation [136, 137] and parallel alkene
formation via the alkene cycle.

The two de-alkylation mechanisms have also been investigated theoretically. Using
cluster calculations, Arstad et al. [154] concluded that side-chain methylation was a viable
pathway in the MTH reaction. Later, McCann et al. [155] reported a full paring cycle to
produce i-butene in a large cluster model of H-ZSM-5. Using similar methods, Lesthaeghe
et al. [156] found that an ethyl side-chain could grow from o-xylene via deprotonation and
methylation. However, the barrier for ethene elimination was high. Later work by Kolboe
[157-159] revealed that elimination of an alkyl chain can occur with much lower barriers
through a m-complex between the benzene ring and the alkyl fragment. This observation
led De Wispelaere et al. [160] to propose a complete low-barrier side-chain methylation
mechanism in H-SAPO-34.

Arstad et al. [161-163] have also illuminated many aspects of de-alkylation and
ring scrambling of polymethylbenzenium ions in their extensive gas phase calculations. In
addition to the classical paring mechanism, their work also includes an alternative
unimolecular mechanism involving expansion of the PolyMB to a tropylium-type cation.
This mechanism shares many features with the paring mechanism, including ring
scrambling to incorporate ring carbons into the eliminated alkenes. For this reason both
unimolecular reaction mechanisms are referred to as paring-type reactions in this work in
order to distinguish them from the multimolecular side-chain mechanism.

Due to the high basicity of the HeptaMB" cation, it is a pertinent question whether
appreciable amounts are deprotonated and available for side-chain methylation under
reaction conditions. The work by Bjergen et al. [136] suggests that this is not the case at
low temperature, while the theoretical deprotonation steps suggested by De Wispelaere et
al. ([160], supporting information) display very high reverse (protonation) rates. If
deprotonation is a rate-limiting step in side-chain methylation, it is possible that a lower

catalyst acid strength will favour this reaction.
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2.3 Zeolite-catalysed methylation reactions

Methylation plays an important role in many zeolite-catalysed reactions. For
example, in the MTH reaction, methylation of alkenes and aromatics constitute key
reaction steps in the alkene and arene cycles respectively (see Scheme 2.4). However,
while acid catalysed methylation is a seemingly simple reaction, the reaction mechanism is
still not fully understood. A review of zeolite-catalysed methylation reactions was recently
published [164]. Two distinctively different mechanisms are usually considered for
methylation of alkenes and aromatics: A stepwise and a concerted mechanism. These two

mechanisms are illustrated for the methylation of benzene in Scheme 2.6.
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Scheme 2.6: The concerted (top) and stepwise (bottom) mechanisms for methylation of benzene to
form toluene. Adapted from [165].

In the concerted mechanism, an adsorbed methanol molecule interacts directly with
the species that is being methylated. Then, in a single step, the methyl group is transferred
and the OH group and acidic proton are eliminated as water. A protonated methylation
product is then formed, which can reorient and transfer the proton back to the zeolite to
form a neutral product and regenerate the acid site. On the other hand, the stepwise
mechanism involves dehydration of methanol to a surface-bound methoxy group with the
acid site as the first step. The methoxy group then interacts with the molecule being
methylated in a second step to form the protonated methylation product, which is
successively deprotonated to form the neutral product and regenerate the acid site.

While methanol is depicted as the reactant in Scheme 2.6, methanol is easily

dehydrated to DME over zeolitic catalysts, which complicates the situation slightly.
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However, several studies indicate that DME can undergo analogous reactions to those in
Scheme 2.6 [166-168] but eliminating methanol instead of water. A second complication is
that some substituted benzenes and branched alkenes have a higher proton affinity than
methanol (see e.g. [169]) and would thus be expected to be protonated and reside mainly
on the acid site. A mechanism involving proton transfer from an initially protonated
methylbenzene to methanol before a reaction resembling the concerted reaction in Scheme
2.6 has been found to be viable as well [165].

From experimental studies at 350 °C over H-ZSM-5 [170], ethene methylation has
been found to be zero order with respect to methanol, and first order with respect to the
alkene. The same was observed for propene and ¢-2-butene [171], although some
deviations were observed at high alkene pressures for the latter two. Similar studies using a
large excess of DME as methylating agent at low temperatures reproduced this result over
several zeolites [172, 173]. In line with the expected trend for carbocation stability, higher
apparent methylation rates and lower apparent barriers with increasing alkene size and
substitution were found. This trend has also been reproduced by theoretical calculations of
alkene methylations via the concerted pathway [174, 175].

Similarly, experimental and theoretical studies of the methylation of benzene have
found that the rate of methylation increases from benzene to toluene in H-ZSM-5 [176],
but that the methylation of the more bulky xylenes is hindered by the framework.
However, in zeolites H-Beta and H-Mordenite, the methylation rate increases still further
as the number of methyl groups increases [177]. Calculations using a small cluster to
represent the zeolite support this, showing that methylation will easily proceed all the way
to form HeptaMB" [178]. The methylation of benzene has also been reported to be first
order with respect to the aromatics and zero order with respect to methanol in both H-
ZSM-5 and H-Beta [179].

With respect to reaction mechanism, the insights are still inconclusive [164]. While
methoxy groups have been observed in zeolites in several spectroscopic studies [164], they
were not observed in a recent FTIR investigation of benzene methylation at 350 °C [180].
Despite the latter result, it is possible that the coverage of methoxy groups may be too low
to observe during reaction conditions. Furthermore, theoretical studies comparing both
reactions including entropic effects indicate that the stepwise mechanism becomes

increasingly favoured at higher temperatures [168, 181].
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2.4 Effects of catalyst acid strength

Few literature reports specifically pertaining to the effects of acid strength exist, but
this section nevertheless attempts to give an overview of the field. One early report by
Tielen et al. [37] observed that a higher acid strength led to more cracking relative to
isomerisation during bifunctional n-decane conversion, and attributed this to longer life-
times of carbocation intermediates on the stronger acid sites. Later, Bourdillon et al. [182]
compared various reactions over zeolite H-Y while blocking sites of differing acid
strengths with pyridine, and found that while isomerisation of 3,3-dimethyl-1-butene was
facile over weak acid sites, n-hexane transformations required much stronger acid sites.

For the conversion of methanol to hydrocarbons, Yuen et al. [183] compared
catalysts of varying acid strength with CHA and AFI frameworks. They concluded that
while borosilicate catalysts were not strong enough acids to convert methanol to
hydrocarbons, both zeolites and the less acidic SAPO catalysts were. They reported that
the stronger acidic CHA catalyst (H-SSZ-13) produced more alkanes than the weaker acid
H-SAPO-34, and also deactivated faster due to coke formation. For the AFT catalysts, they
reported similar product distributions for all the three increasingly strong acids H-SAPO-5,
H-SSZ-24 and MgAPO-5 at full methanol conversion, but did not provide details. More
recently, Bleken et al. [184] performed a detailed comparison of H-SAPO-34 and H-SSZ-
13 with similar crystal size and identical acid site density in the MTH reaction. They found
that H-SSZ-13 was more active and deactivated faster at optimal conditions than the less
acidic H-SAPO-34, but that the methanol conversion capacity (i.e. the cumulative
methanol conversion before full deactivation) was higher in H-SSZ-13 at temperatures
below 375 °C. Furthermore, they observed that less basic methylbenzenes (with fewer
methyl groups) could decompose in the stronger acid H-SSZ-13 during flushing
experiments. Unfortunately, detailed mechanistic insights proved difficult to obtain due to
the severe restrictions on diffusion in the CHA structure leading to a high degree of
product shape selectivity [140].

Homogeneously catalysed conversion of methanol to hydrocarbons over Znl, and
Inl; at low temperature was studied by Bercaw and Hazari et al. [185, 186]. Under these
conditions, alkene methylation up to C7 is strongly favoured, leading to high yields of
triptane (2,2,3-trimethylbutane). They found that the stronger acid Inl; was more active

than Znl,, but also that hydride transfer reactions were favoured in the stronger acid. This
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in turn led to higher amounts of aromatics and alkanes. They also reported a much higher
ability to activate alkanes for Inls than Znl, [187]. Later, similar results for a heterogeneous
system were reported by the group of Iglesia [188, 189] for comparisons of zeolites and
amorphous SiO;-Al,O3 with the strongly acidic H3;PW;,04 during dimethyl ether
conversion to triptane.

Research on Keggin polyoxometalate clusters with different central atoms (and thus
different acid strength) in addition to zeolite H-Beta has provided more detailed
information on the effects of acid strength. Work by Macht et al. [190] and Carr et al. [191]
has revealed that while the activation energies of hexane isomerisation, butanol
dehydration reactions and dimethyl ether formation depend linearly on the calculated
deprotonation energy (DPE) of the acid catalyst, the slope is always less than unity and
differs for the three reactions. They concluded that the higher activation energy caused by
increases in DPE are partly compensated by better stabilisation of the transition state ion
pairs as DPE increases. Furthermore, they suggested that the ion-pair stabilisation
depended on the degree of charge localisation in the transition state. Transition states with
more localised charge are better stabilised by the densely charged conjugate bases of weak
acids, and are thus less sensitive to acid strength. For example, the diffuse cyclopropyl
cation formed in the transition state for hexene isomerisation leads to a higher dependence
on DPE than what was observed for 2-butanol dehydration, which proceeds through a
transition state with a higher charge density [190].

Recent calculations by Wang and Brogaard et al. [192] has further demonstrated
that in addition to the inverse dependence on DPE, the ion-pair stabilisation energy is also
affected by the chemical composition of the surrounding framework. Thus, reactivity does

not always linearly depend on DPE alone, even in isostructural frameworks.
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3.1 Synthesis of Zeolitic catalysts

3.1.1 H-SAPO-5

H-SAPO-5 was synthesised hydrothermally from water, triethylamine (TEA, 99.5
%, Fluka), orthophosphoric acid (85 %, Merck), Cab-O-Sil M5 (Riedel-de Haén) and
Catapal B (Vista). Typically, 82.80 g distilled water and 24.76 g orthophosphoric acid
were mixed before addition of 14.67 g Catapal B. Thereafter, 0.64 g Cab-O-Sil M5 and 42
g TEA were added, and the mixture was shaken vigorously until a homogeneous mixture
was obtained. This mixture, with the composition 50H,O : 1A1,03 : 1P,O0s : 0.1Si0; :
3.9TEA, was then distributed into two 50 ml Teflon liners that were subsequently inserted
into stainless steel autoclaves. The autoclaves were mounted onto a rotor rack inside a
heating cabinet preheated to 200 °C. While a motor continuously tumbled the autoclaves,
the mixture crystallised over the course of 4 hours at 200 °C.

After crystallisation, the autoclaves were removed from the oven and quenched in a
bucket of ice-water. The products were then washed with distilled water and recovered by
centrifugation (20 minutes at 3000 rpm). Washing and centrifugation was repeated four
times, and afterwards the sample was dried overnight at 60 °C. Removal of the structure
directing agent (TEA) was performed by calcination in static air at 600 °C for 2 h, leaving
the sample on H-form.

From several reproductions of the synthesis, it was found that the exact
crystallisation time was critical in order to avoid impurities of the CHA structure. The
addition of seeds from a previous synthesis also increased the purity of the AFI phase

formed. For more details on the synthesis of H-SAPO-5, see [193].
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3.1.2 H-SSZ-24

The synthesis of H-SSZ-24 was based on work by Kubota and Maekawa et al. [194,
195]. 1t utilises an aluminium-containing Beta zeolite as the source of aluminium, and
N(16)-methylsparteinium hydroxide (MeSpaOH) as the structure-directing agent. The
synthesis procedures for both of these are described after the synthesis procedure for H-
SSZ-24.

For crystallisation of H-SSZ-24, a mixture with composition 50H,O : 1SiO; :
0.005A1,053 : 0.075NaO : 0.15MeSpaOH was prepared from water, NaOH, MeSpaOH,
Cab-O-Sil M5 (Riedel-de-Haén) and H-Beta zeolite. Typically, 5.89 g distilled water, 2.27
g of'a 0.66 mmol/g aqueous solution of MeSpaOH and 0.24 g aqueous NaOH (6.3 mmol/g)
were mixed directly in a 13 ml Teflon liner and stirred for 10 minutes. Subsequently, 0.18
g H-Beta and 0.43 g Cab-O-Sil were added and the mixture stirred for 4 hours. These
amounts assumes an H-Beta sample with Si/Al = 30 (confirmed by energy dispersive x-ray
spectroscopy: EDS), and must be adjusted for other H-Beta Si/Al ratios. The mixture was
then crystallised for 25 hours at 175 °C before thermal quenching of the autoclaves in ice-
water. Washing of the product with distilled water and subsequent recovery by
centrifugation (30 minutes at 3000 rpm) was repeated four times. The sample was then
dried overnight at 60 °C.

Removal of the structure directing agent (MeSpaOH) was performed by calcination
in a tubular oven with a continuous flow of 25 % O, in N,. The sample was heated to 550
°C over the course of 10 hours, and subsequently held at 550 °C for 10 hours. The resulting
Na-SSZ-24 was ion-exchanged to yield H-SSZ-24 by mixing with an excess (30 g solution
/'1 g zeolite) of 1M NH4NOj solution and keeping the suspension at 80 °C for 3 hours. The
powder was then recovered by centrifugation (30 minutes at 3000rpm) and the ion
exchange repeated twice more. After the third ion-exchange, the sample was washed with
distilled water, recovered by centrifugation and dried overnight at 60 °C. The same
calcination procedure as above was then repeated to bring the sample from NHy4 to H-form.

While the syntheses of the samples used for this thesis were made from homemade
H-Beta, it was found that the varying quality of this Beta zeolite led to poor reproducibility
of the H-SSZ-24 synthesis. Later syntheses utilising a commercial Beta sample (Zeolyst
CP814C* ion-exchanged to H-form by the method described above) proved equally or
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more successful. The amounts of H-Beta and Cab-O-Sil were adjusted to account for the

higher concentration of Al in this sample (Si/Al = 19).
Synthesis of the H-Beta zeolite

The H-Beta synthesis was based on the recipe by Cardoso et al. [196], but no Ti
was added. First, 12.2 g Cab-O-Sil M5 (Riedel-de-Haén), 46.35g tetracthylammonium
hydroxide (TEAOH, 40 %, Aldrich) and 6.7 g distilled water were mixed in a large beaker
and stirred until all the Cab-O-Sil was dissolved and a homogeneous mixture obtained.
Typically, this took 30 minutes. While this mixture was stirred, a separate mixture of 0.47
g AI(NO3)3x9H,0 (95 %, BDH) dissolved in 30.7 g distilled water was prepared. The
latter mixture was then added to the first and the resulting mixture was stirred for 15
minutes before transfer to a 150 ml Teflon liner and subsequent enclosure in a stainless
steel autoclave. The mixture was then crystallised at 140 °C for 96 hours, after which the
autoclave was removed from the oven and cooled in a bucket of ice-water. The product
was washed with distilled water and centrifuged (45 minutes at 3000 rpm) four times
before drying overnight at 60 °C. Removal of the structure directing agent (TEAOH) was
performed by calcination in static air. The sample was heated to 550 °C over the course of

10 hours, and this temperature was maintained for another 10 hours.

Synthesis of the structure-directing agent

The synthesis of the structure directing agent (MeSpaOH) was based on procedures
previously described by Lobo et al. [90] and Kubota et al. [197], but with slight

modifications. An overview of the synthesis is given in Scheme 3.1.

(-)sparteine N CH3I N®
sulphate N »
aOH/H,0 Acetone Amberlne/HZO
pentahydrate N N
OH-
(-)sparteine N(16)methylsparteinium N(16)methylsparteinium
iodide hydroxide

Scheme 3.1: The reaction steps involved in the synthesis of N(16)-methylsparteinium hydroxide from
(-)sparteine sulphate pentahydrate.
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Pure (-)sparteine was obtained from (-)sparteine sulphate pentahydrate (ABCR) by
stirring 25 g (59 mmol) of the latter vigorously for 20 minutes at room temperature in an
aqueous NaOH solution (10 % w/w, 60 ml). The product was then extracted with CH,Cl,
(3 x 50 ml) and dried with K,COs;. The K,CO3; was then removed by filtration and the
solvent by evaporation under vacuum. Typically, yields above 90 % of (-)sparteine were
obtained in this step.

The recovered (-)sparteine was dissolved in acetone (100 ml). CH3I (7.5 ml, 120
mmol ~2 eq.) was then added dropwise through a septum and the mixture subsequently
stirred in darkness (the extracted sparteine decomposes in light) for 45 hours. When the
reaction was finished, diethylether (50 ml) was added before the crystals were filtered and
washed with a 50/50 (200 ml) mixture of Acetone and diethyl ether.

Purification of the the N(16)-methylsparteinium iodide (MeSpal) was performed by
dissolving the crystals in 100ml boiling 2-propanol and recrystallized. The recrystallized
product was then filtered and washed with ice-cooled 2-propanol (100 ml). Yields around
60 % were typically obtained in this step. *C NMR was used to confirm the purity of the
MeSpal (see [197]). If i-propanol was observed in the NMR spectrum, this was removed
by dissolving the crystals in water and evaporation under vacuum.

The MeSpal was ion-exchanged by Amberlite IRN78 ion exhange resin (Supelco)
to obtain MeSpaOH. 240 g (300 mmol OH" exchange capacity) of Amberlite in 300 ml
distilled water were used to exchange 27.5 g MeSpal (3 equivalents OH to I'). The slurry
was stirred for 48 hours before filtering off the ion exchange resin. Some of the water was
then evaporated to obtain an aqueous solution of 0.66 mmol/g MeSpaOH. The
concentration was determined by titration with 0.01M HCI using bromothymol blue as

indicator.
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3.2 Synthesis of Hexamethylmethylenecyclohexadiene

The synthesis of 1,2,3,3,4,5-hexamethyl-6-methylene-1,4-cyclohexadiene (HMMC)
was based on work by Doering et al. [151] and Bjergen et al. [198], but used benzene and
methyl iodide as the starting reagents. The synthesis was performed by Magnus Mortén,
Department of Chemistry, University of Oslo.

A 50 ml round-bottom flask equipped with a magnetic stir bar and condenser fitted
with CaCl, drying tubes was used for the reaction. First, freshly ground AICl; (1.86 g,
13.9 mmol, 2.1 eq.) was placed in the flask before benzene (0.53 g, 0.60 ml, 6.7 mmol, 1.0
eq.) was added and the mixture was heated to reflux. Thereafter CHsI (31.9 g, 14.0 ml, 225
mmol, 34 eq.) was added drop-wise and the reaction mixture refluxed for 20 hours. After
reaction, the mixture was cooled on an ice bath. Purification was then performed by a
series of extractions and washing in acidic and basic media, taking advantage of the high
basicity of HMMC:

After cooling, the reaction mixture was added drop-wise, while stirring, to a flask
containing pentane (20 ml) and water (5 ml) at 0 °C. NaOH (50 % w/w) was then added
until pH = 14. After phase separation, the aqueous phase was extracted with pentane (3 x
10 ml). The combined organic phases were cooled to 0 °C and HCI1 (12 M) was added
drop-wise until pH = 0. After phase separation, the organic phase was extracted with HCI
(12 M, 3 x 10 ml). The combined aqueous phases were cooled to 0 °C before addition of
NaOH (50 % w/w) drop-wise until pH = 14. The solution was then extracted with diethyl
ether (4 x 10 ml), and the combined organic phases washed with brine (10 ml) and dried
with MgSO,. The solvent was removed under vacuum, affording the product as yellow
crystals (1.00 g, 5.70 mmol, 85 % yield).

For the synthesis of selectively labelled HMMC, "*Cg benzene (Cambridge Isotope
Laboratories, 99 %) was methylated with 'CHsI to yield a product with labelled ring

carbons and unlabelled methyl groups.

3.2.1 Characterization

The purity of the synthesised HMMC was confirmed by GC-FID/MS on an Agilent
7890/5975C GC/MS with a J&W HP-5MS column (60 m x 0.25 mm x 0.25 pm) and with
'H and ">C NMR on a Bruker Avance DPX300 or DPX400 instrument.
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3.3 Catalyst characterization

3.3.1 Powder XRD

Powder X-ray diffraction was performed on the catalysts to analyse phase purity of
the synthesised materials. Samples were prepared by mixing the powder with ethanol or
water before dispersing it on a glass plate sample holder and allowing the liquid to
evaporate. Diffractograms were collected between 26 = 3-60°.

Two different instruments were employed: a Bruker D8 Discover and a Siemens D-
500. Both instruments had Bragg-Brentano geometry and Cu Ko radiation was used (A =
1.5406 A).

3.3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to determine particle sizes
and morphologies of synthesised samples. The instrument used was a FEI Quanta 200
FEG-ESEM equipped with both an Everhart-Thornley secondary electron detector and a
detector for backscattered electrons. In addition, it provided the possibility of performing
EDS. Microscopy was usually performed at working distances of around 10 mm with
acceleration voltages between 5-10 kV. High vacuum conditions were employed for all

samples studied.

3.3.3 FTIR

FTIR measurements were performed in transmission mode on a Bruker Vertex 80
instrument with an MCT detector. A quartz sample cell with KBr windows was employed.
The samples were either deposited on a silicon wafer or pressed into a self-supporting disc
and were pre-treated under vacuum by heating to 120 °C for 1 hour, 300 °C for 1 hour and
450 °C for 1 hour.

For CO adsorption measurements, CO was allowed into the sample cell before the
samples were cooled to 77 K with liquid nitrogen. The CO was then gradually pumped out

of the cell while spectra were recorded at regular intervals.
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3.3.4 N; adsorption

N adsorption isotherms were measured at -196 °C, using a BEL BELSORP-mini IT
instrument. The samples were outgassed in vacuum first for 1 hour at 80 °C and
subsequently at 300 °C for an additional 3 hours. Specific surface area was calculated

using the BET equation based on p/py data in the range 0.01 - 0.15.

3.3.5 NH3 TPA

Temperature programmed adsorption of NH; was performed in a TGA setup, using
a Mettler Toledo TGA / SDTA851e. Samples were heated to 500 °C in a flow of N, at a
rate of 10 °C min™! and held there for 15 minutes before switching to a flow of 2 % NHj in
N,. After a further 40 minutes, the temperature was decreased to 400 °C (10 °C min™).
This temperature was again held for 40 minutes before decreasing to 300 °C, which was
held for another 40 minutes before decreasing to 200 °C. The weight gain after each
temperature decrease was logged and used for calculating the amount of adsorbed NH3 per

gram catalyst.

3.3.6 TPD of n-propylamine

Temperature programmed desorption of n-propylamine was performed in a manner
similar to that described by Gorte et al. [59, 77, 83]. 20 mg catalyst placed in an 11 mm
glass reactor and was pretreated in a flow of oxygen at 550 °C, before cooling to 150 °C. A
stream of nitrogen (80 ml/min) bubbled through n-propylamine at room temperature was
then fed over the catalyst for 20 minutes in order to adsorb n-propylamine at 150 °C. After
this, the catalyst was left at 150 °C for 4 hours in a stream of 80 ml/min nitrogen to desorb
excess n-propylamine. The temperature was then ramped at 20 °C/min up to 550 °C, and
the amount of propene desorbed was quantified using an on-line Pfeiffer Omnistar

quadrupole mass spectrometer.
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3.4 Catalytic testing

3.4.1 Test-rig setup

Catalytic testing experiments were performed in U-shaped glass or quartz reactors
with inner diameters of either 5 or 8 mm, with a 3 mm wide thermocouple well (glass or
quartz) inserted into the middle of the catalyst bed in order to monitor the reaction
temperature. The catalyst particles were pressed, gently crushed and sieved to particle sizes
between 0.25 - 0.42 mm. The reactor was made so that the catalyst bed would always sit in
the isothermal zone of the oven during testing. In some experiments, quartz was used to
dilute the catalysts (in order to avoid bypass when small amounts of sample were used).

The quartz was sieved to 0.25 - 0.42 mm particle size and calcined overnight at 800 °C.

Mass flow controllers
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Figure 3.1: Schematic drawing of the setup employed for catalytic testing in this work. Note that all
tubing drawn in bold was heated and insulated.

Schematics of the setup constructed for catalytic testing is shown in Figure 3.1. The

setup contained 9 mass flow controllers for various gases, and these were joined together
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to form five separate gas lines. Each of these lines was controlled by a stream selector and
could be independently directed either to the reactor or to a separate waste line. The stream
selector consisted of 5 Swagelock TT2B3 modules (with a low internal dead volume) and
each module was operated pneumatically by a solenoid valve. All tubing and valves were
316 stainless steel with dimensions of 1/8” or 1/16”. The tubing between the saturators and
the reactor (including the stream selector) could be heated to ~150 °C, while all tubing
after the reactor was heated to >200 °C.

The system was controlled via a LabView interface programmed by Terje Gronas

at the Department of Chemistry, University of Oslo.

3.4.2 Saturators

Two types of saturators for feeding liquid reagents were employed during this
work. During the early parts of the work (Papers I and II), liquid reactants were fed by
bubbling helium through a simple glass saturator immersed in water. However, as a stable
water temperature could not be maintained for long periods of time, a more sophisticated
system was constructed for the remaining work. The new saturators were based on a two-
stage design previously employed by C. Sprung [199].

The setup consists of a glass container, between 10 ml and 1 litre depending on
reactant used, with a Vigreux column inside a water jacket attached to the top. The glass
container was heated by a silicone-oil bath, while the temperature in the Vigreux column
was kept at a constant (lower) temperature by a circulating thermostated water bath.
Helium was introduced through a glass frit and bubbled through the container of boiling
liquid before continuing upwards and condensing in the Vigreux column. The partial
pressure of the reactant was thus determined by the temperature in the column (which was
checked by a thermocouple inserted at the top of the column). To ensure efficient heat
transfer, the Vigreux column was filled with small pieces of glass capillaries.

This setup could deliver stable vapour pressures over a range of temperatures and
flows as long as the liquid remains boiling in the main container. If the liquid was not
boiling, a variable flow and delayed response to flow changes was observed. This effect
was especially severe for the large 1 litre saturator employed for methanol, while it was

less of a problem for small saturators (smaller than ~50 ml).
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3.4.3 GC/MS setup

For the majority of the tests performed, the reactor effluent was analysed by an on-
line GC-FID/MS analysis (Agilent 7890/5975C GC/MS) using two Restek Rtx-DHA-150
columns (150 m, 0.25 mm i.d., stationary phase thickness 1 um). The two columns were
attached to the same inlet, but to different detectors (flame ionisation detector and MS
detector respectively). A small restrictor was added between the column and MS detector
in order to ensure similar flow through both columns. Hydrogen (purity 6.0) was used as
carrier gas.

For the transient experiments performed in Paper I the gas phase effluent was
sampled from the reactor outlet using a syringe, and analysed by injection into a
HP6890/5973 GC/MS with a GS GasPro column (30 m, 0.32 mm i.d.) using helium (purity

5.0) carrier gas.

3.4.4 Analysis of compounds retained in the catalyst

Analysis of hydrocarbons retained in the catalyst after reaction was done by a fast
transfer of the catalyst powder from the reactor to a glass vial at room temperature, thus
quenching the reaction. The catalyst sample was then dissolved in an aqueous solution of
15 % HF (1 ml HF solution to 50 mg catalyst) and the hydrocarbons extracted with 0.5-1
ml CH,Cl, (Merck, 99.9 %).

The organic phase was then analysed on an Agilent 6890/5973 GC/MS with an
Agilent J&W HP-5MS column (60 m x 0.25 mm x 0.25 pm).

3.4.5 Analysis of isotopic distributions

Determination of the isotopic distribution in products was done by performing a
linear regression analysis on the ion fragments found by mass spectrometry. The method
employed was based on previous work by P.O. Renning [200]. In all the analyses, it was
assumed that kinetic isotope effects on MS fragmentations were negligible. Furthermore,

the method only analyses molecular ions and fragments with intact carbon skeletons.
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3.4 - Catalytic testing

As "°C makes up 1.11 % all naturally occurring carbon atoms, it is necessary to
correct for this amount in order to obtain a pure '>C mass spectrum. For an ion of mass m/z

consisting of N carbon atoms, the probability of containing n "*C atoms is given by:

p = [L] £0.0111" * 0.9889N ™
T [l (N —n)!

The bracketed part of the equation above represents the number of permutations
possible for n "*C atoms in an ion of N carbon atoms. The single ion peak area corrected

for naturally occurring "°C is thus given by:

Zg=1ACOTT(i - Tl) * Pn
0.9889V

Acorr(i) = Aobs(i) -

Where Acor(i) is the corrected ion peak area, Aqbs(i) the observed ion peak area and
Acore(i - n) is the Corrected peak area of ions with mass i-n. When the corrected peak areas
are known, the distribution of fragment ions in a pure '*C spectrum is obtainable.

The isotopic composition of a compound can then be found by integration of single
ion peaks from MS data. Each single ion peak will contain contributions from ions of the
same mass number but different number of hydrogen atoms and/or "*C atoms. Based on
this knowledge, a general formula for the observed area as a linear combination of the

fractions of '*C atoms in the ions can be constructed:

N
Aops() = AsymD12c(DX12¢ + Z AgumD12c (i —n)X(n)

n=1

In the equation above, Agm is the sum of ion peak areas while Djxc(i) the fraction
of ions with mass number i in a purely 2c spectrum of the compound. X(n) and Xjyc are
the fractions of ions containing n "*C atoms and containing only '*C atoms, respectively.

For every mass number there will be a linear equation, and a set of these can be

solved by linear regression analysis to give the fractions of ions containing n "*C atoms.
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3.5 Mass spectrometry

For the gas phase reactions of HeptaMB”, a three sector mass spectrometer with
QHT (quadrupole/hexapole/time-of-flight) geometry (QToF 2, Micromass/Waters,
Manchester, UK) was used. The pathlength of the hexapole collision cell was 16 cm, and
the ToF analyser was of the reflectron type.

The injection and generation of HeptaMB" was done from a 0.0002 M solution of
HMMC in methanol and 1 % CF3;COOH, which was ionised by an electrospray ion source
working at atmospheric pressure. Upon entering the high-vacuum region of the instrument,
the ions were focused into a quadrupole mass filter set to transmit only the molecular ion
of HeptaMB'. These ions were then accelerated or decelerated to a variable energy Ejqp of
2-42 eV, corresponding to Ecym. 0.36 - 7.53 eV or 0.37 - 7.37 eV for ions 177 and 183
respectively, before entering a collision cell where they collided with Argon at low
pressure (1*10™ mbar). After leaving the collision cell, the ions were accelerated by a few
eV and transferred into the high-vacuum time-of-flight region. Here, the ion beam was
extracted and accelerated to 9.1 keV orthogonally to the optical axis by a high voltage

pulse.
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4 Synopsis of results

The aim of this work was to investigate mechanisms and kinetics of selected acid-
catalysed hydrocarbon reactions in zeolitic catalysts. Emphasis was set on the effects of
acid strength on the kinetics and preferred pathways of the selected reactions. Two
isostructural catalysts with different acid strength, H-SSZ-24 and H-SAPO-5, were
synthesised and characterised, and were central to the work performed.

A detailed study of general MTH reaction mechanisms and alkene formation from
PolyMBs over the moderately acidic H-SAPO-5 formed the basis of Paper I. Comparisons
of H-SAPO-5 with the stronger acid H-SSZ-24, revealing significant differences between
the two catalysts during MTH catalysis, resulted in Paper II.

A natural extension to the work on acid strength effects was the study of single
reaction steps. Kinetic studies of methylation reactions proved challenging due to very fast
secondary and competing reactions, in addition to fast catalyst deactivation. However, it
was observed that the reactivity of propene and benzene towards methanol is altered by
changing the acid strength (Paper V). In addition, a desire to understand the detailed
mechanism of unimolecular PolyMB de-alkylation (a key step in the MTH reaction) led to
a combined gas phase and catalytic study of the heptamethylbenzenium cation. This study
is reported in Paper VL.

The large amount of work performed on the MTH reaction also led to involvement
in the preparation of two perspective articles. Paper III compares a large number of zeolite
catalysts with differing pore size for the MTH reaction, while Paper IV concerns a possible
industrial process based on the use of medium-pore one-dimensional zeolites to produce
branched alkenes in the gasoline range.

The following section presents a brief synopsis of the results obtained during this
work. Rather than presenting the papers in a chronological order, the results are presented
in the most natural order to create a coherent overview. For this reason, the synopsis is
divided into three distinct subtopics. For more details on the experiments and a detailed

discussion, the reader is referred to the papers attached as an appendix to this thesis.

47



Chapter 4 - Synopsis of results

4.1 Shape selectivity in the MTH reaction

As a lead-up to the detailed work on methanol conversion performed over H-
SAPO-5 and H-SSZ-24, a discussion on the general features of the methanol to
hydrocarbons (MTH) reaction is in order. Paper III presents a perspective on how shape
selectivity affects the MTH reaction. The paper gives a general overview of zeolites, shape
selectivity and the current state of the art within MTH research before providing an
analysis of the product selectivity over nine different zeolite catalysts. Large portions of
the reported data have been previously published [184, 201, 202], but some new
experiments were performed in order to compare the structures at the same temperature

and methanol partial pressure over a large conversion range.
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Figure 4.1: Cross section of the largest pore versus the kinetic diameter of largest product. Cross
sections are calculated assuming a perfectly elliptical pore whose axes are the largest and smallest
diameters listed in the IZA structure database [18]. This is not entirely correct for all materials, but
provides a good indication of pore size. The kinetic diameters were found in refs. [203-206].

Figure 4.1 displays a plot of the nine zeolite catalysts investigated, and relates the
maximum pore diameter to the largest products observed in appreciable amounts (defined
as >4 % yield) during the MTH reaction. A direct correlation between these two
parameters was observed, which demonstrates that product shape selectivity leads to a
distinct cut-off in the effluent product distribution. The 8-rings of the CHA structure (H-
SSZ-13) limits the products to linear alkenes, while the 10-ring structures allow either
branched alkenes or small methylbenzenes, depending on the exact channel diameters.

Zeolites with 12-ring channels allow formation of HexaMB, which is also the largest major
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4.1 - Shape selectivity in the MTH reaction

product observed during homogenous catalysis of the same reaction [185]. Thus, it appears
that 12-ring channels provide little or no product shape-selectivity for the MTH reaction.
While Figure 4.1 shows the largest major product formed, there are some fine
details not covered by the figure. For instance, contrary to *BEA and AFI (H-SSZ-24),
MOR favours pentamethylbenzene over the larger HexaMB due to its smaller channel size
[207]. Structures containing large cavities or side-pockets also tend to produce some
products larger than expected based on their pore size, as has been reported for TUN [201],
and has been found to be even more prominent over EUO [202] and MWW [203, 208].
The latter two possess large (12-ring) side-pockets that, if exposed to the external surface,

will decrease the effect of shape selectivity during the MTH reaction.
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Figure 4.2: Product yields for C;, Cs. aliphatics and aromatics as a function of overall methanol
conversion (top) and key product ratios versus methanol conversion (bottom). The C4-HTI (Hydrogen
Transfer Index) is a measure of aromatics formation, and is defined as the ratio [alkane/(alkene +
alkane)] for the C4 product fraction. All datasets were obtained during deactivation at 350 °C and
PMeOH 130 mbar.

Figure 4.2 displays the yields of key product ranges and ratios assumed indicative

of transition-state shape selectivity versus methanol (and DME) conversion for all the

compared samples. The data for each sample were mainly collected during catalyst
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Chapter 4 - Synopsis of results

deactivation in a single test, assuming non-selective deactivation (i.e. that the product
selectivity is independent of deactivation) during the MTH reaction. Non-selective
deactivation was originally proposed by Janssens [209] and has been verified for a number
of zeolite catalysts [201, 202, 210, 211]. A possible exception to this general rule is the
CHA structure, where product shape selectivity due to growth of hydrocarbon residues has
been proposed to explain the increasing yield of ethene with time on stream (see ref. [140]
and refs therein). However, this conclusion has been disputed by other researchers [212].

As shown in the upper plots in Figure 4.2, the product yield versus conversion
curves are generally linear in the 0-80 % conversion range, and then change rapidly at high
conversion. This change in selectivity can be attributed to exhaustion of methanol, leading
to a higher degree of alkene interconversions. In general, Figure 4.2 reveals similar trends
for structures with similar pore size. The majority of these observations can be rationalised
in terms of the hydrocarbon pool mechanism (see Scheme 2.4) and the transition-state
selectivity imposed by the structure. However, product shape selectivity dominates over
the 8-ring CHA structure and only linear light alkenes are observed.

The yield of aromatics (and thus the C4-HTI) follows the pore size, suggesting that
intermolecular hydride transfer reactions are among the most space-demanding reactions.
Furthermore, the presence of large aromatics leads to the arene cycle being favoured, and
in turn to a low Cs; aliphatics yield (the arene cycle produces mainly C,-Cy4 alkenes). With
smaller pores, fewer and smaller aromatics are formed. Thus, the alkene cycle will be more
favoured, leading to increased Cs. yields. The particularly high C;/C; ratio observed over
the two 10-ring materials with the largest intersection volumes (TUN and IMF) may result
from a combination of a high preference for the alkene cycle combined with the large
methylbenzenes (that predominantly eliminate C3-C4 alkenes) present in the pores [201].
Narrow one-dimensional 10-ring pores (TON) severely restrict intermolecular hydride
transfers and formation of aromatics and thus strongly favours the alkene cycle, giving low
ethene and high Cs; aliphatics yields. The very high yields of the latter products may
further suggest that either alkene cracking reactions or methylation to form the easily
cracked branched C; and Cg alkenes are sterically restricted in this material. Due to the
carbocation intermediates involved in the reactions, a large increase in cracking rates with
increasing alkene size and branching is expected [143, 213].

The unique selectivity of one-dimensional 10-rings is further of interest as a means

to produce clean-burning gasoline with a low content of aromatics. This led Teketel et al.
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4.1 - Shape selectivity in the MTH reaction

[202] to investigate the product selectivity of one-dimensional 10-ring pores structures.
This study concluded that both H-EU-1 (EUO) and H-ZSM-48 (*MRE) produced
significant amounts of aromatics due to side pockets and larger pore size respectively.
However, H-ZSM-22 (TON) and H-ZSM-23 (MTT) gave very similar product
distributions with a high selectivity to Cs; aliphatics.

Paper IV describes a potential industrial process for production of clean-burning
gasoline from synthesis gas. The overall scheme of the process (Figure 4.3) resembles the
Haldor Topsee TIGAS process [98] in that the syngas is first converted into DME and CO,
at a moderate pressure before being fed to the gasoline synthesis unit. ~95 % syngas
conversion could be obtained at 50 bar pressure with a modest recycle, and product
separation is achieved efficiently at 5 °C. Due to the high solubility of CO, in DME, CO,
functions as an inert diluent to maintain control of the reaction temperature in the gasoline

synthesis reactor.
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Figure 4.3: Process flow scheme of the integrated synthesis of gasoline from syngas via oxygenates.
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A high selectivity towards gasoline range products could be obtained over both H-
ZSM-22 and H-ZSM-23, although selectivity drops at near 100 % conversion. It was also
found that the product selectivity was not altered at higher pressure (Figure 4.4). However,
high pressure led to a more rapid deactivation of the catalyst, similarly to what has been
observed previously for H-ITQ-13 [211]. This may be caused by an increased selectivity to
aromatic products trapped inside the catalyst, although this has not been investigated
further.

Furthermore, it was found that a recycle of the light products may lead to a
significant increase in Cs. aliphatics selectivity. As shown in Figure 4.5, addition of small
amounts of i-propanol (which is rapidly dehydrated to propene) did not change the effluent

composition from the reactor. Furthermore, the addition of alcohols led to an increased
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catalyst lifetime before deactivation. A full study of simulated recycle by addition of

alcohols will be published elsewhere by Teketel et al. [214].
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Figure 4.4: Cs, selectivity as a function of methanol conversion over two samples of H-ZSM-22 and
over H-ZSM-23 at atmospheric pressure (left panel, WHSV =2 gg.,.'h™", 450 °C) and at 30 atm (right
panel, WHSV = 1 and 2 gg.,'h™") over H-ZSM-22 (C). The mole fraction of methanol in the 1 and 30
atm experiments was 13 and 5.6 % respectively. The data at high pressure were collected from three
experiments: one at WHSV = 2 gg.,'h”", with the first analysis after 10 minutes on stream; and two
experiments at WHSV = 1 gg.,.'h"', where the first analysis was performed after either 10 or 50
minutes on stream.

In summary, this means that selectivity higher than 75 % to gasoline range alkenes
can be achieved if conversion can be kept at less than 100 %, and a recycle of light alkenes
is employed. The use of a fluidized bed reactor would be beneficial as it provides excellent
control of the reaction temperature and allows stable operation at less than 100 %
conversion. However, the fast deactivation and low activity of both H-ZSM-22 and H-
ZSM-23, when compared to other commercial zeolite catalysts such as H-ZSM-5 [215] is a

challenge for successful commercialisation.
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Figure 4.5: Product yields during conversion of methanol (closed symbols) and a 102.8/2.2
methanol/i-propanol mixture (open symbols) over H-ZSM-22 at 400 °C. Adapted from [214].
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4.2 Effects of catalyst acid strength

As seen from the results presented in Section 4.1, the pore size of zeolitic catalysts
affects the reaction mechanisms and product selectivity of the MTH reaction. In this
section the effects of changing the composition of the catalyst, and thereby the strength of
the individual acid sites, will be discussed. The two catalysts utilised for this investigation
were the large-pore zeolite H-SSZ-24 and the isostructural weaker acid H-SAPO-5 (both
AFI). The acid strength of the two samples was compared by FTIR spectroscopy of CO
adsorption at -196 °C. The FTIR spectra shown in Figure 4.6 contain many features that
have previously been observed and explained [216-220], and these will not be discussed in
detail here. Overall, the key difference between the H-SAPO-5 and H-SSZ-24 was the
significant difference in magnitude of the shift in OH stretching frequency for the Si-OH-
Al groups when they interact with CO. The largest shift observed in H-SAPO-5 is AV(OH)
=-265 cm™ while the shift in H-SSZ-24 is ATU(OH) =-317 cm’™", meaning that the acid sites
of H-SSZ-24 are significantly stronger than those of H-SAPO-5. These values correspond
fairly well with the differences found by Bordiga et al. [67] between the isostructural
zeotypes H-SAPO-34 and H-SSZ-13 (both CHA).
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Figure 4.6: FT-IR spectra of increasing dosages of CO on H-SSZ-24 (left two panels) and H-SAPO-5
(right two panels) at =196 °C. Panels labelled (a) show the OH stretching region, while those labelled
(b) show the CO stretching region. The black bold curves correspond to the activated samples, while
the grey bold curves correspond to the spectra of highest CO loading. In the activated samples, the
Brensted acidic OH groups give rise to a band at 3612 cm™ in H-SSZ-24 and 3630 cm™ in H-SAPO-5.

Since H-SAPO-5 is a large pore zeotype, the arene cycle was expected to play an
important part in product formation. However, the investigation of this catalyst (Paper I)
indicated that the alkene cycle was significantly more important than in previously studied

large-pore catalysts. During MTH reaction over H-SAPO-5, C;-Cs alkenes were observed

53



Chapter 4 - Synopsis of results

as the dominant products, while the yields of aromatics and ethene were low. Furthermore,
steady-state methanol isotope transient experiments (Figure 4.7a) revealed a more rapid
incorporation of "*C in alkene products than in the retained PolyMBs. This method has
previously been employed to gauge the relative importance of the alkene and arene cycle,
since an active intermediate will incorporate the labelled component more rapidly than, or
equally fast as, the product molecules. When comparing the results in H-SAPO-5 to
previously reported similar experiments over the catalysts H-Beta [138], H-ZSM-5 [138]
and H-ZSM-22 [144], it became clear that while the PolyMBs were not inactive as in H-

ZSM-22, they were much less important intermediates than in H-Beta.
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Figure 4.7: (a) Evolution of "*C in effluent and retained aromatics after switching from '>C to "*C
methanol after 18 min on stream at 450 °C and WHSV 0.93 h™. (b) A comparison of the distribution
within the aliphatic products range during co-reaction of benzene and methanol and for pure methanol
feed.

Further evidence that the arene cycle was not as important as the alkene cycle in H-
SAPO-5 was obtained during co-reactions of benzene and methanol. When 3 equivalents
of benzene were added to the methanol feed, the relative selectivity towards C, and C;
hydrocarbons increased significantly at the expense of Ci: selectivity (Figure 4.7b). In
addition, isotopic labelling suggested that formation of i-butene and i-pentene from
aromatic intermediates was negligible.

While the investigation of H-SAPO-5 reported in Paper I revealed a preference for
a different reaction pathway compared to previously studied large-pore catalysts, the
difference could not be unambiguously attributed to the lower acid strength. For this
reason, a detailed comparison with the isostructural H-SSZ-24 was carried out, and the

results were published in Paper II. In addition to its higher activity, it was found that the
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product selectivity of H-SSZ-24 during methanol conversion to hydrocarbons differed
from H-SAPO-5. As observed from Figure 4.8, much higher yields of aromatics were
observed over H-SSZ-24 than over H-SAPO-5. H-SSZ-24 also produced more ethene and
propene relative to Cy4. aliphatics when compared to H-SAPO-5. Although ethene is not a
major product in either catalyst, the difference was significant. Further differences were
observed in the C4/Cs and Cs/C; ratios, which were relatively independent of conversion in
H-SSZ-24, but varied considerably in H-SAPO-5. This observation may suggest that C,-Cy4

alkenes are formed mainly from a common precursor in H-SSZ-24, but not in H-SAPO-5.
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Figure 4.8: Product selectivities for H-SAPO-5 (dark grey) and H-SSZ-24 (light grey) at 350 °C at 20
% (a) and 60 % (b) conversion. The data were obtained during deactivation of H-SSZ-24 at WHSV =
1.24 h" and of H-SAPO-5 at WHSV = 0.62 h™' (a) and 0.31 (b).

Together, these observations are consistent with a more active arene cycle in H-
SSZ-24 compared to H-SAPO-5, as the arene cycle is expected to produce mainly C,-Cy
alkenes, while the alkene cycle produces larger alkenes. However, a less active arene cycle
may have been caused simply by the lower amount of PolyMBs formed in H-SAPO-5.
Since computational studies suggest that cyclisation reactions are facile [221], hydride
transfers are likely rate-determining steps in the formation of aromatics. As discussed in
Section 2.4, a link between acid strength and hydride transfers has been proposed
previously [183, 186]. Alternatively, key reaction steps of the alkene and arene cycles
could display different sensitivity to acid strength. In an attempt to distinguish between
these possibilities, co-reactions between '“C-benzene and "C labelled methanol (molar
ratio 1:3) were performed as part of Paper II. As the concentration of PolyMB molecules
was greatly enhanced inside the catalysts compared to ordinary MTH experiments under

these conditions, PolyMB reactivity could be investigated more directly.
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It was difficult to obtain similar conversion over the two catalysts, as H-SSZ-24
was still significantly more active than H-SAPO-5 at 1/8 of the contact time. While a direct
comparison was not achieved, some clear trends were nevertheless observed. In line with
the observations from conversion of methanol alone, H-SAPO-5 was much more selective
towards C4 than H-SSZ-24. Furthermore, the isotopic distribution of the alkene products
after 2 minutes on stream (displayed in Figure 4.9) differed for the two catalysts. At 250
°C, one '*C atom originating from benzene was incorporated in ethene and propene over
H-SAPO-5. However, the abundant i-butene formed over H-SAPO-5 contained a
significantly larger fraction of *C atoms than the lighter compounds, and the all-"*C
isotopologue was dominant. On the other hand, the majority of all three alkenes contained
one '>C atom over H-SSZ-24 at the same temperature. At higher temperature, the isotopic
distribution became less clear, but while all alkenes were composed mostly of *C from
methanol over H-SAPO-5, a significant fraction of alkenes containing one '>C atom was

still observed over H-SSZ-24.
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Figure 4.9: Observed distribution of '>C atoms after 2 minutes co-reaction of methanol and benzene
(molar ratio 3:1) over H-SSZ-24 (left) and H-SAPO-5 (right). Each figure shows the distribution in
ethene (left), propene (middle) and i-butene (right) at 250 °C (top) and 300 °C (bottom). The
molecules above the graphs are drawn with stars signifying labelled carbon atoms representative of
the most abundant isotopologues found at 250 °C.

Assuming a similar mechanism for PolyMB de-alkylation in both materials (which
is likely due to the similar ethene and propene isotopologues observed), these results imply
that the most abundant alkene in H-SAPO-5 (i-butene) was not formed from aromatic
intermediates. The high abundance of "*C in i-butene can be satisfactorily explained by a

cycle of successive alkene methylation and cracking (i.e. the alkene cycle). In such a cycle,
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the abundance of *C would increase with each cycle if the starting molecule was e.g.
12C13C,-propene, as only *C methanol is consumed. The nearly complete scrambling and
low incorporation of '2C observed combined with an even higher yield of Cy. aliphatics
over H-SAPO-5 at 300 °C thus suggests that the alkene cycle dominates over this catalyst.
Considering the large excess of aromatics present in the system, the rate constants for key
steps of the alkene cycle must be much higher than those of the arene cycle over H-SAPO-
5. On the other hand, the results suggest that C,-C4 alkene formation at 250 °C over H-
SSZ-24 mainly proceeds through aromatic intermediates (i.e. the arene cycle), and that this
same mechanism contributes strongly even at 300 °C. A further discussion on the
implication of the observed labelling patterns on the de-alkylation mechanism will be
given in Section 4.3.

The results discussed so far strongly suggest that key reaction steps of the alkene
and arene cycles are affected differently by a change in acid strength. Macht et al. [190]
has previously proposed that the main reason why n-hexane isomerisation is more sensitive
to a change in acid strength than butanol dehydration is the more localised charge in the
transition state of the latter reaction compared to the former. It is plausible that the positive
charges of transition states involving arenes are more diffuse than those involving alkenes,
which could mean that the reactions of the arene cycle are more sensitive to acid strength
than those of the alkene cycle.

However, a deeper understanding of this issue requires investigation and
comparison of isolated reaction steps in the two cycles. Methylation reactions are
important in both the alkene and arene cycles, and a comparison of alkene and arene
methylation rates over the two catalysts could provide insight into why a difference in acid
strength apparently causes a shift of the favoured reaction mechanism in the MTH reaction.
Such a study was performed in Paper V.

Co-reactions of benzene and methanol were again performed, but contrary to the
reactions in Paper II molar ratios near 1 and an excess of benzene were employed. The
conversion was also kept much lower (generally ~ 0.2 % benzene conversion at 250 °C).
The net formation rate of toluene, other aromatics (mainly PolyMBs) and aliphatics as a
function of varying the molar ratio of methanol to benzene is displayed in Figure 4.10.
While toluene was the main product over both catalysts at low methanol partial pressures,
significant differences were observed between the two catalysts as the molar ratio of

methanol to benzene was increased.
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Figure 4.10: Net rates of formation of the main product groups during co-reactions of benzene and
methanol as a function of the methanol to benzene molar feed ratio at 250 °C over H-SSZ-24 (left)
and H-SAPO-5 (right). Pgenzene = 60 mbar. Benzene feed rate = 13x10* mol (mol H*)'l h! over H-SSZ-
24 and 2.9x10° mol (mol H")' h™" over H-SAPO-5. Total WHSV = 140-191 h™ (H-SSZ-24) or 17.5-

24 h' (H-SAPO-5). The data have been corrected for deactivation.
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Figure 4.11: Net rates of formation for aliphatic products during co-reactions of benzene and
methanol as a function of the methanol to benzene molar feed ratio at 250 °C over H-SSZ-24 (left)
and H-SAPO-5 (right). Pgenzene = 60 mbar. Benzene feed rate = 13x10° mol (mol H*)"1 h!' over H-SSZ-
24 and 2.9x10° mol (mol H""' h™ over H-SAPO-5. Total WHSV = 140-191 h™' (H-SSZ-24) or 17.5-
24 h'' (H-SAPO-5). The data have been corrected for deactivation.

As seen from Figure 4.10, an increase in methanol partial pressure led to an

increase in the net rate of formation of other aromatics and a similar decrease in the net
formation rate of toluene over H-SSZ-24. This is consistent with an increasing rate of
methylation for each methyl group present on the aromatic ring [176-178]. Interestingly,
the ratio between rates of formation for other aromatics and aliphatics remains roughly
constant throughout the investigated range, which is in agreement with formation of
aliphatics mainly resulting from de-alkylation of aromatics. Unlike over H-SSZ-24, the

rate of aliphatic formation over H-SAPO-5 increased rapidly with increasing methanol
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pressure. At a 1:1 molar feed ratio of benzene and methanol, aliphatic products account for
about 50 % of the total molar amount of products formed. Contrary to H-SSZ-24, the
formation rates of aliphatics and other aromatics did not appear correlated over H-SAPO-5.

Figure 4.11 shows a breakdown of the different aliphatic products produced,
grouped by their carbon number. A clear difference in the size of the aliphatics produced
over the two catalysts was observed: The aliphatics formed over H-SSZ-24 were mainly
C,-Cs, while most of the aliphatics formed over H-SAPO-5 contained four or more
carbons. This product distribution is again in line with the observations of Paper II, and
contributes to an increasingly clear picture of H-SAPO-5 favouring the alkene cycle at all
investigated conditions. Scheme 4.1 displays the likely reactions occurring during these
experiments, with the reactions to the left expected to be strongly favoured due to the
conditions employed. When benzene was present in excess, the expected product toluene
dominated. However, as the relative amount of methanol was increased, an increased rate
of successive methylations to form PolyMBs was observed. Some of these aromatics
further de-alkylated to form light alkenes. This accounts for the aliphatics observed in H-
SSZ-24 and thus for all observed products over this catalyst. On the other hand, aliphatics
are methylated at the expense of the aromatics in H-SAPO-5, and a cycle of alkene
methylation and cracking dominates the reaction. This leads to a significant decrease in
benzene conversion and an increasing yield of C. aliphatics with increasing methanol

partial pressure over H-SAPO-5.

iH,0 x H,0

i CH;0H x CH;0H
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> 1 ‘: i | ) Arene Alkene alkenes
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Scheme 4.1: Possible reaction mechanisms during methanol/benzene co-reactions. Benzene is first
methylated to form toluene, which can then be methylated to form PolyMBs. These PolyMBs can then
de-alkylate as part of the arene cycle to give lower alkenes. The alkenes may react further in an alkene
cycle, where they are methylated to higher alkenes, and crack to form mainly branched C4 and Cs
alkenes. It is assumed that ethene leaves the catalyst without further reaction due to its low
methylation rate [170-172].
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In order to obtain a more fundamental understanding of the differences observed
during co-reactions of benzene and methanol, a direct comparison of the rate of propene
and benzene methylation was performed. Methylation of the two hydrocarbons was
conducted alternately, and several times each, to obtain the best possible comparison
between the two rates and minimise the influence of deactivation. Due to difficulties in
obtaining sufficient selectivity to the first methylation product of propene methylation at
low temperatures, all experiments were performed at 400 °C and 350 °C, and with a 1:1
molar ratio of methanol to alkene/benzene. These conditions provided an adequate
selectivity for both reactions at high feed rates, and the net formation rates of the first
methylation product (n-butene or toluene) are displayed in Figure 4.12a. While the net rate
of benzene methylation was observed to be 2-3 times faster than propene methylation over
H-SSZ-24, this difference was not observed over H-SAPO-5. Instead, the net rates of
propene and benzene methylation were fairly similar over H-SAPO-5. Considering that the
rate of methylation increases more going from propene to i-butene (due to increased
branching) [173], than from benzene to toluene [177], it can be expected that methylation
of i-butene and i-pentene is significantly faster than methylation of benzene and PolyMBs
over H-SAPO-5. Together, these factors can explain the high Cg4: aliphatics yield
previously observed during co-reactions of benzene and methanol (Figure 4.10 and Figure
4.11)

The methylation experiments were accompanied by complementary theoretical
studies of adsorption behaviour and reactivity for methanol and the hydrocarbons in both
materials. The theoretical studies were performed by a combination of DFT-based static
and molecular dynamics (MD) simulations. Each technique enlightens an aspect of the co-
adsorption of methanol and benzene or propene, enabling detailed molecular level insight.
Static calculations are well suited for adsorption studies in zeolitic materials [222], while
molecular dynamics studies reveal the dynamical character of adsorption complexes at the
reaction temperature [223]. Significant differences were found for the two materials. In H-
SSZ-24, a high probability for the formation of a reactive adsorption complex of methanol
(resembling the transition state during methylation) coupled with a high degree of
protonation predicted a high reactivity for benzene methylation. On the other hand, a lower
probability for formation of a reactive methanol/propene adsorption complex and a lower
degree of protonation in this complex implied a significantly lower methylation rate of

propene in the same structure. The theoretical studies further predicted a lower reactivity
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for H-SAPO-5 than H-SSZ-24 for both reactions, and a smaller difference between the
reactivity of propene and benzene in H-SAPO-5 than in H-SSZ-24. Indeed, a slightly
higher rate of propene than benzene methylation in H-SAPO-5 was predicted by theory.
Figure 4.12b shows the predicted chance of forming a pre-reactive complex versus the

degree of protonation.
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Figure 4.12: (a) Rates of formation for n-butenes (circles) and toluene (squares) during co-reactions
of methanol and propene or benzene, respectively, at 400 °C and 350 °C over H-SSZ-24 and H-
SAPO-5. Note that the rates are given per gram catalyst, and that H-SSZ-24 has nearly twice the
number of acid sites as H-SAPO-5. (b) Degree of protonation of methanol versus the probability for
the formation of a pre-reactive complex from MD simulations at 350 °C for benzene and propene in
H-SSZ-24 (shaded area) and H-SAPO-5 (filled area).

In summary, the work described in this section shows that a decrease in acid
strength decreases the rate of reactions involving aromatics to a larger extent than those
involving alkenes. The experimentally observed difference could be partly explained by
theoretical calculations. However, whether cracking reactions/de-alkylation rates are also
affected differently is unknown. In addition, a lower acid strength decreases the rate of
hydride transfers relative to other reactions (in line with previous observations [183, 189])
which leads to lower yields of aromatic products in the weaker acid H-SAPO-5 than in the

stronger H-SSZ-24.
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4.3 Polymethylbenzene de-alkylation

As described in Section 2.2, whether PolyMB de-alkylation proceeds by side-chain
methylation or by the paring reaction has long been debated. A key difference between the
paring and side-chain mechanisms is that the former systematically incorporates a ring
carbon into the eliminated alkene. A simplified scheme of these two reaction pathways is
presented in Scheme 4.2, showing the positions of the carbon atoms originally present as
methyl groups. While this was not initially remarked on, the isotopic distributions observed
during co-reaction of benzene and methanol (Figure 4.9) therefore allow discrimination
between the side-chain and paring mechanisms. For the experiments reported in Paper I
and II, the methyl groups consisted predominantly of "*C originating from methanol. While
Scheme 4.2 depicts HeptaMB™ as the main intermediate, similar mechanisms are assumed
to exist for polymethylbenzenium cations with fewer methyl groups, and the labelling
patterns are also expected to be similar if the elimination products are ethene or i-butene
instead of propene (i.e. one unlabelled carbon should be observed in both alkenes if the

paring mechanism dominates).

(HeptaMB™)
*
Paring Side-chain

(ring contraction) methylation

N (HMMC)
\* 1/ 28cHoH %
7 \ - - Zeollte B ( *
N S .
o
o 2 H,0 ] *//

Zeollte—H Zeolite Zeolite-H Zeolite-H

Scheme 4.2: Expected labelling patterns when propene is eliminated from a selectively labelled
heptaMB" via paring or exocyclic mechanisms. Stars are used in order to keep track of the carbons
originally present as methyl groups. The paring pathway involves systematic scrambling of labelled
carbons into the benzene ring, while the exocyclic methylation does not.

As observed from Figure 4.9, the labelling patterns of all three alkenes at 250 °C
over H-SSZ-24 fit with a paring-type mechanism, as they all contain one *C atom. On the
other hand, over H-SAPO-5 ethene and propene contained one '“C atom, while i-butene
contained mainly C atoms. Thus, the labelling patterns of ethene and propene were
consistent with a paring reaction, while i-butene was not. The isotopic distribution of i-

butene could indicate that de-alkylation proceeds by side-chain methylation but, as inferred
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from Scheme 4.2, this would require 3 sequential deprotonation and methylation steps. It is
not likely that such a sequence of steps would lead selectively to i-butene formation, while
giving insignificant amounts of ethene and propene. Furthermore, the labelling patterns of
i-butene and higher alkenes can be better explained by formation from the alkene cycle
(see Section 4.2).

In summary, it appears likely that a paring reaction is responsible for all PolyMB
de-alkylation in both H-SSZ-24 and H-SAPO-5 at the reaction conditions investigated.
This implies that even though a decrease in acid strength decreases the relative rate of
PolyMB de-alkylation relative to alkene methylation and cracking, the mechanism of the
former reaction is not affected. Previous studies of benzene/methanol co-reactions in H-
Beta [136] at similar conditions have also indicated that the paring mechanism dominates.
A recent report by Ilias and Bhan [224], published after the work performed in Paper I and
11, reached the same conclusion for H-ZSM-5 at 250 - 450 °C.

While formation of ethene containing one ring-carbon (from benzene) was reported
in Paper I and II, it should be noted that ethene elimination is not usually associated with
the paring reaction. If the starting molecule is HeptaMB" as shown in Scheme 4.2, there is
no obvious pathway for ethene elimination available. However, Arstad et al. [161-163] has
suggested that expansion of the aromatic ring to a tropylium-type ion followed by
contraction may yield an ethyl chain. Alternatively, it is possible that ethene elimination
only occurs from PolyMBs with six or fewer methyl groups, as this allows methyl shifts
from the propyl chain to the cyclopentadienyl ring prior to elimination.

In order to further investigate the mechanism of unimolecular de-alkylation, the
conjugate base of HeptaMB™ (HMMC) was synthesised, both unlabelled and with "*C ring-
carbons (but '*C methyl groups). The reactivity of this key intermediate was studied both
in gas phase and over H-SSZ-24 in Paper VI. While such studies have been performed
previously [153, 198], this is the first time isotopic labelling has been employed. It is also
the first time HMMC has been studied over a zeolite at less than full conversion. While
reaction studies over a zeolite can be complicated due to secondary and competing
reactions, gas phase reactions performed in vacuum allows the study of unimolecular
reactions without any interference. Although reaction energies in gas phase and inside a
zeolite will differ, the reaction pathways available to HeptaMB™ are likely similar. A
comparison of gas phase unimolecular reactivity and experiments over a zeolite thus

provides a unique opportunity to investigate reaction mechanisms.
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When HMMC was protonated to form HeptaMB®, and then collisionally activated
with argon at 1 x 10™* mbar, the dominant reaction was elimination of a methyl radical.
Similarly to this, the dominant product of HMMC (which is expected to be protonated
rapidly on the acid sites due to its high basicity [151]) reaction over H-SSZ-24 was
HexaMB. While no methyl fragments can be observed in the zeolite, a plausible
explanation is that methoxy groups are formed, replacing the protons on the Brensted
acidic sites of the zeolite. Due to the aromaticity of the product HexaMB, this reaction is
assumed to be energetically favourable. Figure 4.13 gives an overview of the observed
fragmentations in vacuum, while Figure 4.14 shows the conversion and yields after 2
minutes of HMMC reaction over H-SSZ-24.

In addition to the loss of methyl groups, C,-Cs alkenes were observed over the H-
SSZ-24 catalyst (and some Cg, but only at high temperature). Similarly, fragments
corresponding to loss of C,-Cs alkenes were also observed in gas phase. At the highest
energies, ethane loss (exclusively from methyl carbons) was prominent in gas phase, but
this was not observed in the catalytic experiments. Isotopic labelling (see Figure 4.13)
revealed that eliminated ethene and propene contained one '*C atom (ring carbon). On the
other hand, butene could be eliminated with either one or two ring-carbons, and pentene
with two ring-carbons. As seen from the bar graphs at the far right of Figure 4.13 and
Figure 4.14, the relative amounts of the main alkene isotopologues formed were similar in
gas phase and during catalytic reaction over H-SSZ-24.

The catalytic experiments (Figure 4.14) revealed similar isotopic distributions for
propene, butene and i-pentenes (few n-pentenes were observed). Interestingly, i-butene
contained predominantly one "*C atom while n-butenes contained two, possibly indicating
different formation mechanisms. Contrary to the gas-phase experiments, both ethene and
propene contained mainly '>C at low temperatures. This may be caused by side-chain
methylation by the methoxy groups produced during HexaMB formation as this
mechanism involves only '*C atoms originating in methyl groups. Due to the high yield of
HexaMB, the majority of the acid sites are likely covered by methoxy groups after the first
turnover of HMMC. As the effluent analysis is performed after 3-4 turnovers, methylation
rather than protonation should have been significant. The only position available for
methylation on HMMC is the exocyclic double bond, leading to an
ethylhexamethylcyclohexadienyl cation, which is the first intermediate of the side-chain

methylation pathway (recall Scheme 2.5 or Scheme 4.2).
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Figure 4.13: Abundance (% of total ion current) of fragments related to loss of ethene (top left),
propene (top right), butene (bottom left) and pentene (bottom right) after collisional activation of
HeptaMB'. The bar graphs above each plot show the relative distribution of '*C carbons (originating
from the aromatic ring) in the eliminated alkenes. The bar graph to the far right displays the relative
amounts of the major isotopologue(s) of the alkenes eliminated at the same collision energies.

* Ethene containing two "*C could not be detected due the overlapping mass of unlabelled ethane.
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Figure 4.14: Conversion and product yields (bottom left, two panels) after 2 minutes of HMMC
reaction over H-SSZ-24 as a function of reaction temperature. The “other” fraction contains mainly
unidentified HMMC isomers and other aromatics. The top bar graphs display the number of '*C atoms
in the C,-Cs alkenes at the same conditions. The graph on the far right displays the relative amounts of
the isotopologues associated with unimolecular de-alkylation at the three different temperatures.
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As HMMC can only be formed by the thermodynamically unfavourable
deprotonation of HeptaMB™ during normal MTH conditions, the current conditions
(containing both gas-phase HMMC and a methylation reagent) should strongly favour
side-chain methylation. However, even at low temperature, products associated with side-
chain methylation accounts for less than half the total alkenes formed, and at higher
temperature (where conversion was also higher) they are much less prominent. The low
fraction of all '“C alkenes observed strongly suggests that the side-chain methylation
reaction is slow compared to unimolecular de-alkylation. This conclusion was not altered
by co-reactions of methanol with HMMC, as side-chain products still accounted for less
than half of the total amount of alkenes formed.

Thus, it seems clear that unimolecular de-alkylation mechanisms are more
important than side-chain methylation at temperatures below 300 °C, and no indications
that side-chain becomes more favoured at higher temperature has been found. However,
the mechanism of the unimolecular de-alkylation is uncertain. A proposed mechanism
must be able to account for production of both ethene and the two products containing two
ring-carbons (n-butenes and i-pentenes) that are not associated with the classical paring
mechanism (Scheme 2.5). After a survey of the available literature on ring-expansions and
contractions, it was concluded that no completely satisfactory mechanism has been
proposed so far. In particular no mechanism has suggested that accounts for n-butene and
i-pentene elimination, as neither of these products have previously been associated with the
paring or side-chain reactions.

For this reason, a mechanism based on the classical paring mechanism combined
with related cations previously observed in superacidic solutions [225, 226] was suggested.
As shown in Scheme 4.3, it is suggested that HeptaMB" can contract in either of two ways:
Either resembling the paring mechanism, as proposed by Arstad et al. [162] to form the
heptamethylbicyclo[3.1.0]hexenyl cation (cl) or to the heptamethylbicyclo[2.2.0]hexenyl
cation (c2). A contraction similar to the latter (i.e. from a six-ring to two joined four-rings)
has been previously shown to occur in pyrones during ultraviolet radiation in ether [227].
Cation c2 is also related to cl through a heptamethylbicyclo[2.1.1]hexenyl cation (c3)
[225, 226]. It is further proposed that cation cl may eliminate propene or i-butene (the
latter after a methyl shift); ¢2 may eliminate i-pentene or n-butene containing two ring-
carbons; and c¢3 may eliminate ethene or propene. However, the mechanism for de-

alkylation and re-expansion to a PolyMB is uncertain as previous calculations on the
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paring mechanism all find a high barrier to re-expansion from the cyclopentadienyl cation
[155, 162, 228]. In addition, this cation is already significantly less stable than other
intermediates during the reaction. For the proposed reaction pathway to be viable, another
mechanism for de-alkylation and re-expansion must be found. Possibly, expansion could
occur before de-alkylation, or both could occur simultaneously in a concerted step. It is
suggested that computational methods are employed to study the cations cl-c3 and to
search for facile de-alkylation and re-expansion mechanisms. Better understanding of these
mechanisms is a prerequisite for predictive modelling of the arene cycle during the MTH

reaction.

\ \
NN S
| s NF 7\
c2 c3 c1

Scheme 4.3: Illustration of two ions formed from contraction of HeptaMB', and a possible
intermediate for interconversion between them. Stars signify the *C atom labels employed in Paper
VI. These ions are suggested as intermediates for unimolecular de-alkylation of C,-Cs alkenes.
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4.4 Main conclusions

68

The size of the largest products formed in the MTH reaction over zeolitic catalysts
is mainly determined by the largest pore size of the catalyst, but large cavities
exposed to the external surface may lead to discrepancies. Product distributions can

generally be rationalised from the dual-cycle mechanism.

A process producing branched alkenes in the gasoline range from syngas via
DME/methanol is viable, although the fast deactivation and low activity of the H-
ZSM-22 (TON) and H-ZSM-23 (MTT) catalysts may be problematic.

The moderately acidic H-SAPO-5 produces significantly less aromatics during

MTH catalysis at 350-450 °C than the stronger acid H-SSZ-24.

Reactions of methanol to hydrocarbons over the moderately acidic H-SAPO-5
catalysts acid proceeds mainly through the alkene cycle at 350-450 °C. This in turn
leads to higher yields of Cs; alkenes over H-SAPO-5 than over H-SSZ-24 and other

large-pore catalysts possessing a higher acid strength.

Methylation of benzene is significantly more favoured than methylation of propene
over H-SSZ-24 between 250 and 400 °C, while the rates of propene and benzene
methylation are similar over H-SAPO-5. This can be explained by the probabilities
of forming reactive co-adsorption complexes of methanol with benzene or propene

in the catalysts found from DFT molecular dynamics and static calculations.

At 200-300°C, alkene formation from PolyMBs occurs mainly by unimolecular de-

alkylation reactions, and not by side-chain methylation, regardless of acid strength.

Unimolecular de-alkylation of the heptamethylbenzenium ion can result in C,-Cs
alkenes. The reaction leads to systematic incorporation of 1 carbon atom
originating from the aromatic ring into ethene, propene and i-butene, while 2

carbon atoms are incorporated into n-butenes and i-pentene.
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4.5 Suggestions for further work

While it was found that methylation of propene and benzene were affected
differently by a change in acid strength, a full kinetic investigation of both
activation energies and reaction orders may provide even more fundamental

insight. Especially if combined with a complimentary theoretical study.

Spectroscopic operando studies may enable further elucidation of whether
methylation reactions follow the stepwise or concerted mechanism, and whether the

pathway is affected by acid strength.

Expanding the study of acid strength to other members of the AFI framework. H-
[Fe]SSZ-24 and H-MgAPO-5 are especially interesting, as the former is predicted
to be equally reactive to H-SAPO-5 despite the different composition, while the

latter has the strongest acid sites of any zeotype composition [192].

Further computational investigations of unimolecular de-alkylation are necessary to

fully elucidate the reaction mechanism.

Investigate the effect of acid strength on single reaction steps other than
methylation. Cracking of alkenes and alkyl-aromatics are both relevant to the MTH
reaction, and may display different sensitivity to changes in acid strength. Other

interesting reactions include hydride transfers and cyclisation reactions.
Many of the commonly employed methods to investigate acid strength densities

suffer from large drawbacks. Thus, better methods or refinement of existing

methods for quantification of acid strength would be preferable.
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Zeolites are crystalline aluminosilicates with pores of molecular dimensions. They are
extensively used as catalysts in the chemical industry. Recently, zeolite catalysts have
found a new application in the methanol to hydrocarbons (MTH) reaction, which is cur-
rently of growing industrial significance, especially for the production of polymer-grade
alkenes. In this chapter, the general characteristics of zeolites are summarized, with
emphasis on a selection of zeolite structures which are of interest as MTH catalysts.
Subsequently, industrial and fundamental aspects of the MTH reaction are reviewed, with
emphasis on mechanistic insight. Finally, the selected zeolite structures are compared as
catalysts for the MTH reaction, and the influence of product and transition state shape
selectivity is discussed.

1 Zeolites

1.1 Material properties

Zeolites are crystalline aluminosilicates with a three-dimensional
framework that consists of nanometer-sized channels and cavities, giving
a high porosity and a large surface area to the material." The three-
dimensional framework of zeolites is constructed from corner-shared
tetrahedra (T-atoms) of silicon and aluminum, bridged with oxygen
atoms. The dimensions of zeolite channels, channel intersections and/
or cavities are typically less than 1nm. The International Union of
Pure and Applied Chemistry (IUPAC) classifies porous materials as
mirocoporous, mesoporous and macroporous based on sizes<2nm,
2-50 nm and >50 nm respectively,” therefore zeolites are referred to as
microporous materials. Figure 1 illustrates examples of selected zeolite
structures along with their pore systems. The zeolite pore size is mainly
determined by the number of T-atoms defining the entrance (ring-size)
to the interior of the crystal, for example in Fig. 1 the pore size of TON
(10-ring) is smaller than that of ZSM-12 (12-ring). Accordingly, zeolites are
classified as having small, medium, large, and extra-large pore structures
for pore windows delimited by 8, 10, 12, and more than 12 T-atoms,
respectively.® The pores in zeolites can be one-dimensional (Fig. 1,
MTW (ZSM-12) and TON (ZSM-22)), two-dimensional (for example
MWW (MCM-22)*), or three-dimensional (Fig. 1, MFI (ZSM-5) and FAU
(Faujasite)). The pore sizes of zeolites are within the range of the
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Fig.1 Structures of zeolites (from top to bottom: faujasite or zeolite X, Y; zeolite ZSM-12;
zeolite ZSM-5 or silicalite-1; zeolite TON) and their micropore system. Adapted from Ref. 6.

molecular diameters of many organic compounds, and only molecules
with similar or smaller free diameters than the zeolite pores can have
access to the interior of the zeolite crystals. Due to such ability to sort
molecules based on sizes, zeolites are often described as molecular
sieves.”

The first naturally occurring zeolite was recognized in 1756 by a
Swedish mineralogist, Cronstedt.” He named it “zeolite” from the Greek
words “zeo” (boiling) and “lithos” (stone) because the new material
released large amounts of steam and water upon heating. Currently there
are nearly 200 zeolites maintained in the database of the International
Zeolite Association (IZA).* All zeolite structures are given a three capital
letters code, following the rule set by an IUPAC Commission on Zeolite
Nomenclature.””® About one fifth of the zeolites in the IZA database
are naturally occurring, and the rest are synthetic zeolites made in
laboratories. Furthermore, computer prediction of hypothetical zeolites
shows several million possible structures, of which 450000 are potentially
stable when their calculated lattice energies are compared with those
of known zeolite structures.” Hypothetical zeolite structures are also
maintained in an online database.”"’

The synthesis of zeolites is usually carried out under hydrothermal
conditions, from sources of silicon, aluminum dissolved in aqueous
solution of alkali hydroxide and a structure directing agent (SDA),
illustrated in Fig. 2. Zeolites are metastable and the final synthesis
product is determined by factors such as the nature and concentration of
reactants, and synthesis conditions (temperature, crystallization time,
and pH). The hydrothermal synthesis of zeolites is often carried out in
an autoclave at elevated temperature and autogenous pressure. Crystal-
lization from solution generally occurs via the sequential steps of
nucleation of the phase(s), dictated by the composition of the solution,
followed by growth of the nuclei to larger sizes by incorporation of solute
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Fig. 2 Illustration of hydrothermal zeolite synthesis. Adapted from Ref. 17.

from the solution.'’ The final crystal size is a function of the ratio
between rate of nucleation and rate of growth of the nuclei.'” The zeolite
crystallization process is dependent upon a number of parameters such
as: ageing of the synthesis gel,"® solubility of silicon,'* crystallization
temperature,”” and addition of seed crystals."®

Crystal sizes play important roles in the application of zeolites as
catalysts. For example, catalyst effectiveness is larger for smaller crystals,
but filtration and recovery of very small crystals can be a practical
challenge. On the other hand, deactivation can be more severe, and
regeneration of used catalyst can be more difficult for larger crystals."?

Zeolites have widespread applications such as catalysts in oil
refineries, adsorbents for gas separation, and in ion exchange.'®?!
However considering market values, the catalytic application of zeolites is
the most important.>”> The possibility of generating functionality within
the zeolite pores by introducing heteroatoms into the framework and/or
extra framework make them attractive for a wide range of applications.
Such functionality may have acid, base, redox or bifunctional properties,
and act as an active site to catalyze numerous reactions.*’

The name zeolite is restricted to frameworks constructed from silicon
and aluminum as central atoms (T-atoms). There are other zeotype ma-
terials with structures similar to zeolites, but different types of T-atoms.
Examples of such zeotype materials are: SAPO (in which the T-atoms are
Si, Al, and P), AIPO, (in which the T-atoms are Al, and P), MeAPO
(in which the T-atoms are metal cations (Me), Al, and P), and MeSAPO
(in which the T-atoms are metal cations, Si, Al, and P).

Zeolites and zeotype materials can be distinguished from denser
materials of similar type based on their framework density (FD), the
number of T-atoms per 1000 A®. For zeolites and zeotype materials, values
in the range of 12.1 T-atoms up to around 20.6 T-atoms per 1000 A® are
observed, while dense materials have at least 20 T-atoms per 1000A>.”
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Fig. 3 Distribution of framework density (FD) versus size of smallest ring in the
framework. Framework types: a) + dense framework; @ zeolite; 0 hypothetical. Adapted
from Ref. 3, similar figures can be found in Refs. 7, 24.

Figure 3 displays a distribution of framework density versus size of the
smallest ring in the framework. The range of the observed FD values
depends on the type and relative number of the smallest rings in the
tetrahedral networks, and the frameworks of the lowest density are those
with a maximum number of 3-rings.”>** A gap in FD values is observed
between zeolites and denser frameworks.

1.2 Zeolites as acid catalysts

The first use of zeolites as acid catalysts goes back to 1959 when zeolite
Y was used as an isomerization catalyst by Union Carbide. In 1962,
incorporation of relatively small amounts of zeolite X as a promoter
greatly improved the performance of silica/alumina- or silica/clay-based
catalysts for petroleum cracking (i.e. the production of petrol from crude
oil).” The application of acid zeolites within refineries has been respon-
sible for the huge amount of money and time that has been invested in
zeolite research. To this day, zeolites remain inevitable in hydrocarbon
conversion reactions in oil refineries as shape selective catalysts.>**® One
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third of all gasoline utilized today is produced via zeolite-based catalytic
cracking of vacuum gas oil and similar heavy feedstocks.?”*®

The acidity of zeolites and zeotypes is a perhaps surprisingly
complex issue. Acidity may refer to the type of acid site, the density and
distribution of these sites, as well as the acid strength of each individual
acid site. Moreover, it should be realized that these properties are
interdependent. It is well beyond the scope of this chapter to treat these
issues in detail. However, a brief account will be given.

A zeolite framework constructed from silicon and oxygen atoms only is
neutral, but replacing a tetravalent Si atom with a trivalent Al atom
creates a negative charge on the framework, which must be neutralised
by an ion-exchangable cation such as K, Na*, NH," etc. that resides
inside zeolites pores. If these cations are ion exchanged with protons,
strong Brgnsted acidic sites are formed within the zeolite framework,
as illustrated in Fig. 4.*° In silicoaluminophosphates (SAPOs) the
substitution of framework P(V) by Si(IV) will give rise to a corresponding
Bronsted acid site.

Protonated zeolites were previously considered as superacids, but later
studies have shown that the sites are weaker than 100% sulfuric acid,
which is the measure of superacidity.’® The precise acid strength of the
Bronsted sites depends on (at least) the nature of the substitutional
defect, the material topology, and the framework composition. It is
known that for zeolites other trivalent cations from elements such as Ga,
B, and Fe may be incorporated in the framework, and this typically gives
rise to lower acidic strength,’" or no strong acidity at all.** Generally,
SAPOs show a lower Brgnsted acid strength than the corresponding
zeolites.**> Among the aluminosilicate zeolites, topological effects have
been investigated, showing that H-ZSM-5 (MFI), H-mordenite (MOR), and
H-beta (BEA) display similar acid strength, whereas a significantly lower
acid strength was found for H-Y (FAU).*°

The density of acid sites may, as a first approximation, be assumed to be
directly related to framework composition, i.e. to the number or density of
(e.g.) Al substitutions for aluminosilicates. In a key publication, Haag and
Chen showed that the cracking activity was linearly dependent of the Al
content.’” Nevertheless, it has been speculated that the density of acid sites
may influence the acid strength of individual acid sites, through some form
of cooperative action.***° Obviously, given a sufficiently high density of acid
sites, the idea of an isolated Bronsted site becomes irrelevant, and the effect

W WY

Fig. 4 Illustration of Brensted acid site in zeolite.
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appears only for very high Al contents.*" Very clearly, the density of acid sites
will in many cases affect reaction selectivity.

It is also well known that zeolites may possess Lewis sites within
the micropores, which will inevitably affect the catalytic properties of
the zeolite. Such active sites are believed to be associated with extra-
framework Al species. The exact structure of these extra-framework Al
species remains elusive, but many proposals exist.””> Reasonably, Lewis
acid sites are more prominent in high Al materials or zeolites subjected
to steam and/or thermal treatments.

A wide variety of techniques exist for the characterization of zeolite and
zeotype acidity. Again, a detailed treatise is beyond the present scope, and
the interested reader is referred to several more specialized reviews.*"*>**
Temperature programmed desorption of basic probe molecules, e.g. am-
monia, is a common and experimentally straightforward technique, which
provides a quantitative measure of acid site density. Information regarding
acid site strength or type is often attempted, inferred from the temperature
of the desorption maximum. However, it is the opinion of the authors that
such considerations provide limited information, in particular when
comparing widely different catalyst samples, due to complications arising
from differences in diffusivities. Such experiments are also sensitive to the
exact experimental protocol (heating rates, etc.). Catalytic test reactions,
such as cracking of hexane, may constitute an indirect measure of the
accessible acidity. This is of course information of great practical value.
However, the interpretation of measurements of catalyst performance in
what might seemingly be a simple reaction is easily complicated by the
complex nature of the hydrocarbon chemistry involved.*' Spectroscopic
methods, in particular FTIR in combination with probe molecules inter-
acting with the zeolite/zeotype surface sites, can provide both quantitative
and qualitative information. FTIR with pyridine allows quantification of
the density of both Bronsted and Lewis acid sites in a relatively straight-
forward experiment.** Assessment of acid site strength is best measured
using more weakly interacting probes, where complete proton transfer
does not occur. Molecular probes like CO and H, are preferred for probing
surface sites.*>*

In summary, we reiterate that zeolite or zeotype acidity is an issue with
many facets. A thorough discussion of the topic requires distinction
between acid site strength, density, and type. Site accessibility constitutes
another complicating factor. As always, a complete description can be
obtained only by the combination of several complementary character-
ization techniques, some of which are outlined above.

Shape selectivity: One of the most important applications of zeolites is
shape selective catalysis. The concept of shape selectivity in zeolite
catalysis was introduced in the 1950s: the chemical transformation of
molecules depends on the space available inside the zeolite pores."

Shape selectivity in zeolites is described on the basis of mass transport
limitations or transition state control of reactions.

® Reactant shape selectivity (Fig. 5a) is encountered when bulkier
molecules in a reactant mixture are prevented from reaching the active
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Fig. 5 Illustration of zeolite shape selectivity a) reactant selectivity, b) restricted transition
state selectivity and c) product selectivity. Adopted from Ref. 1.

sites within the zeolite crystal.*> Only molecules that are small enough to

enter the pore openings of the zeolite can be converted at the active sites.

e Restricted transition state selectivity (Fig. 5b) is encountered in
chemical reactions that involve transition states which are too bulky to be
accommodated inside the zeolite pores.’® In this case, products are
formed only from reactions with intermediates small enough to fit inside
the pores of the zeolite. In restricted transition state selectivity, neither
reactants nor potential products are hindered from diffusing in or out of
the zeolite crystal.*®

e Product shape selectivity (Fig. 5¢) is encountered when certain prod-
uct molecules are too big to diffuse intact out of the zeolite pores.*> Some
zeolite structures have cavities which allow formation of both small and
bulky products. However, the apertures are small, and the bulky product
molecules must undergo further reactions to smaller molecules in order
to leave the zeolite crystal.

In general, both reactant and product shape selectivities occur due to
mass transfer limitations. In reactant shape selectivity all molecules that
diffuse to and from the active sites sufficiently fast will be converted, while
in product shape selectivity molecules with high mass transport limi-
tations remain in the adsorbed phase and continue to react for a longer
period of time than species less affected by mass transfer limitations.
Therefore, both reactant and product shape selectivities are affected by
crystal sizes, whereas restricted transition state selectivity, which is not
caused by mass transfer limitations, does not depend on crystal size.*®

In brief, shape selective catalysis may contribute to limiting byproduct
formation and thus can make processes more environmentally friendly
and more cost-effective.*®

1.3 Catalysts described in this work

In this Section, shape selectivity will be illustrated by a selection of small

(8-ring), medium (10-ring) and large (12-ring) pore zeolites. Table 1 pre-

sents a list of those materials with a description of their pore systems.
The pore systems of the zeolites are further illustrated in Figs. 6-9. In

these figures the framework is removed and only the channel structure
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Table 1 List and descriptions of zeolite structures discussed in this chapter.

Largest channel Cross section of ~ Channel

Material Dimensionaliaty ~ dimension (A)* channel (A)** size
CHA (SSZ-13) 3D 3.8%3.8 11.3 8-ring
EUO (EU-1) 1D 5.4x4.1 17.7 10-ring
MWW (MCM-22) 2D 5.5x4.0 17.7 10-ring
MTT (ZSM-23) 1D 5.2 % 4.5 18.4 10-ring
TON (ZSM-22) 1D 5.7x4.6 20.8 10-ring
MEL (ZSM-11) 3D 5.4%5.3 22.4 10-ring
MEFI (ZSM-5) 3D 5.6 5.3 23.3 10-ring
IMF (IM-5) 3D 5.6 X 5.5 24.1 10-ring
TUN (TNU-9) 3D 6.0 X 5.2 24.5 10-ring
MOR (Mordenite) 1D 7.0 X 6.5 35.7 12-ring
*BEA (Beta) 3D 7.7 X 6.6 40.1 12-ring
AFI (SSZ-24) 1D 7.3%7.3 41.8 12-ring

*Disordered structures
**Cross-section calculated from the two perpendicular diameters of the largest channel,
assuming it to be perfectly elliptical.

Fig. 6 Illustration of the pore system in CHA zeolite.

shown. The blue (dark) color represents the accessible space inside the
pores, while the grey (light) color represents the outer limits of the pores.
The channel (pore) sizes described in this section are based on atomic
coordinates of the Type material and an oxygen radius of 1.35A, as
described by Meier et al.” The crystallographic free diameters of the
channels (interatomic distance vectors) are presented inAngstrom
(107'° meter) units.

Figure 6 displays the pore system of the CHA structure. It consists of
large cavities with 7.3 A x 12 A dimensions that are connected by 8-ring
windows of 3.8 x 3.8 A dimensions.*

Figure 7 displays displays pore system of the one-dimensional 10 ring
zeolites, TON, MTT and EU-1, and two-dimensional zeolite MWW. The 10-
ring channels of TON are elliptical and slightly zigzag in shape, and have
dimensions 5.7 x 4.6A.*” MTT has tear-drop shaped 10-ring channels
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Fig. 7 lllustration of the pore system in a) TON b) MTT c) MWW and d) EUO zeolites.

(b) (c) (d)
Fig. 8 Illustration of the pore systems in a) TUN, b) IMF, c) MFl and d) MEL zeolites.

measuring 5.2 x 4.5A.* MTT and EUO zeolites have 10-ring channels
slightly narrower than the pores in TON. However unlike TON, these
zeolites contain very large 12-ring pore extensions (12-ring side pockets).*

Figure 8 displays the pore systems of three-dimensional 10-ring zeo-
lites TUN, IMF, MFI and MEL. TUN consists of two differently sized
channel systems with channel dimensions 6.0 x 5.2A and 5.4 x 5.5 A,
respectively. The smaller channels have full 2D connectivity and the
bigger channels provide connections between these 2-dimensional
sheets, thus forming a 3D channel system. The TUN topology consists of
large intersections where one of the 10-rings is expanded to a 12-ring.
IMF is a 10-ring zeolite consisting of two interconnected 2D channel
systems, thus providing limited 3D connectivity. The larger 2D channel
system has channel diameters 5.5 x 5.6 A and 5.3 x 5.4 A, and the smaller
one has channel diameters 4.8 x 5.4 A and 5.1 x 5.3 A. These two channel
systems are connected by a channel with diameter 5.3 x 5.9A. A side
pocket in one of the channels leads to an extended channel intersection
volume. Slabs of three 2D channel systems are separated by a dense
framework, thus forming limited 3-dimensionality. MFI has a pore sys-
tem made from interconnecting straight and sinusoidal 10-ring chan-
nels. The straight and sinusoidal channels have dimensions 5.1 x 5.5A
and 5.3 x 5.6 A respectively. MEL has channels with diameter 5.3 x 5.4 A
in two directions, and 3-dimensionality is created at the interface
between two perpendicular, slightly shifted straight channels.

Figure 9 displays the pore systems of 12-ring zeolites, AFI, MOR and
BEA. AFT has a cylindrical straight one-dimensional pore system. MOR is
a one-dimensional 12-ring zeolite. The material has 8-ring pores limited
by apertures of 5.7 x 2.6 A between the 12-ring channels. In practice,
these 8-rings are not accessible to diffusion species, and the channel
structure is best described as a one-dimensional 12-ring channel with
side pockets. BEA is a disordered three-dimensional large pore zeolite
consisting of 12-ring pores of dimensions 7.3 x 7.1A and 5.6 x 5.6 A."
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(a) (b)
Fig. 9 Illustration of the pore systems in a) AFl, b) MOR and c) BEA zeolites.

Table 2 Density and strength of acid sites in zeolite catalysts reported in this contribution.

Dimensionality/ AV(OH) (cm™)
Topology (Material) ring size Si/Al ratio  upon CO adsorption Reference
CHA (SSZ-13) 3D/8 ring 12 314 47
TON (ZSM-22) 1D/10 ring ~30 320 48
MEL (ZSM-11) 3D/10 ring ~20 328 49
IMF (IM-5) 3D/10 ring ~20 328 49
MFI (ZSM-5) 3D/10 ring ~20 328 49
TUN (TNU-9) 3D/10 ring ~20 328 49
MOR (Mordenite) 1D/12 ring 22 3327 50
BEA (Beta) 3D/12 ring 19 319° 36
AFT (SSZ-24) 1D/12 ring 35 316 51

“Data from literature, using a material with Si/Al=18.
PData from literature, using a material with Si/Al =12.5.

1.3.1 Acid properties. In this work, the O-H stretch frequency of
selected materials was monitored by FTIR before and after adsorption of
a small, weakly basic probe, CO. The measured change in the O-H stretch
frequency upon CO adsorption at —196 °C was used as a measure of the
acid strength and is reported in Table 2.

2 The Methanol to Hydrocarbons (MTH) reaction

The global demand for energy and petrochemical products is increasing
and it is forecasted that crude oil reservoirs will soon be insufficient to meet
the increasing demand. This situation calls for both alternative and sup-
plementary carbon sources to supply the planet with fuels and chemicals in
the future. Alternative carbon sources such as coal, natural gas, petro-
chemical residue, agricultural wastes, municipal garbage and wood etc. are
believed to be successors of the depleting crude oil in the future.*® Even
CO, is considered to be a future carbon source.”>>*> Methanol is a highly
relevant chemical intermediate in this respect, because it may be produced
from practically any of the carbon sources mentioned above. The con-
version of methanol to hydrocarbons (MTH) constitutes the final step in
one conversion route of such alternative sources to value added products.

2.1 Historical development
The catalytic conversion of methanol to hydrocarbons (MTH) was
fortuitously discovered by Mobil in the 1970s.”* Researchers at Mobil
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were aiming to discover new ways of making high octane gasoline from
methanol and isobutane over ZSM-5.">°° They imagined that methanol
would be added to isobutane to form highly branched higher alkanes.
Instead, a wide range of hydrocarbons were formed from methanol even
when the isobutane feed was cut. Shortly after the discovery, bench-scale
and pilot-scale demonstration plants were constructed. Since then the
MTH chemistry has been studied for decades over several zeolite and
zeotype materials. Depending on the catalyst topology and process con-
ditions used, a wide range of products can be obtained from the MTH
reaction.”” Commercial or near-commercial processes such as methanol
to olefins (MTO); methanol to gasoline (MTG); and methanol to propene
(MTP) have been developed.®®

® The methanol to gasoline (MTG) process is catalyzed using the me-
dium pore zeolite, ZSM-5, with MFI topology. In this process methanol is
converted to mainly gasoline range hydrocarbons (Cs + ). The first MTG
plant was built and commercialized in New Zealand by Mobil in 1985,
with a production of 14500 barrels per day (about 30% of the country’s
need) of gasoline. Later as oil prices decreased the MTG section of the
unit was shut down, and only the methanol production part from natural
gas remained in operation.’”®!

e The methanol to olefins (MTO) process is catalyzed using a small-pore
zeotype material, SAPO-34, with CHA topology. In this process methanol
is converted to light alkenes, mainly ethene and propene. The narrow
pores of the material restrict diffusion of large hydrocarbons.®®> The
Advanced MTO process combines the UOP/Hydro MTO process with
Total’s olefins cracking process.*’

® The methanol to propene (MTP) process is catalyzed using ZSM-5 (MFI)
catalyst. In this case, methanol is converted to propene with some by-
product gasoline and LPG-type fuels. The selectivity of the process is
optimized towards propene by high temperature and low pressure
employed during the reaction, as well as recycling of the heavier hydro-
carbons. The process was developed by Lurgi.*

In a later development of Mobil’s MTG technology, light alkenes pro-
duced during gasoline production are further converted to higher
hydrocarbons through another ZSM-5- (MFI-) based process: Mobil’s
olefin-to-gasoline and distillate process (MOGD). In the MOGD reaction,
ZSM-5 (MFI) oligomerises light alkenes into higher-molecular-weight
alkenes that fall into the gasoline, distillate and lubricant range.”®**

Table 3 presents an overview of the industrial-scale process develop-
ments and new licensing agreements for the MTH reaction.

As seen from Table 3, there has been an increased interest in the
commercialization of the MTH process during the last five years. This
illustrates the vital importance of the process at the current time as well
as in the near future.

2.2 Reaction mechanism
Since the discovery of the MTH reaction by Mobil, researchers have been
working on reaction mechanism investigations. The early MTH
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Table 3 An overview of MTH process development.

Year Developed by Process Statues

1981-1984 Mobil MTG Demonstrated on a 4 b/d plant in Paulsboro,
NJ, USA.%®

1981-1984 Mobil MTG Demonstrated on a 100 b/d plant in
Wesseling, Germany.®®

1985 Mobil MTG Commercialized in New Zealand
(14500 b/d).>®

1980s Haldor Topsge TIGAS® A demonstration plant developed based on
ZSM-5 (1 t/d).%”

2009 Shanxi Coal Institute MTG A demonstration plant brought on stream in
Shanxi, province, China (100 kt/y).*”

2009 UOP/INEOS and MTO A semi-commercial demonstration unit built

Total OCP* in Feluy, Belgium (10 t/d).®®

2010 CAC Chemnitz STF Currently in a demonstration phase
syngas-to-fuel unit, developed in
Germany.®’

2010 Haldor Topsee TIGAS Currently being demonstrated in Des
Plaines, USA, where a wood gasifier is
running.”’

2010 Dalian Institute for ~DMTO® A plant based on SAPO-34 started in Baotou,

Chemical Physics China (600 kt/y).*”

2010 Lurgi MTP First plant started in China (500 kt/y propene
and 185 kt/y gasoline)."”

2011 UOP Advanced Construction of a plant in Nanjing, China

MTO announced (295 kt/y).*”

2012 ExxonMobil MTG Announced a licensing agreement with
Sundrop Fuels Inc. (3,500 b/d).”*

2012 UoP Advanced Announced a licensing agreement with

MTO China’s Jiutai Energy (Zhungeer) Co. Ltd.
(600 kt/y).”*
2012 UOP Advanced Announced a licencing agreement
MTO with Shandong Yangmei Hengtong
Chemicals Co. Ltd. (295 kt/y)"?
2013 UOP Advanced Announced a licensing agreement with
MTO Jiangsu Sailboat Co. Ltd. (833 kt/y)”?

“Olefin cracking process.
bTopsoe integrated gasoline synthesis process.
‘Dalian methanol to olefins.

mechanistic works were devoted to direct formation of carbon-carbon
bonds from C; units (methanol or dimethyl ether), and several mech-
anisms were proposed.*” However, high energy barriers are involved in
the direct coupling of C; units, and the proposed mechanisms lack ex-
perimental evidence.*” Already in 1979, Chen and Reagan suggested that
the MTH reaction was autocatalytic.”* 20 years later, Song et al. per-
formed the MTH reaction using extremely purified reagents and reported
a dramatic decrease in the initial rate of methanol conversion.”® It was
suggested from the observation that the rate at which the direct C;-C;
coupling operates is irrelevant compared to the rate at which trace im-
purities of C, | compounds initiate the reaction. Recent theoretical work
also illuminate the main bottlenecks of C;-C; coupling reactions, and
support the conclusion that this route is not viable.”® At present, the
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MTH reaction is believed to proceed through an indirect mechanism,
wherein hydrocarbon species act as reaction centers for product for-
mation.*”””””? The hydrocarbons that act as reaction centers may be
alkenes, aromatic species,®”®” or both alkenes and aromatics sim-
ultaneously.®” In the following section, the efforts leading to the current
mechanistic understanding of the MTH reaction are presented in a
roughly chronological order. Isotopic labeling experiments have been
instrumental in several breakthrough contributions, and the first section
is therefore dedicated to a brief introduction to such studies.

80,81

2.2.1 Isotopic labeling studies. Two types of isotopic labeling studies
are commonly used. The first is co-feed studies, in which *CH;0H is
co-fed with unlabeled hydrocarbons and the products of reaction are
studied with respect to **C content and distribution. Products which are
formed by simple methylation reactions will contain the same number of
3C as the number of carbons introduced in the product by sequential
methylation, whereas products which are formed by a more complex
mechanism, or by several parallel mechanisms, will contain a statistical
distribution of '*C atoms.

The other type of isotopic labeling studies is steady-state isotope
transient experiments, in which the feed is switched from unlabeled to
labeled reactant after a predetermined time on stream, and the '*C
contents of reactant and products are followed as a function of time after
switching the feed (Fig. 10). Such experiments are commonly used in
catalysis research to distinguish between reaction intermediates and
spectator molecules. In general, an active intermediate will incorporate
the labelled component more rapidly than, or equally fast as, the product
molecules. On the other hand, a spectator molecule will incorporate the
labelled component more slowly than the products.

2.2.2 Alkene based mechanism. To the best of our knowledge,
Dessau and coworkers from Mobil were the first to use *CH;OH/**C-
alkene and -arene co-feed studies to elucidate mechanistic details about
the MTH reaction. Based on such co-feed studies over H-ZSM-5 (MFI)
zeolite, they proposed that the reaction proceeds by an alkene methyl-
ation/cracking mechanism, illustrated in Scheme 1.%%%'

(X +2) min
(X + 1) min
(X +0.5) min
| Ordinary 2C-MeOH for X min | 13C-MeOH
| MeOH fed for X + 2 min in total
0 Time on stream - 20

Fig. 10 lllustration of steady-state isotopic transient experiments with switching from *2C
methanol to *C methanol after a predefined time on stream, X.
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Scheme1l Methylation/cracking mechanism proposed by Dessau. Adapted from Refs. 80, 81.

According to this mechanism, the initial alkenes are formed from
reactions involving carbon-carbon bond formation, but once alkenes are
formed, the reaction leading to their formation is irrelevant, in
accordance with Chen and Reagan’s autocatalytic reaction scheme.”* In a
similar proposal in 1986, Dessau stated that: ‘“Asking where the first
olefin molecule comes from is analogous to asking where the first per-
oxide comes from in an autooxidation reaction”.®' The statement further
illustrates that the first alkenes are important only during the initiation
phase of the reaction, which is responsible for producing little of the total
product observed. The first alkene could also come from impurities in
the zeolite, reactant methanol or carrier gas. As little as a single alkene
molecule was speculated to be sufficient to trigger the MTH reaction.
Dessau’s MTH reaction mechanism considers ethene as a product
obtained from secondary re-equilibration of primary alkenes and not as a
primary product obtained from methanol. In addition, aromatic species
formed during the MTH reaction are presented as end products (or coke
precursors) resulting from hydrogen transfer reactions, with no contri-
bution to effluent product formation.

Langner®® later reported that the addition of small amounts of higher
alcohols to the methanol feed dramatically reduced the induction period
over NaH-Y (FAU) zeolite. While this result agreed with Dessau’s pro-
posal, Langner found that cyclohexanol had the greatest effect and thus
suggested a reaction mechanism where cyclic intermediates were of great
importance. His proposed reaction scheme involved higher methylated
cyclic intermediates, which could enter into the “paring reaction” to
produce light alkenes. This paring reaction was first proposed by Sullivan
et al.®® to explain the formation of alkenes (especially isobutene) from
hexamethylbenzene, and proceeds through ring-contractions and
expansions (See Section 2.2.5). Work by Mole and co-workers””°" in 1983
led to a similar conclusion when they found that the addition 1 wt% of
toluene or p-xylene to the methanol feed led to a dramatic increase in
methanol conversion. However, based on co-reactions with isotopically
labelled aromatics over H-ZSM-5 (MFI), they suggested a mechanism of
alkene formation where polymethylbenzenium ions were deprotonated
to form exo-methylenecyclohexadiene species. The exocyclic double
bonds of these species could then be methylated to form an alkyl side
chain, which could subsequently be eliminated (See Section 2.2.5).
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Scheme 2 The hydrocarbon pool mechanism as proposed by Dahl and Kolboe for CHA
(SAPO-34). Adapted from Refs. 77-79.

2.2.3 The “hydrocarbon pool”. In the mid-1990’s, Dahl and Kolboe
proposed the "hydrocarbon pool mechanism" for the MTH reaction.””””
They carried out isotopic labeling experiments by co-feeding alkene
precursors (ethanol, propanol) and "*C-methanol over a SAPO-34 (CHA)
catalyst. Analysis of the effluent showed that most of the products were
formed exclusively from methanol under the applied reaction con-
ditions.””””® Hence, a parallel indirect mechanism, the “hydrocarbon
pool”, was proposed. While their proposal shared many similarities with
previous works, this schematic concept had a greater immediate influ-
ence than the works of the previous decade.”” The original hydrocarbon
pool model, as shown in Scheme 2, assumed that methanol was con-
tinuously added to a pool of adsorbed hydrocarbons, which successively
eliminated light alkenes.

The initial hydrocarbon pool was given an overall stoichiometry
(CH,),, and the chemical structure was not specified.”””® Thus, the
concept of the hydrocarbon pool could cover both the alkene inter-
mediates proposed by Dessau,®*®! the aromatic intermediates proposed
by Mole et al.,’>°' and other types of intermediates. However, studies of
the hydrocarbon pool in the following decade focused mainly on
aromatic or cyclic intermediates. The group of Haw et al.”*°® used MAS-
NMR spectroscopy to identify a number of benzenium and cyclopenta-
dienyl cations present inside the catalyst under working conditions,
while Mikkelsen et al.®* found support for the hydrocarbon pool in large-
pore zeolites from co-reactions of aromatics and methanol. The groups of
Haw and Kolboe simultaneously concluded that polymethylbenzenes
were the main hydrocarbon pool species in H-SAPO-34 (CHA).**%>%7
Additional evidence for the hydrocarbon pool mechanism in H-ZSM-5
(MFI), H-SAPO-34 (CHA) and H-SAPO-18 (AEI) was also provided by
Hunger et al.”®* % Later studies of the MTH reaction with zeolite H-Beta
(BEA) cemented the importance of polymethylbenzene intermediates in
this catalyst.'*"'%

2.2.4 The dual cycle concept. After the long period focusing on aro-
matic intermediates in the MTH reaction, steady-state isotope transient
studies (as described in Section 2.2.1) over the medium-pore H-ZSM-5
(MFI) catalyst revealed that not all alkenes were formed from aromatics.
While ethene and the lower polymethylbenzenes (toluene to tetramethyl
benzene) displayed similar contents of '*C, the higher alkenes (C; )
displayed a higher reactivity for the incoming *C methanol than the
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Scheme 3 Suggested dual cycle concept for methanol conversion over ZSM-5. The
relative importance of each cycle as well as the exact structure of intermediates depends
on the catalyst employed and the process conditions. Thus, not all products shown here
are observed in all systems. Reproduced from Ref. 51.

polymethylbenzenes, suggesting formation from a mechanism not in-
volving polymethylbenzenes.**'? This finding gave rise to the dual cycle
concept, which states that the hydrocarbon pool proceeds through two
partly separated cyclic reaction mechanisms, as shown in Scheme 3. One
of these cycles (the arene cycle) involves aromatic intermediates, while
the other (the alkene cycle) involves methylation and cracking of alkenes
in a similar manner to what was previously proposed by Dessau.®”*" A
main difference from the proposal by Dessau (in addition to confirming
the importance of the arene cycle even in H-ZSM-5 (MFI)) is that ethene
formation from the alkene cycle was assumed to be neglible.

The dual-cycle proposal initiated a series of similar studies over
different catalysts with the aim of relating catalyst structure to product
selectivity. Comparisons of H-ZSM-5 (MFI) and H-Beta (BEA) led Svelle
and Bjorgen et al.®”'** to conclude that the alkene cycle played a much
more significant role in H-ZSM-5 (MFI) than in the more spacious
channels of H-Beta (BEA). The active intermediates of the arene cycle
were also found to differ for the two catalysts: While the largest poly-
methylbenzenes were most active in H-Beta (BEA), the lower homologues
were more active in H-ZSM-5 (MFI). This difference in turn leads to a
change in product selectivity, as the larger polymethylbenzenes produce
more isobutene and propene relative to ethene. A similar correlation
between the size of polymethylbenzenes and the yield of ethene in H-
SAPO-34 (CHA) had previously been suggested by Song et al.'®®> Further
work on H-SAPO-34 (CHA) also revealed that the large cavities of this
catalyst favour the arene cycle, with higher polymethylbenzenes being the
most active species.'’® Recently, methanol/benzene co-reactions over two
other large-pore zeolites H-MOR (MOR) and H-MCM-22 (MWW)'%’
showed that these structures behave similarly to H-Beta.

An important implication of the dual cycle concept is that it might be
possible to separate the two cycles by sterically suppressing the formation
of large aromatics.®® This hypothesis was tested by studying the narrow-
pore 10-ring zeolite H-ZSM-22 (TON), which was indeed found to strongly
favour the alkene cycle, while suppressing the formation of aromatic
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Fig. 11 Incorporation of 13C in MTH products in the reactor effluent or retained in the
catalyst versus time after the 12C-/*C-methanol switch. Left: TON (data from,*® 18 minutes
2C methanol reaction followed by switching to *C at 400°C and WHSV =2 gg~th™},
middle: MFI (data from,8® 18 minutes *>C methanol reaction followed by switching to **C at
350 °C and WHSV =7 gg~*h ™Y, right: CHA zeotype (data from,*°® 3 minutes *2C methanol
reaction followed by switching to *C at 350 °C and WHSV = 6.2 gg~th™?).

products.”®'®® A selection of steady-state isotopic transient analysis

experiments used for the deduction of mechanistic details versus
structure is shown in Fig. 11.

The contributions cited above strongly suggest that zeolite structures
which contain pores large enough to accommodate larger poly-
methylbenzenes favour the arene cycle. However, other parameters may
counter-balance the effect of pore size: Iglesia and co-workers have
shown that the alkene cycle dominates in dimethyl ether (DME) con-
version over several large-pore zeolites at low temperatures and high
reactant partial pressures.'® "' This observation is in line with a recent
contribution by Schulz, who suggested that dealkylation of poly-
methylbenzenes in zeolites is thermodynamically restricted at tempera-
tures below 350 °C.""* The strength of the catalyst’s Bronsted acid sites
also appears to affect the relative preference for the two reaction cycles,
as evidenced over the two isostructural large-pore catalysts H-SSZ-24 and
H-SAPO-5 (both AFI, but different composition).”’ The moderate acid
strength of H-SAPO-5 appeared to favour propagation of the alkene cycle
relative to the arene cycle.

2.2.5 Alkene formation in the arene cycle. It is now generally
accepted that the arene cycle proceeds by methylation of poly-
methylbenzenes followed by dealkylation (Scheme 3). However, the
dealkylation mechanism has been debated for many years, and two main
mechanistic proposals have been put forth: the paring reaction and the
side-chain (or exocyclic) methylation mechanism. The two mechanisms
are schematically presented in Scheme 4. As shown, both reactions in-
volve methylation of hexamethylbenzene to form a heptamethylbenze-
nium cation (heptaMB™) as the first step. However, it is hypothesised that
aromatics with fewer methyl groups could also form poly-
methylbenzenium cations and undergo similar reactions.

The paring reaction was first proposed by Sullivan et al.** to account
for the high yield of isobutane during hydrocracking of
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Scheme 4 The paring and side chain reaction pathways for de-alkylation of poly-
methylbenzenes.

hexamethylbenzene. It involves the rearrangement of HeptaMB™ to a five-
membered ring with an alkyl substituent. This smaller ring can then
either split off propene directly or reorganise further to eliminate
isobutene before deprotonation and expansion back to a six-ring. The
side-chain methylation pathway was first proposed by Mole and
co-workers,””®" and later refined by Haw et al,’>'** and involves
deprotonation of HeptaMB™ to form 1,2,3,3,4,5-hexamethyl-6-methylene-
1,4-cyclohexadiene (HMMC). The exocyclic double bond can sub-
sequently be methylated to form an ethyl side-chain, which may be
eliminated as ethene. Alternatively, another deprotonation and methyl-
ation reaction may lead to an isopropyl side-chain.

A notable difference between the paring and side-chain methylation
mechanisms is that the paring reaction involves the use of a ring carbon
to grow an alkyl chain, while in the side-chain methylation reaction the
aromatic ring is not broken during the reaction. This difference was ex-
ploited by Bjorgen et al.'®" and Sassi et al.,'*> who performed extensive
isotopic labeling and co-feed studies aimed at elucidating the reaction
mechanisms of de-alkylation over zeolite H-Beta (BEA). Sassi et al.'®
worked at high temperatures (350-450 °C) and concluded that side-chain
methylation was the most important pathway to alkenes, in part due to
their finding that 5 equivalents of methanol to one of toluene was more
reactive than hexamethylbenzene reacted alone or together with water.
Also, they found that the ethene and propene formed contained an excess
of carbons from methanol, compared to what would be expected from the
paring reaction. On the other hand, Bjergen et al'°" found that the
majority of propene and isobutane (which they inferred was formed from
isobutene by simple hydride transfer) formed at temperatures below
300 °C contained exactly one ring-carbon, as expected from a paring
mechanism. Further, no indication of side-chain methylation was found
when reacting methanol over a catalyst known to contain active
polymethylbenzenes.

Recently, Westgard Erichsen et al.’>"''* performed isotopic labeling
studies over zeolite H-SSZ-24 (AFI) and the isostructural SAPO material
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H-SAPO-5 (AFI) at low temperatures, and concluded that a paring-type
reaction dominated alkene formation from aromatic intermediates over
both materials. The systematic incorporation of one carbon from the
aromatic ring, as observed in these studies, provides strong evidence that
a ring expansion or contraction step is involved in de-alkylation of
polymethylbenzenes at low temperature. Whether side-chain methylation
becomes more important at higher temperatures is an open question:
isotopic labeling experiments performed under typical MTH conditions
are very difficult to analyse, due to the possibility of independent
reactions leading to ring/methyl carbon exchange without de-
alkylation'®"'°> combined with parallel alkene formation via the alkene
cycle.

The two dealkylation mechanisms have also been investigated
theoretically, but studies directly comparing the two mechanisms in the
same catalyst are still missing. McCann et al.''* and Lesthaeghe et al.'"
investigated the paring reaction and side-chain methylation respectively
over H-ZSM-5 (MFI), but considered different end-products. While
McCann'’s paring cycle showed no major bottlenecks to produce alkenes,
Lesthaeghe found that an ethyl chain could grow from o-xylene, but with
barriers higher than 200 kJ/mol for ethene elimination. Later work by
Kolboe''® '8 revealed that elimination of an alkyl chain can occur with
much lower barriers through a n-complex between the benzene ring and
the alkyl fragment. This observation led de Wispelaere''® to suggest a
complete low-barrier side-chain methylation mechanism, where all
barriers are below 100 kJ/mol.

A pertinent question regarding the side-chain methylation mechanism
is whether appreciable amounts of HeptaMB™ are ever deprotonated and
available for side-chain methylation under reaction conditions. The work
by Bjorgen et al.'®' suggests that this is not the case at low temperature,
while the deprotonation steps suggested by de Wispelaere et al,'"
(supporting information) display very high reverse (protonation) rates.

Regarding the paring reaction, the observation of similar isotopic
labeling patterns (one ring carbon incorporated) for ethene, propene and
isobutene challenges the classical paring pathway, since this reaction is
normally not associated with ethene. The lack of an obvious pathway to
ethene from HeptaMB"' through a paring reaction leads to two possi-
bilities: Either ethene is formed from lower polymethylbenzenes, or chain
growth must proceed via another mechanism than hitherto proposed, that
can also account for the systematic carbon scrambling. One possibility is
expansion to a tropylium-type cation and subsequent contraction before
de-alkylation. This type of mechanism has been subjected to studies
of gas phase kinetics by Arstad et al.'*® (theory) and Sekiguchi et al'*'
(experiment). High barriers were found in both studies.

2.3 Recent research trends

2.3.1 Experimental studies. Due to the complexity of the MTH
reaction, several recent research efforts have focused on the kinetics of
elementary reaction steps. For a detailed description of the state of the
art, we refer to a recent review by Ilias and Bhan, who focused on six
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individual reaction steps in the MTH reaction, namely methylation of al-
kenes and arenes, hydrogen transfer, cyclization, alkene cracking, and
aromatic dealkylation."** In this contribution, we will give a brief outline of
some recent contributions to the field. As will be seen, kinetic information
for some of the reactions has been extracted without the complications
associated with secondary reactions, while in other cases relative kinetic
information was obtained using (e.g.) isotopic labelling experiments.

Alkene and arene methylation reactions in MTH have been investigated
by co-reaction of a methylating agent (methanol or DME) and alkene or
aromatics under conditions that suppress secondary reactions, ie.,
relatively low temperatures and short contact times. There are two pro-
posed mechanisms by which methylation reactions occur. The stepwise
mechanism, in which surface methoxide groups are formed from
methanol/DME and subsequently methylate the alkene/aromatic mol-
ecule; and the co-adsorption mechanism, in which methanol/DME and
the alkene/aromatic molecule form a co-adsorbed complex over the acid
site. There are experimental indications for the existence of both pro-
posed mechanisms over MFI zeolite.'>*>'**

Svelle et al.">>'?® investigated the kinetics of C,-C4 alkene methylation
over MFI zeolite and Hill et al.'*’ extended the work to other zeolites
(MFI, BEA, FER, and MOR) using methanol and DME methylating agents,
respectively. Both authors reported that the alkene methylation rate has
a first-order dependence on the alkene pressure and a zero-order
dependence on the methylating agent. In addition, the alkene methyl-
ation rate increases and the activation barrier decreases systematically
with increasing alkene size. Apparent activation energies in the range
94-109 kJ/mol were reported. Comparison of the four zeolites by Hill
et al.'*” showed similar activation barriers for C; and C, methylation.
However, higher methylation rates and pre-exponential factors were
observed over MFI and BEA compared to MOR and FER, and indicate that
alkene methylation reactions are topology dependent.

Similar to alkene methylation, aromatics methylation reactions play a
crucial role in the MTH reaction. Recently, Hill et al.'*® investigated
methylation of aromatic molecules over MFI and observed first order
dependence on the aromatic molecule and a zero-order dependence on
the methylating agent for benzene and toluene. Energy barriers for the
aromatic methylations were found to be in the range 52-62 kJ/mol and
methylation of benzene and toluene proceeded with similar rates and
activation energies as propene and n-butene respectively. The energy
barriers reported by Hill et al. are comparable with toluene methylation
energy barriers of 50-80 kJ/mol found in previous literature."****" In a
recent study, Van der Mynsbrugge et al. reported that the benzene
methylation reaction occured at a considerably faster rate over MFI than
over BEA."?” The difference was allocated to an optimum confinement
effect of the reacting species in MFI.

Dealkylation of polymethylated benzene molecules was described in
Section 2.2.

Cyclisation and aromatisation of alkenes constitute another family of
reactions in the MTH reaction scheme. Two reactions are involved,
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cyclization of alkenes followed by dehydrogenation to aromatics or de-
hydrogenation of the alkenes to form dienes and trienes, followed by
cyclization. There is no experimental evidence nor kinetic data revealing
whether cyclization occurs prior to dehydrogenation or vice versa. In both
cases, dehydrogenation occurs via intermolecular hydrogen transfer re-
actions in which alkenes or cycloalkanes donate hydrogen to another
hydrocarbon. Hazari et al.'*® investigated the relative rates of hydrogen
transfer versus methylation reactions over indium iodide and zinc iodide
catalysts. The reaction involved co-conversion of cyclohexadiene (hydro-
gen donor) and C; alkenes with different degrees of substitution around
the double bond. The authors quantified hydrogen transfer and methy-
lation rates from the amount of C, alkane or Cg hydrocarbon formed,
respectively. It was observed that the relative rate of methylation and
hydrogen transfer varied systematically with the degree of alkene sub-
stitution. The highest ratio of methylation to hydrogen transfer reaction
was observed for the alkenes with high substitution, and the addition of
hydrogen donors like cyclohexadiene affected the relative rates of the re-
action compared to reactions involving only the alkenes. In a related work,
Simonetti et al.''*"** attempted to quantify the relative rates of methyl-
ation and hydrogen transfer reactions over BEA zeolite in a reaction in-
volving '*C labeled DME and C,~C, alkenes. The authors observed that the
hydrogen transfer reaction was favored for hydrocarbons that form stable
carbocation transition state complexes. Some authors have studied the
intermolecular hydride transfer reaction alone. Mullen and Janik studied
hydride transfer between various combinations of hydride donor and ac-
ceptor molecules over protonated MOR and FER zeolite by DFT modelling,
and reported that the reaction barrier in MOR decreased starting from the
reactants forming prim, then via sec to tert carbocation intermediates."
They further concluded that shared hydrided carbonium ions represented
the transition state of reaction. While no steric repulsion was observed in
MOR, the smaller pores of the FER zeolite led to steric repulsion of the
larger t-butyl species. Very recently, Borghese et al. published an in situ
MAS-NMR study of hydride transfer between isobutane molecules over
USY zeolite."*® H-D labeling experiments showed that the hydride transfer
occurred on the methine position of the molecule, with an activation en-
ergy of ca. 55 kJ/mol. The authors concluded that the hydride transfer
reaction is a bimolecular reaction.

Finally, cracking of large hydrocarbons to smaller fractions is known to
occur over zeolites under MTH reaction conditions. For alkenes pos-
sessing carbon atoms at the B-position from the double bond, cracking
will proceed via an alkoxide intermediate (protonated alkene) followed by
a B-scission reaction to form a small alkene and a small alkoxide. Hence,
the rate of the B-scission reaction is crucial. Simonetti et al.''® quantified
the B-scission reaction rate for C;-Cg alkenes during co-conversion of *C-
DME and the alkenes over BEA zeolite and observed comparable rates
for B-scission and skeletal isomerization reactions, while in most cases
methylation reactions of the alkenes were significantly faster (> 40 times)
than the B-scission reaction. Buchanan et al.™*” investigated the relative
rates of cracking of Cs-Cg alkenes over MFI and reported a significant
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increase in cracking rates with increasing alkene size. Furthermore,
cracking rates of liner and highly branched Cg alkenes were shown to be
greatly affected by diffusion limitations over MFI. From this perspective,
the relative rates of cracking, methylation etc. mentioned in this contri-
bution are likely to depend on zeolite topology, and this parameter is so
far scarcely studied.

Overall, the individual reactions in MTH follow the expected
carbocationic chemistry in that the rates and activation barriers of alkene
methylation, cracking, hydrogen transfer and cyclization reactions depend
on the stability of carbocationic transition states formed during the re-
action, meaning that longer chains and branching generally result in
higher reaction rates."'® Considering heavier hydrocarbons with a high
degree of substitution and aromatics, diffusion limitations come into play
and deviations from the general carbocationic chemistry are observed.

2.3.2 Theoretical studies. Obtaining kinetic data for individual
catalytic cycles by experiment is a challenging task due to the plethora of
reactions taking place simultaneously inside the zeolite. Theoretical
studies coordinated to experiments may provide improved mechanistic
insight. One advantage with computational studies is that different aspects
of the system can be isolated and their influence on individual reactions
may be studied independently. Large efforts in the international com-
munity in developing cost efficient and reliable methodologies have now
reached a point where the theoretical toolbox can provide “near-chemical
accuracy”."*®*° However, the approach is not without hurdles.

The MTH system is a complex hybrid consisting of a crystalline periodic
inorganic structure and of organic reactions which do not occur in a
periodic manner within the zeolite cavities. This is a complicated com-
bination since accurate description of the periodic inorganic framework
coupled with organic (non-periodic) reactions is challenging. A brief
description of the methodologies to meet these challenges follows. For a
comprehensive review of the state-of-the-art we refer to Hemelsoet et al.'*

The first attempts at modeling reactions relevant for MTH, reported
in the late 1990s and early 2000s, were limited to small clusters with 3 to
5 T-atoms in the gas phase representing the zeolite.?*#> %1714 gych
small clusters are sufficient to model an isolated Brgnsted acid site and
were therefore a good starting point, but they are not sufficient to model
the topological constraints imposed on the organic reaction by the in-
ternal pore system of the zeolite. With increased computational resources
and further development of software it has become possible to increase
the size of the studied system in terms of number of lattice atoms."*°
There are two viable methodologies: 1) Extend the cluster representing
the zeolite in order to model larger parts of the crystals or 2) perform
periodic calculations by simulating an infinitely extended repetition of
zeolite unit cells. In the first case the periodic structure of the zeolite is
not considered while in the latter both the zeolite and the organic re-
actions are modeled with periodicity. Periodic calculations are well suited
to accurately model the crystalline zeolite material but particular care
must be taken to minimize unphysical interactions between the organic
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components in neighboring unit cells. It is therefore necessary to ensure
that the unit cells are large enough, and the use of (computationally
expensive) super cells may be required. In contrast, extended clusters
represent only a small fragment of the zeolite, and while the (unwanted)
periodic description of the organic reaction is avoided, the zeolite frag-
ment must be carefully treated in order to avoid unphysical properties.
Particularly, the clusters must be correctly terminated so that the ma-
terials do not collapse during geometry optimizations. This is achieved by
terminating all external dangling bonds of the fragment with H, which
are then anchored in space.

In addition, computational models are historically developed for
either organic reactions or inorganic (solid) materials. In the MTH
reaction, both chemical environments are present, and it is therefore
crucial to choose a methodology which describes both parts of the system
correctly.>°

State-of-the-art methodologies can in general be described with an
“onion”-analogy: The parts of the large cluster that are farther from the
reaction center are modeled with a less computationally expensive
method, while the atoms taking part in the breaking and making of
bonds and the surrounding closest atoms are modeled by much more
accurate, but also demanding methods.'*® Thus the reaction center is
modeled by highly sophisticated quantum mechanical (QM) methods
while the outer layer of the onion is treated with molecular mechanics
(MM) or cheaper QM methods, denoted QM/MM and QM/QM methods
respectively.

Density Functional Theory (DFT) is widely used for both extended
cluster and periodic studies since it offers reliable data at low compu-
tational cost.'*® Previously, a significant drawback of DFT was its inability
to model dispersion forces, but satisfactory solutions to this problem
have been developed, notably the Grimme correction.'" For the organic
MTH reactions Van del Waals interactions give significant contributions
to, for instance, adsorption energies, and it is therefore crucial that these
be implemented to obtain chemically reliable data.'*®"*°

The classic Brgnsted acid site has been studied by various groups with
results in agreement with experimental observations.'* Simple methyl-
ation reactions have been studied successfully. The initial theoretical
studies performed as gas phase simulations with very small clusters
representing the zeolite provide useful information on reactivity of
possible hydrocarbon pool intermediates. However it is necessary to take
the zeolite environment into account in the investigation of large, bulky
hydrocarbon pool species and coke precursors, due to possible inter-
action with the inorganic framework and steric limitations.'*

Svelle et al. obtained theoretical data in very good agreement with
experimental data on the methylation of alkenes in H-ZSM-5 (MFI). Full
catalytic cycles for both the paring’'* and side-chain''® mechanisms have
been found by computational studies, although in different host
materials. The first complete catalytic route reported involves isobutene
formation through a paring type mechanism in H-ZSM-5 (MFI)."'* A low
barrier path for the side-chain mechanism has so far only been identified
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in H-SAPO-34 (CHA), as other reported side-chain cycles have at least
one barrier above 200 kJ/mol."*>"***? Also, a proposed route for the
alkene-based reactions in the dual-cycle reaction scheme has been
investigated."® Energy barriers for chain growth by methylation were
60-80 kJ/mol, similar to the methylation of HMB in H-SSZ-13 (CHA) and
of lower methylbenzenes. Energy barriers for cracking were found to be
between 70 and 120 kJ/mol and generally higher for the formation of
ethene compared to propene. This is in agreement with propene, but not
ethene, being a favored product in the alkene based cycle.

So far, there are few reports comparing zeolites with differing topology
for the modeled reactions. Lesthaeghe et al. showed that activation
barriers for gem-methylation of aromatic hydrocarbons were strongly
dependent on the reaction environment within the catalyst.">* It
was found that the CHA framework offers favorable electrostatic sur-
roundings for the methylation of HMB by methanol, compared to MFI
and BEA, resulting in the following order of reactivity: CHA > MFI > BEA.
Similar studies for all possible reaction steps in the various proposed
cycles are necessary in the investigation of topology effects on the MTH-
reaction.

Calculations of rate coefficients have been accomplished recently, and
this opens up possibilities for further detailed reaction analysis directly
linked to experimental results.'’® We anticipate publication of such
comparisons in the near future, as both chemical accuracy and plausible
full reaction cycles are now available.

3 Shape selectivity in the MTH reaction

3.1 General

Product selectivity in the MTH reaction results from a combination of
kinetic and thermodynamic driving forces. Thermodynamically, the
conversion of methanol to hydrocarbons and water, as well as the con-
version of alkenes to aromatics and alkanes, are favored under all rele-
vant conditions. Within the typical temperature range of the MTH
reaction (350-550 °C), increasing temperatures favor short alkenes over
long-chain alkenes,'®® and dealkylation of alkylbenzenes is typically
favored at temperatures above 350 °C (depending on pressure and length
of the molecules)."*?

Kinetically, the rate of each elementary reaction is determined both by
operational parameters such as pressure and temperature, and by
material parameters such as Brgnsted acid strength, acid site density,
pore and cavity size and shape, crystal size and defect type and concen-
tration (see Section 3.2).

In this contribution, our ambition is to illustrate how zeolite topology
influences product selectivity in the MTH reaction, and to relate those
observations to the current knowledge about the MTH reaction mech-
anism. For this purpose, a selection of zeolite samples has been tested as
MTH catalysts using a quasi-single-parameter variation approach. This
means that the operational parameters (temperature, methanol pressure,
reactor type) were equal in each experiment. Furthermore, the zeolite
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samples had similar Si/Al ratio, Brensted acid strength (they were all
Si-Al-O zeolites) and crystal size, but varying topology.

Since it is only possible to prepare samples with similar, but not
identical, material parameters, a summary of previous studies about the
influence of Si/Al ratio, acid strength and crystal size is given in Section
3.2. The experimental set-up for the catalytic tests is described in Section
3.3, and test data are described and discussed in Section 3.4.

3.2 Influence of material parameters other than topology
In the literature, the effect of Si/Al ratio and crystal size has mainly been
studied for H-ZSM-5 (MFI). In general, the literature studies conclude
that a higher Si/Al ratio (which corresponds to a lower density of acid
sites) leads to higher selectivity towards C,-C, alkenes and lower selec-
tivities toward aromatic products, in accordance with a predominantly
sequential reaction scheme. In such a scheme, alkenes are formed first
and sequentially converted into aromatic and alkane products, as
originally suggested by Chang and Silvestri.>> Chang et al. studied the
MTH reaction over MFI with two Si/Al ratios, ie., 70 and 3340,
while intermediate Bronsted acid site densities were obtained by partial
H" —Na™ cationic exchange. At 370 °C and full conversion, the C,-C,4
alkene selectivity was 30% and 46% for Si/Al =70 and 3340, respectively.
Lower Si/Al ratios led to higher ethene selectivities and lower propene
selectivities.'”® Prinz and Riekert tested MFI catalysts with varying Si/Al
ratios (34-660) or crystal sizes (0.5-8 um) for the MTH reaction at 290-
360 °C in a batch reactor, and reported that increasing Si/Al ratios led to
increasing light alkene selectivities and propene-to-ethene ratios. A
similar effect was reported for decreasing crystal sizes (0.5 versus
2 X 2 x 6 micron crystals); however, it is worth noting that for con-
versions in excess of 80% the selectivity differences due to crystal size
vanished.'”” Recently, Liu et al. tested MFI samples with Si/Al ratios
ranging from 12-360 at 460 °C, and observed a gradual increase in
propene selectivity from 16% to 52%, respectively, at full methanol
conversion. Concurrently, the propene to ethene ratio increased from
2.0 to 6.5."°® We recently studied the MTH reaction over three MFI
catalysts with different Si/Al ratios (12, 50 and 140, respectively) under
the conditions reported in Figs. 12-16, and observed that the C;
selectivity decreased, while the HTI (hydrogen transfer index, see
Section 3.4.2) and aromatics selectivity increased, with a decrease in
Si/Al ratio (i.e. an increase in acid site density), throughout the
conversion range tested (50-100% conversion). This behaviour is in line
with the cited literature reports.’”®'*® For ethene the picture was more
complex: The samples with the highest density of acid sites gave an
intermediate selectivity to ethene, compared to the two samples of
medium (highest ethene selectivity) and low (lowest ethene selectivity)
acid site density. These observations suggest that correlating ethene
selectivity with material parameters is not a straightforward task and
should be performed with care.

Very recently, Westgard Erichsen et al®' elucidated the effect of
acid strength in MTH catalysts by comparing two isostructural materials,
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H-SAPO-5 and H-SSZ-24, for the title reaction at 350-450 °C. Both ma-
terials have an AFI structure (Fig. 9), which allows both aliphatic and
aromatic products to diffuse out, and is therefore more suited for such
studies than the more common CHA structure (Fig. 6). The strongly
acidic H-SSZ-24 was found to be more selective towards aromatic prod-
ucts and C,-C;3 hydrocarbons as compared to the moderately acidic H-
SAPO-5, which produced more non-aromatic C,, hydrocarbons. Co-re-
actions of CH;0H and benzene at 250-300 °C, with low conversion of
both reactants further suggested that a lower acid strength promotes an
alkene-mediated MTH reaction mechanism.>”

3.3 Experimental
Catalytic tests were carried out using samples with the following topol-
ogies: CHA (H-SSZ-13), TON (H-ZSM-22), MEL (H-ZSM-11), MFI (H-ZSM-
5), IMF (H-IM-5), TUN (H-TNU-9), MOR (H-mordenite), BEA (H-beta), and
AFI (H-SSZ-24). The Si/Al ratio of the samples as well as their O-H
frequency shifts when subjected to CO adsorption at — 196 °C are shown
in Table 2. As observed from Table 2, all samples had similar acid
strength (frequency shift). Most of them had Si/Al ratios around 20, with
CHA (Si/Al=12), TON (Si/Al=30) and AFI (Si/Al=35) as the exceptions.
All catalytic tests were performed at 350 °C using fixed bed reactors
with 3-8 mm inside diameter. The powder catalysts were pressed, gently
crushed and sieved to obtain particles in the range 0.25-0.42 mm. From
40-100mg of the sieved fraction was tested under methanol flow at
WHSV (weight hourly space velocity) between 1 and 9 gg~ ' h™ ", and with
P(MeOH) = 13 kPa. The product stream was analyzed with an Agilent 6890
A gas chromatograph (GC) with FID detector and automatic sampling
(Supelco SPB-5 capillary column; 60 m, 0.530mm id, stationary phase
thickness 3 mm) or with an Agilent 7890 GC with FID on a Restek Rtx"®-
DHA-150 column (150 m, 0.25 mm i.d., stationary phase thickness 1 um).
In order to compare product selectivities of the materials, catalytic test
data are presented as product yield versus methanol conversion plots in
Section 3.4 below. With few exceptions, each graph in Section 3.4
represents data obtained during catalyst deactivation in a single test,
thus assuming non-selective deactivation of each catalyst. This procedure
has been justified by previous studies of a number of zeolite catalysts,
including MEL, IMF, TUN,*’ MFI,"*® TON, MTT, EUO,"*° AFI,'" ITH,"*"
all of which showed that the product selectivity is independent of
deactivation during the MTH reaction. The CHA structure represents an
exception: an increase of the ethene to propene ratio was observed with
time on stream in previous studies (see ref. 106 and refs therein), and was
ascribed to increasing diffusion hindrance, as the adsorbed hydrocarbon
residues inside the cavities gradually grew bigger.

3.4 Shape selectivity

A typical gas chromatogram showing the effluent composition of the
MTH reaction over wide-pore BEA zeolite is shown in Fig. 12. Products
range from C, alkanes and alkenes to C;, aromatic products, and over a
hundred individual product peaks may be distinguished.
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Fig. 12 A typical gas chromatogram of the reactor effluent from the MTH reaction over
BEA zeolite at 78% conversion.
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found in refs. 163-166.

Figure 12 nicely illustrates the complexity of the MTH product mixture
and the need for selectivity-enhancing catalysts. In the following, only
main products and product groups will be considered.

3.4.1 Product shape selectivity. The channel dimensions of a number
of zeolite catalysts were described in Table 3. Figure 13 shows a plot of
the kinetic diameter of the largest product formed in appreciable
amounts (>4% yield, thereby omitting products likely to be formed on
the outer zeolite surface) in the MTH reaction over each of those ma-
terials versus the cross-sectional area of their largest channel. A general,
direct correlation between these two parameters is observed, which
demonstrates that proper selection of channel diameter gives a distinct
cut-off in the effluent product distribution. As may be seen, products
diffusing out of 8-ring channels are limited to linear alkenes, while the
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use of 10-ring channel zeolites limit the effluent products to either
branched alkenes or aromatic products (up to 1,2,4 trimethyl or 1,2,4,5
tetramethylbenzene), depending on the exact channel diameter. The
smaller 10 rings such as TON and MTT (ZSM-23,'°% not included in
Fig. 13 because test results were available only at 400 °C) give branched
alkenes/alkanes as the largest effluent products, while the larger 10-rings
of MFI, MEL, TUN and IMF yield methylbenzenes in the effluent. Zeolites
with 12-ring channels allow production of the heaviest methylated ben-
zene, hexamethylbenzene. As this is also the largest observed major
product during homogenous catalysis of the same reaction,'* it appears
that 12-ring channels provide little or no product shape-selectivity for the
MTH reaction.

While Fig. 13 shows the general rule of how channel dimensions limit
the product size, cavities and side-pockets on the main channels may
complicate the picture. Of the structures discussed here, TUN, IMF and
MOR contain cavities that provide significantly more space than main
channels. In the effluents from these structures, it is possible to find
heavier products than would be expected based on channel size. Ex-
amples include a relatively high yield of HexaMB from TUN*’ at 20%
conversion (above 1% yield) and a tendency for MOR to form more large
2-ring aromatics than BEA and AFI at lower conversion.

Even more extreme examples can be found for EUO (EU-1)""" and
MWW (MCM-22) structures'®® which both have smaller 10-ring channels
than the TON structure. However, both of these catalysts have large pore
extensions (side-pockets) in their main channels, which are delimited by
12-rings.'°>'®” Literature studies of the MTH reaction over these catalysts
report product distributions that are unexpected from medium pore
(10-ring) zeolites, that is, high yields of aromatic products.'*®'® A
plausible explanation for the unexpected product distributions over
EUO' "' and MWW '®* zeolites might be the involvement of the 12-ring
side pockets on the outer surface of the crystal during the MTH reaction.

160

3.4.2 Transition state or intermediate shape selectivity. Transition
state or intermediate shape selectivity is tightly integrated with
mechanistic understanding, which was presented in Section 2.2. Product
distribution versus methanol (and DME) conversion data are shown in
Figs. 14-16. The following criteria were used for selection of parameters
to be plotted:

o Product ranges of special interest (e.g. C; alkenes for polypropene
production and C;, hydrocarbons for gasoline production),

o Indicators of aromatics formation (i.e., hydrogen transfer index,
HTI, which is defined as the [alkane/(alkene + alkane)] ratio for a C,
species), and

o Ratios between individual components which might potentially be
altered by intermediate shape selectivity, based on previous mechanistic
studies (i.e. C4/C3 and C;/C, ratio) (Section 2.2).

Concentrating first on the C; products (Fig. 14 left), the C; selectivity is
highest for the 8-ring CHA structure, followed by the 3D 10-ring

206 | Catalysis, 2014, 26, 179-217



= CHA e TON 4 MEL v MFI < IMF
> TUN e MOR e *BEA ¢ AFI

50 . 60
45 - = 55 [5)
40 L] & 50 °
3 - T 451
X >] % 40+ )
; 30 [ ] » 351
T 251 = 30] o
'>—_ | | @
20 ﬂ < 25
dﬁ X >e = 20
151 e 9000 < 15 °
] O ° 5 ] e
10 ﬂ 62& @ S 10 o0 SPOXD o
51 5] w § mmm
m N
0- . ; ; . : 0 B= ; . .
0 20 40 60 80 100 0 20 40 60 80 100
Conversion (C%) Conversion (C%)

Fig. 14 Cs (left panel) and Cs, aliphatic (right panel) yield as a function of conversion
over the various MTH catalysts at 350 °C and P(methanol) = 13 kPa.

topologies (MFI, MEL, TNU, IMF), which form an ensemble of similar C;
selectivities, and subsequently the 12-ring topologies (BEA, MOR, AFI),
which form another ensemble with lower C; selectivities. Interestingly,
the 1D 10-ring topology, TON, gives similar C; product selectivity as the
12-ring materials. The product yield versus conversion curves are
generally linear in the 0-80% conversion range, and then change slope in
the upwards or downwards direction. The slope change mainly corres-
ponds to an increased net conversion of light alkenes to aromatic mol-
ecules and alkanes (See Fig. 16) with the exhaustion of methanol. This
observation is in agreement with C,-C, methylation studies performed
over MFI, which showed that alkene interconversion reactions were
suppressed in the presence of methanol, possibly due to competitive
adsorption at the Bronsted acidic sites (See Section 2.3)."*> As mentioned
in Section 3.2, CHA is the only structure among those presented here for
which a change in selectivity has been observed with increasing
deactivation. As such, the upwards slope of the C; yield versus methanol
conversion curve for CHA is in agreement with a higher diffusion re-
sistance for a coked catalyst, thereby favoring propene (over ethene)
production only at high conversion. No straightforward explanation
has so far been found for the upwards curvature observed for TON and
MOR at high conversions. TON has previously been tested at different
residence times, leading to the conclusion that its product selectivity is
independent of deactivation."'®®

Turning to the C; , aliphatics product group (Fig. 15 right), 1D 10-ring
TON zeolite gives dramatically higher Cs , aliphatics selectivity than any
of the other catalysts in the entire methanol conversion range. In fact,
when summing the yields of Cs , aliphatics and aromatics (Fig. 16 right),
then the TON zeolite gives the highest overall Cs , hydrocarbons yield of
all tested catalysts. The 3D 10-ring zeolites form an ensemble of inter-
mediate selectivities to Cs. aliphatics, while the 12-ring zeolites give
scattered Cs . aliphatics selectivities, although at the lower range of the
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Fig. 15 C3/C; (left panel) and C4/Cs yield ratios (right panel) as a function of conversion
over the various MTH catalysts at 350 °C and P(methanol) = 13 kPa.

3D 10-ring structures. As expected from its small pore size, 8-ring CHA
gives the lowest Cs . aliphatics selectivity.

C;/C, and C,/C; ratios versus methanol conversion are shown in
Fig. 15. The C;/C, ratio is rather constant at 10-95% methanol con-
version for most materials. 8-ring CHA gives the lowest C3/C, ratio of
around 1, followed by a ratio of about 1.5-2.5 for most 3D 10-ring and all
12-ring materials. Again, TON is an exception to the general picture, with
a C;/C, ratio around 10 at high conversion, decreasing towards 2 at low
conversion. Two 3D 10-ring materials, IMF and TUN, also show peculiar
behavior, with an increase in C;/C, ratio with methanol conversion to a
maximum of 6 and 8, respectively, at 20 % conversion, followed by a
decrease towards 2 at high methanol conversion. Again, no straight-
forward explanation has been found for the particularly low ethene
selectivities observed over these two materials. However, close inspection
of the aromatic product spectrum for these two materials (see ref. 49)
revealed that the selectivity to the heavier methylbenzenes (penta- and
hexa-methylbenzene) was at a maximum at the same conversion level as
the maximum in Cj3/C, ratios for these two structures (vide infra).
According to mechanistic studies, heavier polymethylbenzenes favour
propene and butene, and not ethene, formation (Section 2.2). The plot of
C,/C; ratios (Fig. 15 right) shows that the highest C,/C; ratios are
obtained over the 12-ring materials. The C,/C; ratio generally shows an
upwards curvature at methanol conversions above 80%, again reflecting
the changing reaction environment when methanol is depleted. The
exceptions to this observations are TON and CHA, which give a slight
decrease in C,/C; ratio with increasing conversion. At conversions lower
than 10%, the C,/C; ratio decreases dramatically for the 12-ring
materials, while it increases slightly for the 3D 10-ring materials.

Turning finally to the aromatic products, which are represented
by the hydrogen transfer index, HTI, here plotted for the C, product
group (Fig. 16 left) and by the yield versus conversion curves for the
aromatics fraction (Fig. 16 right), clear differences are again observed for
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Fig. 16 C,4-HTI (left panel) and aromatics yield (right panel) as a function of conversion
over the various MTH catalysts at 350 °C and P(methanol) = 13 kPa.

the 8- versus 10- and 12-ring topologies. The 12-ring topologies have
higher C, HTIs than the 3D 10-ring materials, which again give higher C,
HTIs than the 1D 10-ring material, and especially the 8-ring CHA. How-
ever, the value for CHA is not representative of aromatics formation be-
cause only linear products can escape the crystals. Among the 12-ring
topologies, a difference is observed between the materials with larger
pore size (BEA, AFI) and MOR, which has smaller pore size (see Fig. 12)
and gives a lower C, HTI. For the two materials with largest pore size,
dimensionality does not seem to influence aromatics formation, since
the C, HTI of 1D AFI is slightly higher than that of 3D BEA. Among the 3D
10-ring materials, MFI, with its small intersection volume, gives the
lowest C, HTL The slope of the C, HTI versus conversion curve is highest
for the 12-ring materials. There is in general a good correlation between
C, HTI and the aromatics selectivity for all materials, which decreases in
the order: 12-ring>3D 10-ring>1D 10-ring>8-ring materials (Fig. 16
right).

Turning next to a discussion of the product selectivities observed in
Figs. 14-16 versus catalyst structure, a main concern about a possible
influence of parameters other than topology relates to the TON sample,
which has a Si/Al ratio higher than the other samples, as well as a distinct
selectivity pattern. This sample has previously been compared to other
samples with 1D 10-ring topology, including ZSM-23 with MTT structure
(Fig. 7)."®° MTT has a slightly smaller pore diameter (5.2 x 4.5A) than
TON. The comparison was performed at 400-450 °C, with WHSV=2 h™".
The MTT sample had a Si/Al ratio of 26, i.e., close to the majority of
samples in Table 3. It was found that the TON and MTT structures yiel-
ded very similar product distributions throughout the conversion range
tested (5-100% conversion).'®® Based on this comparison, we find it
reasonable to ascribe the distinctive selectivity pattern of the TON
structure, shown in Figs. 14-16, to its topology.

Turning our attention to the data in Figs. 14-16, the materials can be
classified into four main groups based on their selectivity patterns: The
12-ring, the 3D 10-ring, the 1D 10-ring and the 8-ring structures. As stated
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above, MTH product selectivity in 8-ring CHA has previously been
reported to be determined mainly by product shape selectivity,'*® hence
its selectivity pattern will not be further discussed here.

An internal comparison of the three 12-ring structures (BEA, AFI,
MOR) show that their C, HTIs and aromatics selectivities follow their
pore size, in the order: AFI>BEA>MOR. Furthermore, their C,/C; ratios
differ significantly and decrease in the order: BEA>AFI>MOR. The C,/
C; ratio differences are probably related to the aromatics selectivities,
since iso-C, (the main C, isomer) is more readily hydrogenated
than propene. The relative C; and Cs, aliphatics selectivities of these
materials are similar and generally mirror each other, and their C;/C,
ratios are also similar. It is interesting to note that the aromatics se-
lectivity is higher in 1D AFI than in 3D BEA. This observation suggests
that there is sufficient space for bimolecular hydride transfer reactions
(See Section 2.3) in both of these structures, so that the extra space
related to channel intersections is no longer needed. In 1D MOR, with a
slightly smaller pore size (see Fig. 13), however, intermolecular hydride
transfer reactions seem to be slightly more restricted.

Proceeding to a comparison between 12-ring structures and 3D 10-ring
structures, several differences are observed. First, the aromatics selec-
tivities and hence, the C, HTIs, are significantly lower for the 3D 10-ring
structures than for the 12-ring structures. This observation suggests a
further hindrance of intermolecular hydride transfer reactions in 3D 10-
ring structures. Typically, among the 3D 10-ring materials, the highest
aromatics selectivity and C, HTI are observed for TUN, which has the
largest intersection volume among them. As a second observation, the C;
selectivities, the C, selectivities (as indicated by the similar C3/C, ratios of
the two material groups) and the Cs, aliphatics selectivities are signifi-
cantly higher for the 3D 10-ring materials than for the 12-ring materials,
whereas the C, selectivities are slightly lower. The observed differences in
C, selectivity may stem from the higher fraction of saturated C, products
from the 12-ring materials, since those products are inert toward further
reaction (see Sch. 4). The higher C, and C; selectivities generally observed
in the 3D 10-ring materials compared to the 12-ring materials might re-
late to the dominance of light methylbenzenes in 3D 10-ring materials
compared to the large fraction of the heaviest methylbenzene, hexa-
methylbenzene, in 12-ring materials. As referred to in Section 2.2,
previous mechanistic studies have suggested that the lower methyl-
benzenes favor formation of ethene and propene, whereas the highest
methylbenzenes favor formation of propene and butene in the arene
cycle (Sch. 4). Furthermore, the alkene cycle has been suggested to favor
C; . alkene formation (See Section 2.2). The data reported in Figs. 14-16
are in general agreement with those studies. It is furthermore interesting
to observe that the two 3D 10-ring structures with the largest intersection
volumes, TUN and IMF, yielded higher C;/C, ratios and hence lower C,
selectivities than the other 3D 10-ring materials. Thorough inspection of
the aromatics fraction obtained over these materials showed that both
materials yielded hexamethylbenzene, which showed a contact time
behavior typical of a reaction intermediate*® Hence, the aromatic cycle
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might produce mainly propene and butene in these two materials. At the
same time, their aromatics content was lower than in the 12-ring ma-
terials, which probably means the alkene cycle, with its preference for
C;; alkene formation, was more abundant in these materials than in the
12-ring materials, together contributing to their particularly low C,
selectivity.

Proceeding last to a comparison between the 3D 10-ring materials and
1D 10-ring TON, they gave similar C; selectivities. The C, selectivity of
TON was slightly higher, and the C, selectivity much lower, than for the
3D 10-ring materials. TON furthermore gave significantly lower C, HTI
and aromatics selectivity and a much higher Cs, aliphatics selectivity
than the 3D 10-ring materials. This last observation shows that the ab-
sence of intersection volumes and cavities in the TON structure heavily
restricts its ability to form aromatic molecules by intermolecular hydride
transfer reactions. The high Cs, aliphatics selectivity (which is higher
than the combined Cs, aliphatics and aromatics selectivities of any
other material reported here) further suggests that alkene cracking re-
actions are sterically restricted in this material. The low C, selectivity is
further in line with mechanistic studies, which indicated that the alkene
cycle dominates in the MTH reaction over TON (See Section 2.2), and with
the low selectivity towards ethene in alkene cracking reactions reported
in literature."*®

4 Summary and outlook

Fundamental insight into the MTH reaction has now reached a level
where there is general agreement between the currently accepted dual
cycle mechanism, which results from decades of mechanistic studies and
is reviewed in Section 2 of this contribution and the main trends in shape
selectivity observed in the quasi-single parameter study of zeolite struc-
tures, reported in Section 3 of this contribution.

Shortly summarised, the product selectivities observed over the 8-ring
CHA structure are restricted by product shape selectivity, while the
product selectivities observed over 10- and 12-ring zeolites are further
restricted by transition-state or intermediate shape selectivity. In
particular, it is observed that zeolites with large pores and cavities favor
products formed from the arene cycle, with either light or heavy
methylbenzenes as main hydrocarbon pool species. Not unexpectedly,
these results further suggest that the more space-demanding reaction is
the intermolecular hydride transfer reaction, which determines the
relative fraction of aromatic versus alkene products, and, hence, influ-
ences the relative occurrence of the alkene versus the arene cycle. Within
the alkene cycle, cracking reactions appear as the more space-demanding
reactions, while methylation reactions are less space-demanding.
Moving from large to medium pore zeolites, the product spectrum may
thereby be altered from an aromatics- and alkanes-dominated product
mixture, via a balanced mixture of aliphatic and aromatic products in the
C,—C, range, and finally to a Cs, -dominated alkenes product mixture,
controlled by transition state or intermediate shape selectivity.
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Among open questions, ethene selectivity versus zeolite structure is not
straightforwardly explained and deserves further attention. The same
applies for the unconventional Cj; yield versus methanol conversion be-
haviour of TON and MOR zeolites.

Furthermore, systematic studies of parameters other than topology,
such as acid strength, acid site density and defect type and concen-
tration, as well as combinations thereof, are presently scarce and there-
fore heartily welcome.

From a longer perspective, experimental difficulties related to the
preparation and detailed characterisation of zeolite/zeotype materials, as
well as the complexity of the MTH reaction, point to a predictive mod-
eling approach. As briefly reflected upon in Section 2.3, computational
methods have now reached a level of “near-chemical” accuracy, and
should be further developed. Kinetic studies of individual reaction steps,
using a single parameter variation approach, are required for bench-
marking of the computational methods. A field which is still in its in-
fancy, but will be increasingly important for establishing truly predictive
models for zeolite-catalysed reactions in the future, is multi-scale mod-
eling, taking into account intrinsic reaction rates as well as mass and
heat transfer limitations.
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Abstract:

This work encompasses a combined experimental and theoretical assessment of how zeolitic
acid strength affects acid catalysed methylation reactions. Overall, higher reaction rates were
observed over the material with higher acid strength. Co-reactions of methanol with benzene
at 250 °C in the isostructural AFI materials H-SSZ-24 and H-SAPO-5 revealed large
differences in selectivity. While the strongly acidic H-SSZ-24 mainly produced toluene and
polymethylbenzenes, high yields of Ca aliphatics were observed over H-SAPO-5. These
results strongly suggest that alkene methylation is preferred over H-SAPO-5 even at low
conversion during methanol/benzene co-reactions. Furthermore, a comparison of benzene and
propene methylation at 350-400 °C revealed a significantly faster rate of benzene than
propene methylation in H-SSZ-24, whereas the rates of benzene and propene methylation
were similar in H-SAPO-5. The observed difference in reactivity of the two hydrocarbons in
both catalysts could be understood after defining two reactivity indices during molecular
dynamics simulations of the co-adsorbed complexes. It was found that benzene and methanol
are more likely to form a reactive co-adsorbed complex in H-SSZ-24 compared to propene
and methanol, while the opposite was observed for H-SAPO-5. The probability to form
protonated methanol was higher in the more acidic material and was found to depend on the
characteristics of the co-adsorbed hydrocarbon. The combination of these two dynamical
properties predicted the experimentally observed reactivities very well. This work thus, for
the first time, connects a molecular dynamics study of adsorption behaviour with

experimentally observed reactivities.



Highlights:

e Alkene and aromatic methylations are both faster in the strong acidic H-SSZ-24 than
in the weaker H-SAPO-5.

e H-SAPO-5 favours reactions involving alkenes even during methanol/benzene co-
reactions.

e Benzene methylation is significantly faster than propene methylation in H-SSZ-24,
while the two reactions proceed with similar rates in H-SAPO-5.

e A dynamical assessment of the co-adsorption complexes of methanol and benzene or
propene in both catalysts correlates well with the experimentally observed reactivities.

e A high probability for both methanol protonation and formation of a pre-reactive

complex with benzene was found for H-SSZ-24.

Keywords: Methylation reactions; acid strength; ab initio molecular dynamics; co-

adsorption; methanol to olefins; methanol to hydrocarbons



1. Introduction

Acid catalysis is of importance in numerous chemical reactions, not least in the
petrochemical industry where acidic zeolite catalysts are used in several major processes [1].
It is generally accepted that the most important acid sites for catalysis over zeolitic materials
are Bronsted acidic (proton donating) sites [2]. Fundamental understanding of the effect of
Brensted acid strength on reactions is therefore a topic of major interest. Yet, few examples
exist of systematic studies aimed at understanding how a change in acid strength influences

reactions [3].

During the last decades, conversion of methanol-to-hydrocarbons (MTH) has received
significant attention due to its attractiveness in processes where natural gas, coal or biomass is
converted to fuels and chemicals. By tuning the catalyst and reaction conditions, a wide
variety of hydrocarbons can be produced [4]. The MTH reaction is catalysed by Brensted-
acidic zeolitic catalysts. It proceeds through a complex network of reactions, referred to as the
hydrocarbon pool mechanism [4-8]. The hydrocarbon pool mechanism was initially proposed
by Dahl and Kolboe [9-11] and has been the subject of numerous other studies [4, 5, 7]. The
hydrocarbon pool mechanism mainly consists of two interrelated reaction cycles in which
polymethylbenzenes (polyMBs) and alkenes are sequentially methylated and cracked or de-
alkylated to form light alkenes (see Scheme 1.1). These two cycles are often simply referred
to as the arene and alkene cycles, respectively. The relative importance of each cycle is
determined mainly by three factors: (1) catalyst topology, (2) reaction conditions and (3) acid
strength. Both cycles operate simultaneously in the medium pore catalyst H-ZSM-5 [12, 13],
but the arene cycle can be suppressed in the narrow channels of H-ZSM-22 [14, 15]. At
similar conditions, methanol conversion over large-pore zeolites proceeds mainly via the
arene cycle [16-19]. However, the reaction conditions are of great importance, as the alkene
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cycle can be promoted in large-pore zeolites when low temperatures and high pressures are
employed [20, 21]. Finally, some of the present authors recently demonstrated that the relative

importance of the arene and alkene cycle is influenced by the zeolitic acid strength [22, 23].

Considering the complexity of the MTH reaction, studies of individual reactions are
valuable tools to enhance the fundamental insight into factors that influence zeolite-catalysed
reactions. In this work, the influence of zeolitic acid strength on the methylation of arenes and
alkenes was studied in the isostructural, but compositionally different, materials H-SSZ-24
and H-SAPO-5 (AFI structure). H-SSZ-24 is an aluminosilicate zeolite, while H-SAPO-5 is a
silicoaluminophosphate. This difference in composition leads to a difference in Brensted acid
strength [23-26]. The main emphasis of this work was on the reaction between methanol and
benzene. A schematic overview of reactions which are expected to occur during this co-
reaction is shown in Scheme 1.1. While methanol/benzene co-reactions have been performed
previously over the same catalysts [22, 23], the focus of the current study was on methylation
rather than formation of light alkenes. Thus, the current work was performed at low reactant
conversion (mainly below 1 %) and at methanol/benzene molar ratios near or below 1. These
conditions were expected to strongly favour the reactions to the left in Scheme 1.1.
Furthermore, isotopic labelling was employed to distinguish primary from secondary

products.
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Scheme 1.1: Main reactions occurring during co-reactions between benzene and methanol
according to the generally accepted dual cycle mechanism [4, 22]. Benzene is first methylated
to form toluene, which may be further methylated to form polymethylbenzenes. These
polymethylbenzenes may de-alkylate as part of the arene cycle to yield lower alkenes. The
alkenes may react further in an alkene cycle, where they are methylated to higher alkenes, and
crack to form mainly branched C4 and Cs alkenes. It is assumed that ethene leaves the catalyst
without further reaction due to its low methylation rate [27-29].

Additional experiments were performed to directly compare rates of benzene and
propene methylation over the two catalysts. The experiments were complemented with a
theoretical study on the dynamical adsorption behaviour and reactivity of methanol and the
hydrocarbons in both materials. Density Functional Theory (DFT)-based molecular dynamics
simulations were found to predict and illuminate the fundamental causes of the
experimentally observed differences in reactivity. Recently, some of the present authors
performed a molecular dynamics study on the methylation of benzene in H-ZSM-5 and
discovered that prior to reaction various protonated methanol clusters can be formed. These
methanol clusters seemed to have a lower reactivity towards benzene methylation as
compared to single methanol molecules [30]. In this work, dynamical adsorption behaviour is

for the first time linked with experimentally observed reactivities.



2. Materials and Methods

2.1. Catalytic tests

The synthesis of H-SSZ-24 and H-SAPO-5 has been described previously [23]. Both
samples were characterized by powder XRD, SEM, N, adsorption, and CO-adsorption
monitored by FT-IR. More details on catalyst characterization are available in the supporting
information (S1). Both samples were highly crystalline and exhibited similar BET surface
areas. Acid site densities were determined to be 0.11 mmol/g (Si/Al ~ 150) and 0.068 mmol/g
(Al+P/Si ~ 240) respectively from TPD of n-propylamine performed in a manner similar to
that described by Gorte et al. [31-33]. After pre-treatment in a flow of oxygen at 550 °C, the
catalyst was cooled to 150 °C. 80 ml/min (all flows are at SATP) of N, bubbled through a
saturator containing n-propylamine at room temperature was then fed over the catalyst for 20
minutes. Subsequently, the catalyst was left at 150 °C in a stream of 80 ml/min N for 4 hours
to desorb excess n-propylamine. The temperature was then ramped at 20 °C/min up to 550 °C,
and the amount of propene desorbed was quantified using an on-line Pfeiffer Omnistar

quadrupole mass spectrometer.

Catalytic tests were performed at atmospheric pressure in fixed bed glass reactors with
catalyst powder pressed and sieved to 250-420 um. Two otherwise identical reactors with
inner diameters (i.d.) of § mm or 5 mm were employed. Reaction temperature was monitored
by a thermocouple protected by a3 mm wide glass sleeve inserted into the middle of the
catalyst bed. '?C-methanol (VWR, 99.8 %), '*C-methanol (Cambridge Isotope Laboratories,
99 %), '*C-benzene (Sigma-Aldrich Chromasolv, 99.9 %) and uC-propene (99.5 %, AGA)
were employed as reactants. Liquid reactants were fed over the catalyst by passing a stream of

helium through a flask of boiling reactant. The oversaturated helium stream was then passed



upwards through a water-cooled vigreux condenser kept at constant temperature (typically
30°C for methanol and 35°C for benzene) by a circulating thermostat water bath. A range of
partial pressures and space velocities could be obtained by adjusting the flow of either of the

reactants or a third gas line of pure helium.

Co-reactions between 60 mbar of '°C benzene and a variable partial pressure of '*C or
3C methanol at 250 °C and 350 °C were performed over both catalysts at conditions chosen
to obtain low conversion of either reactant. For H-SAPO-5, 40 mg of catalyst in an 8 mm i.d.
reactor and a constant total flow of 54.5 ml/min was used, leading to WHSV = 22 gfeeq Seatalyst
" at partial pressures of 60 mbar for each reactant. For H-SSZ-24, 10 mg catalyst in a 5 mm
i.d. reactor was used with a constant total flow of 109 ml/min for a WHSV = 174 ggeeq gcmlys{l
h"' at 60 mbar partial pressure of each reactant. Two series of experiments (one at each
temperature) were performed for each catalyst, where the catalyst was first activated in a flow
of oxygen at 550 °C for 1 hour before cooling to reaction temperature and the introduction of
reactants. Analyses were performed after 10 minutes time on stream, assuming steady state
activity. Between each run, the catalyst was regenerated in oxygen at 550 °C for 1 hour. A
slight decrease in catalyst activity was observed between each run. The effects of deactivation
on our conclusions were minimized by varying partial pressures in a random order and by
periodically returning to a set of reference conditions. This procedure allowed us to report
data corrected for deactivation. The correction assumed a constant rate of reaction per acid

site irrespective of deactivation.

The rates of benzene and propene methylation were compared at 350 °C and 400 °C.
In these experiments, 2.5 mg H-SSZ-24 or 10 mg H-SAPO-5 diluted in 50 mg of quartz (250-
420um) was used in a 5 mm reactor. 60 mbar of methanol was co-reacted with 60 mbar of
either benzene or propene, giving WHSV = 762 h™' or 512 h™' respectively over H-SSZ-24

(total flow was 120 ml/min) or 95 h™" or 68 h™ respectively over H-SAPO-5 (total flow was
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60 ml/min). The effluent was analysed after 10 minutes of reaction. For the comparison,
benzene and propene methylation experiments were performed alternately. Between each run,

the catalyst was regenerated for 90 minutes in O, at 550 °C.

Both the situation where 2.5 mg catalyst diluted in 50 mg quartz, and when 10 mg
catalysed was used alone were checked for bypass by confirming that full conversion of 2-

propanol to propene at 200 °C could be achieved in both cases.

Effluent from the reactor was analysed quantitatively by online GC/MS analysis
(Agilent 7890 with flame ionisation detector and 5975C MS detector) using two Restek Rtx-
DHA-150 columns (150 m, 0.25 mm i.d., stationary phase thickness 1 um) attached to the

same inlet but different detectors. Hydrogen (purity 6.0) was used as carrier gas.

2.2. Computational details

Ab initio calculations in a fully periodic AFI catalyst model were carried out with the
CP2K simulation package [34], using a DFT level of theory with a combination of Gaussian
and plane wave basis sets (GPW)[35, 36]. The revPBE functional was chosen for its improved
catalytic energies compared with the commonly used PBE functional for solid-state
calculations [37]. The DZVP-GTH basis set and pseudopotentials were used [38], and the
Grimme DFT-D3 approach was applied to account for the attractive van der Waals
interactions [39]. The AFI 1x1x2 super cell consists of 145 atoms (Figure S4.1) and contains
one Bronsted acid site, which corresponds to Si/Al and (Al+P)/Si ratios of 47 for SSZ-24 and

SAPO-5, respectively. Note that this ratio corresponds to a higher acid site density compared



to the samples employed for experiments (150 and 240 respectively). However, the acid site
density was still low enough to assume that neighbouring acid sites do not affect each other
during reactions. In particular, the shortest distance between two acid sites in the same
channel was approximately 17 A and between two acid sites in adjacent channels 14 A,
indicating that we indeed simulated isolated acid sites. It has previously been found that the
rate (per acid site) of propene oligomerisation over H-MFI was affected by the Si/Al ratio for
values between 12 and 40, but that a further increase from Si/Al 40 to 140 did not affect the
rate [40]. Moreover, mimicking a lower acid site density would require the use of larger super

cells, which would increase the computational demands extensively.

Ab initio molecular dynamics (MD) simulations were performed to assess the
adsorption behaviour of the guest molecules at realistic reaction temperatures (350 °C). After
an equilibration run of 5 ps, a production run of 50 ps was performed in the NPT ensemble at
1 bar and 350 °C in which the zeolitic framework is fully flexible. The temperature was
controlled via a chain of 5 Nosé-Hoover thermostats. The time-averaged cell parameters were
obtained from the NPT MD simulations with the appropriate guest molecules adsorbed in the
framework and are summarized in the Supporting Information (section S4). An integration
time step of 0.5 fs was applied. A selection of snapshots from the MD simulations was used
as input for static geometry optimizations on some relevant adsorption complexes. To
calculate the probability that a pre-reactive complex for methylation is formed during an MD
simulation of methanol and a co-adsorbed hydrocarbon, the difference between the shortest
methanol oxygen — benzene carbon distance and the shortest methanol carbon - benzene
carbon distance was traced (SI, Figure S4.2). A sampled state where this difference was
higher than 0.5 A was considered to resemble a pre-reactive complex, as the methyl group
pointed towards the benzene ring. The cut-off value of 0.5 A is chosen arbitrarily, but

repetitions of the analysis with other positive cut-off values yielded the same trends. From the
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MD runs, the probability to protonate methanol was computed based on a distance criterion;
methanol was considered to be protonated if the distance between the Brensted acid proton
and the methanol oxygen was below 1.2 A. Free energy differences between protonated and
neutral methanol were computed from the relative populations of both stable states during an

entire MD run, using the following equation [41]:

P(A
AGup = —RT ln% (1)

Where P(A) and P(B) are the relative populations or probabilities for stable states A and B.

Geometry optimizations were performed based on MD snapshots to calculate (co-)
adsorption energies based on the purely electronic energy values, including dispersion
corrections. Additionally, transition states were localized using the dimer method
implemented in CP2K. A normal mode analysis was performed to confirm that the optimized
transition states were true first order saddle points. To determine the pre-reactive complex and
products, a quasi-irc approach was applied. A detailed review on various theoretical

procedures applied to study zeolite-catalysed reactions can be found in reference [42].
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3. Results and discussion

3.1. Co-reactions between benzene and methanol

Figure 3.1 shows the net formation rates of toluene, other aromatic products and
aliphatic products over H-SSZ-24 and H-SAPO-5 when 60 mbar of benzene and a variable
pressure of methanol were fed over the catalysts at 250 °C. The total rate of hydrocarbon
formation was more than twice as high over the stronger acid H-SSZ-24 compared to the
weaker acid catalyst H-SAPO-5. At a 1:3 ratio of methanol to benzene (Pymcon = 20 mbar),
toluene was the main product in both catalysts. Substantial by-product formation (mainly
other aromatics) was observed in H-SSZ-24, while fewer by-products were observed over H-
SAPO-5 (see supporting information, S2.1, for detailed selectivity). The other aromatics were
mainly polymethylbenzenes (polyMBs) but a significant amount of diphenylmethane was also
produced, especially over H-SSZ-24. Isotopic distributions of the aromatic products were
found to be consistent with (successive) methylation of *C benzene by *C methanol (S2.2).

Aliphatic products were produced in too low amounts to enable isotopic analysis.

In addition to the hydrocarbon products displayed in Figure 3.1, significant amounts of
dimethyl ether (DME) were formed, in particular over H-SAPO-5 (S2.3). Literature reports
conclude that DME and methanol behave similarly as methylating agents, although with
slightly higher methylation activity for DME [43-45]. Therefore, no attention will be given to

the observed DME/methanol ratios in the following discussion.

12



B Toluene O Other Aromatics 4 Aliphatics

05] H-SSZ-24 ] H-SAPO-5
[ - E A |8 [ -
B2 s | B2
= = 204 (7] - -] - =
g+ = FAY (g S
£ 15 B " gz
© © 7] 3 © ©°
EE o 8 B 4 EE
§= 10{ o © : A g 8=
5 £ o 8 5 £
2< 59 - 8 2 2=

A A A A A fa} .

033 067 1.00 1.33 033 067 1.00 1.33

PMethanoI/PBenzene

PMe!hanoI/PBenzene

Figure 3.1: Net rates of formation of the main product groups during co-reactions of benzene
and methanol as a function of the methanol to benzene molar feed ratio at 250 °C over H-
SSZ-24 (left) and H-SAPO-5 (right). Pgenzene = 60 mbar. Benzene feed rate = 13x10° mol (mol
H"'h' over H-SSZ-24 and 2.9x10° mol (mol H")' h™! over H-SAPO-5. Total WHSV = 140-
191 h' (H-SSZ-24) or 17.5-24 h™' (H-SAPO-5). The data have been corrected for deactivation.

Returning to the hydrocarbon product distributions, we concentrate first on H-SSZ-24
(Figure 3.1, left). With increasing methanol partial pressure, the net formation rate of other
aromatics slowly increased, while the net toluene formation rate decreased more significantly
over H-SSZ-24. A slight decrease in benzene conversion (from 0.21 to 0.18%) with
increasing methanol pressure was also observed. The decrease was accompanied by an
increased conversion of toluene formed from benzene methylation, to form either polyMBs or
diphenylmethane. Rapid methylation of toluene to polyMBs is consistent with an increasing
methylation rate per methyl group present on the aromatic ring [46-49]. The fraction of
aliphatic products increased slightly (from 1.9 - 2.2 mol [mol H' h]™") with increasing
methanol partial pressure, but remained small compared to aromatics over H-SSZ-24.
Interestingly, the ratio between rates of formation for other aromatics and aliphatics remained
roughly constant within the investigated range. This observation strongly suggests that
aliphatic products were mainly formed by de-alkylation of aromatics (See Scheme 1.1). This
conclusion is consistent with previous co-reactions performed at higher conversion and with

an excess of methanol [23].

13



Figure 3.1 (right) shows that over H-SAPO-5, similarly to what was observed over H-
SSZ-24, an increase in methanol partial pressure led to a decrease in the net rate of toluene
formation due to over-methylation to other aromatics. Unlike what was observed over H-SSZ-
24, the rate of aliphatic formation increased rapidly with increasing methanol pressure over
H-SAPO-5. At a 1:1 molar feed ratio of benzene and methanol, aliphatic products accounted
for about 50 % of the total molar amount of products formed. Furthermore, the formation
rates of aliphatics and other aromatics were not correlated, in contrast to what was found over
H-SSZ-24 (Figure 3.1, left). The increased net rate of aliphatics formation was accompanied
by a significant decrease in benzene conversion. While 0.27 % of the benzene feed was
converted at the lowest molar feed ratio (methanol/benzene = 0.33), benzene conversion was

only 0.16 % at the highest molar feed ratio (1.33).
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Figure 3.2: Net rates of formation for aliphatic products during co-reactions of benzene and
methanol as a function of the methanol to benzene molar feed ratio at 250 °C over H-SSZ-24
(left) and H-SAPO-5 (right). Pgenzenc = 60 mbar. Benzene feed rate = 13x10° mol (mol H") ' h°
"over H-SSZ-24 and 2.9x10° mol (mol H)' h™!" over H-SAPO-5. Total WHSV = 140-191 h"!
(H-SSZ-24) or 17.5-24 h™ (H-SAPO-5). The data have been corrected for deactivation.

Figure 3.2 displays a breakdown of the different aliphatic products produced, grouped
by their carbon number over the two catalysts. A clear difference in the size of the aliphatics
was observed over the two materials. While the aliphatics formed over H-SSZ-24 were

mainly C,-Cs, as well as a smaller fraction of C4, most of the aliphatics formed over H-SAPO-
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5 contained four or more carbon atoms. This size difference closely mirrors what was
previously observed during co-reactions of '*C-methanol and '’C-benzene at higher
conversion and excess methanol [23]. In that work, a distinct isotopic labelling pattern of the
aliphatic fraction was observed, leading to the conclusion that polyMB de-alkylation could
account for the majority of C,-C4 alkene formation over H-SSZ-24. On the other hand, the
main aliphatics fraction over H-SAPO-5, Cy4; alkenes, was predominantly formed via the
alkene cycle. It is noteworthy that the aliphatic product distribution in Figure 3.2 matches the
expected distribution from polyMB de-alkylation over H-SSZ-24, while the majority of the

aliphatics formed in H-SAPO-5 correspond to the expected products of the alkene cycle.

The observations made so far may be understood by linking them to the reaction
cycles shown in Scheme 1.1. The data reported in Figures 3.1 and 3.2 show that alkene
methylation is strongly favoured over benzene methylation in H-SAPO-5, as the
concentration of benzene in the effluent is 2-3 orders of magnitude higher than the
concentration of aliphatics. This result is in stark contrast to the situation observed in the

stronger acidic catalyst H-SSZ-24, where methylation of aromatics dominates.

Similar experiments were performed at 350 °C, and these are included in the
supporting information (Section S3). While the difference between the two samples was not
as dramatic at 350 °C as at 250 °C, significantly higher amounts of C4; aliphatics were
observed over H-SAPO-5 than over H-SSZ-24 also at the higher temperature. An increased
relative importance of benzene methylation in H-SAPO-5 with increasing temperature
suggests a higher activation energy for benzene methylation than for methylation of the

relevant alkenes. However, this was not investigated further.
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3.2. Experimental and theoretical comparison of benzene and propene methylation

3.2.1 Experiment

To obtain a more fundamental understanding of the difference in product selectivity
between the catalysts studied here, additional experiments were carried out to compare the
rate of alkene methylation to that of benzene methylation. In this case, propene was used as
the model compound for the alkene hydrocarbon-pool species. The methylation experiments
(*C-methanol plus "*C-propene or '*C-benzene) were conducted alternately in order to obtain
the best possible comparison between rates of benzene and propene methylation without the
influence of significant deactivation or individual variations of activity between catalyst
batches. For an even more detailed understanding of the reactivity of benzene and propene in
both materials, a molecular dynamics study was performed to link the dynamical behaviour of

co-adsorbed complexes with the observed reactivity towards methylation (vide infra).

Due to difficulties in obtaining sufficient selectivity to the first product of propene
methylation at low temperatures and conditions similar to those used for benzene methylation,
the experiments were performed at 400 °C and 350 °C, and with even higher feed rates than
employed in Section 3.1. At 400 °C and a 1:1 molar feed ratio of methanol and benzene,
toluene selectivities of approximately 50 mol % and 35 mol % were obtained over H-SSZ-24
and H-SAPO-5 respectively. The dominant by-products in both catalysts were polyMBs. At
similar conditions during propene methylation, the selectivity to n-butenes was 29 mol% and
43 mol% in H-SSZ-24 and H-SAPO-5 respectively. The by-products of propene methylation
were more varied than during benzene methylation, with branched C4s and Cg alkenes as the
largest groups. An overview of the experiments, including conversion and selectivities are
given in S3.1. The isotopic distributions suggested that Cq alkenes were mainly formed from
dimerization of propene, while branched C4, aromatic and other aliphatic (C,.5) compounds

resulted from a combination of C4 methylation and cracking (S3.2).
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Net formation rates for the first methylation product from each co-feed experiment are
shown in Figure 3.3. The net rate of toluene formation from benzene methylation was found
to be three times higher than that of n-butene formation from propene methylation over H-
SSZ-24 at 400 °C. MS analysis confirmed that the first methylation products in all
experiments contained one ">C atom originating from methanol (S3.2). Furthermore, the total
conversion of all reactant was nearly twice as high during benzene co-feeding as during
propene co-feeding (Figure S3.1). This means that the difference could not be ascribed simply
to a selectivity difference. Remarkably, this difference was not observed over H-SAPO-5.
Instead, the net rate of propene methylation was only slightly lower than the net rate of
benzene methylation over H-SAPO-5. The same was observed for the total conversion of

reactants to any product (Figure S3.1).
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Figure 3.3: Rates of formation for n-butenes (squares) and toluene (circles) during co-
reactions of methanol and propene or benzene, respectively, at 400 °C and 350 °C over H-
SSZ-24 and H-SAPO-5. All reactant partial pressures were 60 mbar. The data for H-SAPO-5
has been corrected for deactivation, but raw data is reported for H-SSZ-24 as no clear
deactivation trend was observed. Thus, there are 2 different data points each for propene and
benzene methylation over H-SSZ-24 at 400 °C. Feed rates of propene/benzene/methanol =
6.9x10° mmol ge ' h™' (H-SSZ-24) and 0.87x10° mmol ge, ' h™! (H-SAPO-5).
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Experiments performed at 350 °C displayed the same trend as at 400 °C. Figure 3.3
clearly shows similar net rates of benzene and propene methylation over H-SAPO-5, but a
significantly higher net rate of benzene methylation than propene methylation over H-SSZ-24.
However, a lower selectivity to n-butenes than at 400 °C during propene/methanol co-
reactions was observed over both materials at 350 °C (22 mol % over H-SSZ-24 and 33 mol%
over H-SAPO-5). The main reason for the low selectivity to n-butenes at 350 °C over H-SSZ-
24 was an increased rate of propene dimerization compared to at 400 °C. An inverse
correlation between temperature and dimerization rate has previously been reported by Svelle
et al. [28] over H-ZSM-5. Dimerization was also observed over H-SAPO-5, but the net rate
was smaller relative to methylation in comparison with H-SSZ-24, and was lower at 350 °C
than 400 °C. The selectivity to toluene at 350 °C was higher than at 400 °C over H-SAPO-5,
but slightly lower over H-SSZ-24 (around 45 mol% in both materials) during

benzene/methanol co-reactions.

The observed decrease in the methylation rate of both reactants over the weaker acid
H-SAPO-5 was expected. However, the large difference in the relative rates of benzene and
propene methylation between H-SSZ-24 and H-SAPO-5 is surprising. To the best of our
knowledge, the only other report on relative differences in rates based on acid strength was
recently performed by Macht et al [50]. They observed that for the two reactions of hexane
isomerisation and butanol dehydration, the latter reaction was less sensitive to a decrease in
acid strength when utilising Keggin-type polyoxometalate clusters and zeolite H-Beta as
catalysts. They proposed that the reason for this difference was that the more localised charge
of the butanol dehydration transition state (TS) was better stabilised by a low acid strength
than the slightly more delocalised charge of the hexane isomerisation TS. In what follows, a
detailed analysis of the adsorption complexes found in both materials is given, based on

theoretical calculations.
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3.2.2  Molecular modelling

To get a thorough understanding of the experimentally observed difference in
reactivity of benzene and propene towards methylation in both AFI materials, MD
simulations of co-adsorbed methanol-benzene and methanol-propene complexes were
performed. Thereby, two reactivity indices were defined: the probability of forming co-
adsorbed complexes exhibiting a proper orientation for methylation and the probability of
forming a protonated methanol molecule. For this analysis, MD techniques are required to
sample all possible orientations appropriately. During the MD simulations at 350 °C, the
zeolitic framework simulation cell was loaded with 1 methanol and 1 benzene or propene
molecule, and a 50 ps simulation was run. It was observed that methanol, rather than benzene
or propene, covered the acid site throughout nearly the entire simulation in both materials.
This is due to a relatively strong hydrogen bond between methanol and the Bronsted acid site.
During the first couple of picoseconds of each simulation, methanol repelled the hydrocarbon
from the acid site, as depicted for methanol and benzene in H-SAPO-5 in Figure 3.4.
Methanol was considered to occupy the acid site if the distance between the methanol oxygen
and the framework oxygens surrounding the substitutional defect was shorter than 3.5 A
(Supporting Information, section S5). That methanol mainly occupied the acid site implies
that hydrocarbons suitable for methylation will be co-adsorbed and interact with the
framework and methanol, but not directly with the acid site. This can also be concluded by
tracing the shortest hydrocarbon — acid site distance and the orientation of the co-adsorbed

hydrocarbons in the AFI channel (Supporting Information, S5).
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Figure 3.4: Left: Initial structure with benzene occupying the acid site and MeOH co-
adsorbed in H-SAPO-5. Middle: during the first 1-2 ps of the MD simulation at 350 °C
methanol replaces benzene on the acid site. Right: methanol remains adsorbed on the acid site
throughout the rest of the simulation. The acid site is highlighted.

Subsequently, geometry optimizations based on some relevant snapshots of the MD
simulations were performed to get a detailed insight into the various stable co-adsorbed
complexes that can be formed. Except for the co-adsorption of benzene in H-SSZ-24, two
stable co-adsorption complexes of methanol and benzene or propene could be located on the
potential energy surface at 0 K. One of these geometries strongly resembles a pre-reactive
complex for the methylation reaction (Figure 3.5 (a) and (c)). A selection of the most
important optimized co-adsorption complexes is displayed in Figure 3.5; a complete overview
of all structures in both catalysts is given in Figure S6.1 and Figure S6.2. The corresponding
adsorption energies for the selected snapshots are summarized in Table S6.1. The reported
adsorption energies are purely electronic values and may give some insight into the
interaction strength between guest molecules and the host material. A complete analysis of
enthalpic and entropic contributions to fully understand the adsorption thermodynamics is

beyond the scope of this article.
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Figure 3.5. Optimized co-adsorbed complexes of methanol and benzene (a,b) and methanol
and propene (c,d) in H-SSZ-24 and H-SAPO-5. Complexes a, ¢, and d apply for both H-SSZ-
24 and H-SAPO-5.

As expected, methanol adsorption was stronger in the more acidic H-SSZ-24. Co-
adsorption of benzene or propene was slightly more energetically favourable in H-SAPO-5
than in H-SSZ-24, which points to stronger interactions between guest molecules and the
more polar silicoaluminophosphate. For H-SAPO-5, two energetically equivalent1 adsorption
complexes were found: with the methanol methyl group either pointing towards (Figure 3.5a)
or away from (Figure 3.5b) benzene. For H-SSZ-24 the latter could not be located as a
potential energy minimum. Two similar minima could be located on the potential energy
surface in both structures (Figure 3.5¢ and d) for propene co-adsorption. In H-SSZ-24 the two

stable states are energetically equivalent, whereas in H-SAPO-5 there is a slight preference

! For the DFT calculation performed here, energy differences up to 5 kJ/mol are considered insignificant.
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for co-adsorption with a direct methanol proton — m-electron interaction (shown in Figure
3.5d). The multiple localized potential energy minima indicate the complexity of the potential
energy surface (PES) of the co-adsorbed molecules in this large pore zeolite material, hence

molecular dynamics are an indispensable tool to sample larger portions of the PES.

To clearly demonstrate the differences between the two materials, the probabilities of
finding protonated methanol complexes and pre-reactive complexes for methylation during
the MD runs were calculated, as both quantities are related to the reactivity of the co-adsorbed
compounds towards methylation. The average shortest carbon-carbon interaction distances
between methanol and benzene during the MD simulations at 350 °C were 5.41 A and 5.61 A
in H-SSZ-24 and H-SAPO-5 respectively. A shorter carbon-carbon atom interaction distance
suggests a slightly higher methylation reactivity, as the distance the methyl group will have to
bridge to form a transition state is smaller. To confirm the latter, we calculated transition
states and the corresponding pre-reactive and product complexes for benzene methylation
(Figure S7.1). The pre-reactive complex indeed resembles the states identified during the MD
run with shorter Cyeon - Chenzene distance. A detailed kinetic analysis based on these optimized
transition states is beyond the scope of this study but has been reported earlier for benzene
methylation in H-ZSM-5 and H-beta [51]. To distinguish structures resembling the pre-
reactive complex from other sampled states in the MD simulations at 350 °C, the difference
between the shortest methanol oxygen — benzene carbon distance and the shortest methanol
carbon - benzene carbon distance was traced (Figure S4.2). A sampled state where this
difference was higher than 0.5 A was considered to resemble a pre-reactive complex, as the
methyl group pointed towards the benzene ring. The probability to sample a pre-reactive
complex was 35 % in H-SSZ-24 and 17 % in H-SAPO-5 (vertical axis in Figure 3.6).
Furthermore, the distances between the methanol oxygen and the Bronsted acid proton during

the MD runs of methanol and benzene indicated that methanol is protonated 19 % of the time
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in H-SSZ-24, but only 2 % of the time in H-SAPO-5 (horizontal axis in Figure 3.6). From the

relative population of the protonated and deprotonated state of methanol, free energy

differences of 8 kJ/mol and 21 kJ/mol are obtained for protonation of methanol in the co-

adsorbed complexes in H-SSZ-24 and H-SAPO-5 respectively, indicating a higher reactivity

of the more acidic material (Eq. 1). This observation is straightforwardly correlated with the

higher acid strength of H-SSZ-24 [52]. Note that both axes in Figure 3.6 indicate an

increasing degree of reactivity. Additionally, it should be mentioned that the quantities on

both axes are not expected to be 100% uncorrelated. Due to the charge transfer that occurs

during methanol protonation, the interactions between methanol and benzene or propene will

be slightly altered.
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Figure 3.6: Degree of protonation of methanol versus the probability for the formation of a
pre-reactive complex at 350 °C for benzene and propene in H-SSZ-24 (shaded area) and H-

SAPO-5 (filled area).

23



For co-adsorbed propene and methanol, the average shortest methanol carbon —
propene carbon distances from the MD simulations were 5.83 A in H-SSZ-24 and 5.54 A in
H-SAPO-5. In H-SSZ-24, this distance was significantly larger than for the corresponding co-
adsorption complex for methanol and benzene (5.41 A). In H-SAPO-5, the opposite was
observed: the shortest methyl carbon — propene bond was slightly shorter than what was
observed for benzene co-adsorption (5.61 A). An overview of the time-averaged shortest
distances is given in Figure S8.1. Furthermore, the optimized structure with the shortest
methanol carbon — propene carbon distance (Figure 3.5¢) looks like a pre-reactive complex
for the methylation reaction, indicating that a geometrical analysis of the MD simulation can
again reveal information on the reactivity of a co-adsorbed system. Note that kinetic studies
on propene methylation in various zeolites were reported elsewhere [53, 54]. To compute the
probability for sampling a pre-reactive complex during an MD run, the same procedure as
described above for benzene co-adsorption was applied. The probabilities of sampling
geometries in which the methanol methyl group points towards propene were 32 % and 28 %
for H-SSZ-24 and H-SAPO-5 respectively (vertical axis in Figure 3.6). An analysis of the
degree of methanol protonation in presence of propene further indicated that methanol was
protonated during 6 % of the simulation time in H-SSZ-24, and 2 % of the simulation time in
H-SAPO-5 (horizontal axis in Figure 3.6). The corresponding free energy differences were 15
and 20 kJ/mol for protonation of methanol with co-adsorbed propene in H-SSZ-24 and H-

SAPO-5 respectively.

While the probability to form a pre-reactive complex with benzene was twice as high
in H-SSZ-24 as in H-SAPO-5, the formation probabilities of a pre-reactive complex with
propene in the two catalysts are very similar. Furthermore, the ease of protonation depends

not only on the acid strength of the inorganic catalyst material, but also on the co-adsorbed
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hydrocarbon compounds. In particular for H-SSZ-24, it can be concluded that protonation of

methanol is enhanced by co-adsorption of benzene, compared to co-adsorption of propene.

In Figure 3.6, the reactivity increases from bottom-left to top-right, implying a higher
general reactivity of H-SSZ-24 compared to H-SAPO-5. This is in line with the higher acid
strength of H-SSZ-24 and was also observed experimentally, as all experimental reaction rates
were significantly higher over H-SSZ-24 than over H-SAPO-5. From the experiments
reported in Section 3.1 it could be concluded that reactions involving aromatics dominate over
H-SSZ-24, whereas reactions involving aliphatics are strongly favoured over H-SAPO-5
(Figures 3.1 and 3.2). Furthermore, the methylation experiments of benzene and propene
displayed in Figure 3.3 clearly show that while the rate of benzene methylation is significantly
higher than that of propene methylation over H-SSZ-24, the two rates are similar over H-
SAPO-5. The reactivity predicted by the probabilities for pre-reactive complex formation and
the probability for methanol protonation during MD simulations correlate very well with these
experimental findings. Figure 3.6 indicates a higher reactivity for benzene methylation than
propene in H-SSZ-24, which was also observed experimentally (Figure 3.3). This, in turn, is
in line with the arene cycle dominating the product formation in the MTH reaction over H-
SSZ-24. Figure 3.6 also predicts a slightly higher methylation rate for propene than for
benzene in H-SAPO-5, due to a higher probability of forming a pre-reactive complex. This is
again in line with the experimental observation that the alkene cycle dominates the MTH
reaction over H-SAPO-5. While Figure 3.3 displays a lower rate of propene than benzene
methylation at 350 °C in H-SAPO-5, the lower selectivity to n-butenes during propene
methylation than to toluene during benzene methylation may mask small differences in the
methylation rates. When all products are considered, the total reactant conversion was slightly
higher when propene was co-reacted with methanol than when benzene was co-reacted with

methanol at 350 °C (see Figure S3.1).
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Summarized, careful geometrical analysis of the MD trajectories at 350 °C reveals that
the probability to form a pre-reactive complex, combined with the degree of methanol
protonation predicts the reactivity of co-adsorbed methanol and benzene or propene towards
methylation reactions. Furthermore, the predicted and experimentally observed reactivity
towards methylation of benzene and propene correlates well with the previously observed
dominance of product formation fromthe arene cycle over H-SSZ-24 and the alkene cycle

over H-SAPO-5 during the MTH reaction [23].

All simulations reported so far assume a one-step methylation mechanism. Methylation
reactions can also occur in a stepwise fashion via a framework bound methoxy group [55].
MD simulations of both AFI materials loaded with a methoxy group and a co-adsorbed
benzene or propene molecule at 350 °C were performed. Analysis of the shortest distance
between the methoxy group and the benzene or propene molecule indicates the same trend as
observed for methanol as direct methylating agent. For the methoxy — benzene complex in H-
SSZ-24 again a significantly shorter average interaction distance is observed (Supporting
Information, S9). These results indicate that the prediction of reactivity of alkenes and
aromatics towards methanol based on the dynamical behaviour of co-adsorbed complexes is

irrespective of the exact methylation pathway.
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4. Conclusions

In this study, a thorough assessment of the influence of zeolitic acid strength on
zeolite-catalysed reactions was made by co-reaction experiments and molecular simulations
of methanol and benzene and methanol and propene in the isostructural AFI materials H-SSZ-
24 and H-SAPO-5. In line with what was earlier found for the MTH reaction in both catalysts,
H-SAPO-5 clearly favours reactions involving alkenes, even at high benzene partial pressures
and lower than 0.3 % benzene conversion at 250°C. A direct comparison of benzene and
propene methylation at 350-400 °C further revealed that benzene methylation was
significantly faster than propene methylation in H-SSZ-24, whereas the two reactions occur at
similar rates in H-SAPO-5. A molecular level understanding of this observation was provided
by performing DFT molecular dynamics simulations. As many energy minima may occur at
real operating conditions, a molecular dynamics approach was applied. It could be concluded
that benzene and methanol are likely to form a highly favourable co-adsorbed complex in H-
SSZ-24. The trends in reactivity could be predicted from the geometries of the co-adsorbed
methanol — hydrocarbon complexes in the two catalysts, combined with the degree of
methanol protonation at 350 °C. The latter was found to depend both on the zeolitic acidity
and the characteristics of the co-adsorbed hydrocarbon. In particular, for co-adsorbed benzene
in the more acidic H-SSZ-24, a highly favourable adsorption complex combined with a low
free energy for methanol protonation predicts a significantly higher reactivity than for any of
the other investigated situations. These theoretical findings confirm the observed experimental
methylation rates and provide insight into why the MTO product formation is governed by
different catalytic cycles in both AFI materials. Future work will focus on the comparison of
experimentally obtained and theoretically calculated methylation rates under different process

conditions in both materials.
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S1. Catalyst characterisation

X-ray diffraction patterns of H-SAPO-5 and H-SSZ-24 are shown in Figure S1.1. Both
diffractograms correspond to pure and highly crystalline AFI structures and no crystalline
impurities were detected. SEM analysis (Figure S1.2) of the samples revealed the H-SAPO-5
samples to consist of hexagonal crystals roughly ~1 pm in diameter and 1-2 pm in length,
while the H-SSZ-24 sample consisted of more irregular crystals smaller than 1 pm. The BET
surface areas calculated from N, adsorption isotherms (Figure S1.3) of the samples were

determined to be 332 m*/g and 343 m*/g for H-SAPO-5 and H-SSZ-24 respectively.
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Figure S1.1: Powder XRD patterns of the catalysts employed in this work.

Figure S1.2: Representative SEM micrographs of the H-SSZ-24 sample (left) and
H-SAPO-5 sample (right) employed in this work.
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Figure S1.3: Adsorption isotherms from N, adsorption.

FT-IR spectra of the H-SAPO-5 sample subjected to increasing amounts of CO at -196
°C are presented in Figure S1.4. The spectral features of the sample have been previously
described in detail [1]. The activated sample (black line) shows three previously assigned [2-
5] absorption bands in the O-H stretching region: at 3678 (P-OH groups) and two bands at
3630 and 3530 cm™ corresponding to bridging Si-OH-Al groups with the protons located in
12- and 6-rings of the AFT structure, respectively. As CO is adsorbed on the sample (grey
lines in Figure S1.4), the Si-OH-Al band at 3630 cm™ is eroded while two new bands grow at
3464 cm™ and 3365 cm™. At high CO pressure, the P-OH band at 3678 cm™ is also eroded,
possibly accompanied by an increased intensity around 3500 cm™. While the reason for the
appearance of two new bands when the Si-OH-Al band at 3630 cm™ erodes is uncertain, it
may be caused by a fermi-resonance effect similar to that proposed by Chakarova et al. [6] for
H-ZSM-5. The corresponding spectra of the CO stretching region of the sample (Figure
S1.4b) reveal a band for CO adsorbed on the acidic Si-OH-Al groups at 2174 cm™. The
observation of only one band for CO adsorption at low coverage suggests that the observation

of two bands in the OH region is spectral rather than representing two distinct sites.

FT-IR spectra of H-SSZ-24 are presented in Figure S1.5. A more detailed discussion
can be found in [7]. The general spectroscopic features of H-SSZ-24 are very similar to those
of H-SAPO-5, with three absorption bands observed in the O-H stretching region of the
activated H-SSZ-24 sample (black line): 3747, 3612 and 3488 cm™. These bands are ascribed
to Si-OH groups and to Si-OH-Al groups located in 12- and 6-rings respectively. The band
positions correspond well with those reported by Martinez-Triguero et al [8]. As CO is
adsorbed (grey lines), the Si-OH-Al band at 3612 cm™ is eroded and a new band grows at
3295 cm™. At high CO coverage, the Si-OH band at 3747 cm™ is also eroded, and a new band

3



appears at 3650 cm™. Again, the corresponding vCO region of the sample (Figure S1.5b)
mirrors the observations from the VOH region. The frequency of CO adsorbed on the acidic
Si-OH-Al groups is 2177 cm™. The interaction of the Si-OH groups in H-SSZ-24 with CO is

also visible in the CO region, giving rise to a band at high CO coverage at around 2158 cm™.

(b)

Absorbance (a.u.

N

3650 3450 3250 2175 2150 2125
Wavenumber (cm'1)

Figure S1.4: FT-IR spectra of increasing dosages of CO on H-SAPO-5 at -196
°C. In (a) the OH stretching region is shown, while (b) shows the CO stretching
region. The black curves correspond to the activated sample, while the grey bold
curves correspond to the spectrum of highest CO loading.
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Figure S1.5: FT-IR spectra of increasing dosages of CO on H-SSZ-24 at -196 °C.
In (a) the OH stretching region is shown, while (b) shows the CO stretching
region. The black bold curves correspond to the activated sample, while the grey
bold curves correspond to the spectrum of highest CO loading.

Opverall, the key difference between the H-SAPO-5 and H-SSZ-24 is the significant
difference in magnitude of the shift in OH stretching frequency for the Si-OH-Al groups when
they interact with CO. The largest shift observed in H-SAPO-5 is Avoy = -265 cm’! while the
shift in H-SSZ-24 is Avoy = -317 cm’! (corresponding Avcg shifts are +34 cm™ and +38 cm'l),
meaning that the acid sites of H-SSZ-24 are significantly stronger than those of H-SAPO-5.



S2. Supplementary data for section 3.1

S2.1. Conversion and Selectivity during methanol/benzene co-reactions at 250 °C and

Pyrteor = pBenzene = 60 mbar

Table S2.1: Conditions, conversion and detailed selectivity (in % carbon) during co-reaction
of 60 mbar benzene with 60 mbar methanol at 250 °C over H-SSZ-24 and H-SAPO-5.
Benzene conversion was calculated assuming one mole benzene is consumed per mole of
(poly)MB formed and two per mole of diphenylmethane formed. Oxygenate conversion is
calculated assuming all methyl groups and aliphatic products are produced from methanol,
and formation of dimethyl ether (DME) is not included.

Catalyst H-SSZ-24 H-SAPO-5
Benzene conversion (%) 0.20 0.22
Oxygenate conversion (%) 0.39 1.28
Selectivity (C%)

C, 0.5 0.5
C; 1.1 1.1
Cs 0.9 16.1
Cs+ 0.5 14.1
Toluene 413 28.6
Xylenes 9.4 3.3
TriMBs 7.4 8.1
TetraMBs 4.0 33
PentaMB 59 6.0
HexaMB 1.2 4.9
Diphenylmethane 22.4 4.9
Other Aromatics 5.5 9.2
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Relative Abundance

§2.2. Isotopic labels of selected aromatic products from co-reaction of 60 mbar e

benzene with 60 mbar >C methanol at 250 °C over H-SSZ-24 and H-SAPO-5

Il Natural "°C abundance [l Observed

Toluene PentaMB HexaMB Diphenylmethane
87 90 93 96 147 150 153 156 159 162 165 168 171 174 167 170 173 176 179
m/z m/z m/z m/z

Figure S2.1: Observed mass spectra for effluent toluene, pentamethylbenzene,
hexamethylbenzene and diphenylmethane during co reaction of 60 mbar '*C
benzene with 60 mbar *C-labelled methanol at 250 °C over H-SSZ-24. The black
bars display the spectrum of the same compounds with natural abundance of B,

Il Natural °C abundance [l Observed
Toluene PentaMB HexaMB Diphenylmethane

147 150 153 156 159 162 165 168 171 174 167 170 173 176 179
m/z m/z m/z

Figure S2.2: Observed mass spectra for effluent toluene, pentamethylbenzene,
hexamethylbenzene and diphenylmethane during co reaction of 60 mbar '>C

benzene with 60 mbar *C-labelled methanol at 250 °C over H-SSZ-24. The black
bars display the spectrum of the same compounds with natural abundance of "*C.



S2.3. DME formation over H-SSZ-24 and H-SAPO-5 at 250 °C
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Figure S2.3: Net rates of formation of DME as a function of the methanol partial
pressure during co-reactions of benzene and methanol at 250 °C over H-SSZ-24
and H-SAPO-5. PBenzene = 60 mbar. Total WHSV = 140-191 h™' (H-SSZ-24) or
17.5-24 h™" (H-SAPO-5). Note that the rates are given per gram catalyst, and that
H-SAPO-5 contains fewer Bronsted acid sites than H-SSZ-24.

A prominent difference between the two catalysts is in the formation of dimethyl ether
(DME) from methanol. Figure S2.3 displays the net rate of DME over the two catalysts. For
H-SSZ-24, the rate of dimethyl ether formation displays a roughly first order dependence on
methanol partial pressure and is far from thermodynamic equilibrium. At most 2 % of the
methanol used was converted into DME at 250 °C over H-SSZ-24. Over H-SAPO-5 the
situation differs significantly, and as much as 62% of the methanol is converted to DME at

the lowest methanol partial pressures, while 16% is converted at the highest.

The reasons for this large difference in DME formation rates have not been
investigated further, and are considered outside the scope of this work. However, the
significantly higher rate of DME formation over H-SAPO-5 compared to H-SSZ-24 is
surprising, since the rate of hydrocarbon formation is 2-3 times faster (per gram catalyst) over
H-SSZ-24 than in H-SAPO-5 at the same conditions. A plausible explanation is that H-
SAPO-5 contains additional sites capable of catalysing methanol dehydration to form DME.
Indeed, previous works have shown activity for DME formation over pure aluminophosphate
catalysts [9, 10]. A possibility is that P-OH groups present on the external surface or in
defects possess enough acidity for this reaction, but not enough to catalyse hydrocarbon

formation. Such P-OH groups are commonly observed in SAPO-5 materials [2-4].



S2.4. Benzene/methanol co-reactions at 350 °C

As it was difficult to study the rate of benzene methylation alone at 250 °C over H-
SAPO-5, a similar series of experiments was performed at higher temperature as well. Figure
S3.1 shows the results of co-reactions between 60 mbar benzene and a variable partial
pressure of methanol. For both catalysts, the rate of reaction was significantly higher at 350°C

than at 250°C.

Over H-SSZ-24 (Figure S3.1, left), the conversion of benzene was now around 2 %
and increased slightly with an increase in methanol partial pressure. At these conditions,
similar to what was observed at low temperature, the yield of other aromatics increased at the
expense of toluene when methanol partial pressure increased. In contrast to what was
observed at low temperature, the net formation rate of aliphatics was comparable to or larger

than the rate of polymethylbenzene formation.

Looking at H-SAPO-5 (Figure S3.1, right), the difference from H-SSZ-24 was not as
striking as at 250°C. The most noticeable difference was a higher selectivity to the first
methylation product (toluene) at low methanol partial pressures. However, with an increase in
methanol partial pressure, the net formation rate of aliphatics increases significantly faster
than what was seen over H-SSZ-24, and at 80 mbar partial pressure of methanol is also
significantly higher than the net rate of polymethylbenzene formation, and nearly as high as

the net toluene formation rate.
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Figure S2.4: Net rates of formation of the main product groups during co-
reactions of benzene and methanol as a function of the methanol partial pressure
at 350 °C over H-SSZ-24 (left) and H-SAPO-5 (right). Pgenzene = 60 mbar.
Benzene feed rate = 13x10° mol (mol H)' h' over H-SSZ-24 and 2.8x10° mol
(mol H)™" h™! over H-SAPO-5. Total WHSV = 140-191 h™ (H-SSZ-24) or 17.5-
24 h' (H-SAPO-5). The data have been corrected for deactivation.



While the product fractions thus look more similar in the two catalysts at 350°C, a
closer look at the aliphatics distribution again reveals significant differences. The net
formation rates for different aliphatic products are shown in Figure 3.5 for both catalysts.
Similar to what was observed at 250 °C, H-SSZ-24 produces mainly propene and ethene, with
smaller amounts of larger aliphatics. Contrary to what was observed at 250 °C ethene and
propene combined constitutes the largest fraction over H-SAPO-5 as well. However, the net
formation rate of Cy. relative to C, and Cs aliphatics is still significantly higher over H-
SAPO-5 than over H-SSZ-24. As was observed at 250 °C, the average size of the aliphatic
products increases with the partial pressure of methanol over H-SAPO-5, but this effect is not

very pronounced over H-SSZ-24.
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Figure S2.5: Net rates of formation for aliphatic products during co-reactions of
benzene and methanol as a function of the methanol partial pressure at 350 °C
over H-SSZ-24 (left) and H-SAPO-5 (right). Ppenzene = 60 mbar. Benzene feed rate
= 13x10’ mol (mol H')"' h™ over H-SSZ-24 and 2.8x10° mol (mol H")"! h™ over
H-SAPO-5. Total WHSV = 140-191 h™" (H-SSZ-24) or 17.5-24 h™' (H-SAPO-5).
The data have been corrected for deactivation.



S3. Supplementary data for section 3.2.1

S3.1. Total feed conversion and selectivities during co-reaction of methanol with propene

or benzene at 350-400°C.
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Figure S3.1: Conversion and selectivities during co-reactions of methanol with
benzene or propene at 350 °C and 400 °C. The bottom plots show the total
conversion of both reactants (methanol and either propene or benzene) as a
function of the run number (the catalyst was regenerated between each run).
Squares signify propene co-feed, while circles signify benzene co-feed. Filled
symbols were experiments performed at 400 °C, while the experiments with
unfilled symbols were performed at 350 °C. The bar graphs above display the
grouped selectivity for each run. Note that the yield of Cg alkenes (from
dimerisation of propene) during propene co-feed over H-SSZ-24 increases with
decreasing temperature. A similar trend has previously been observed over H-
ZSM-5 for propene dimerisation [11]. This means that the total conversion during
propene or benzene co-reaction over H-SSZ-24 at 350 °C is similar even though

the net methylation rate of propene is significantly lower than the net methylation
rate of benzene.
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S3.2. Isotopic distributions of selected products during co-reaction of methanol with

propene or benzene at 350-400°C .
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Figure S3.2: Number of BC-atoms (from "“C-labelled methanol) in effluent t-2-
butene, i-butene, 2-methyl-2-butene (i-pentene) and a representative C¢ alkene
(unknown isomer) after 10 minutes of co-reaction of 60 mbar methanol and 60
mbar propene (WHSV =512 h'") over H-SSZ-24 at 350 °C and 400 °C.
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Figure $3.3: Number of *C-atoms (from “*C-labelled methanol) in effluent t-2-
butene, i-butene, 2-methyl-2-butene (i-pentene) and a representative Cg alkene
(unknown isomer) after 10 minutes of co-reaction of 60 mbar methanol and 60
mbar propene (WHSV = 68 h™") over H-SAPO-5 at 350 °C and 400 °C.
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Figure S$3.4: Number of "C-atoms (from '"*C-labelled methanol) in effluent
toluene and hexamethylbenzene after 10 minutes of co-reaction of 60 mbar
methanol and 60 mbar benzene (WHSV = 762 h™) over H-SSZ-24 at 350 °C and
400 °C.
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Figure S3.5: Number of “C-atoms (from '"*C-labelled methanol) in effluent
toluene and hexamethylbenzene after 10 minutes of co-reaction of 60 mbar
methanol and 60 mbar benzene (WHSV = 95 h') over H-SAPO-5 at 350 °C and
400 °C.
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S4. Supplementary computational details

Figure S4.1: the 1x1x2 super cell of H-SAPO-5 used in all simulations.

NPT molecular dynamics (MD) simulations were performed at 350 °C and 1 bar. After an
equilibration run of 5 ps, a production run of 50 ps is performed. Hereby, the zeolitic
framework is fully flexible. The temperature is controlled via a chain of 5 Nosé-Hoover
thermostats. An integration time step of 0.5 fs was applied. The appropriate cell parameters
were obtained from the NPT MD simulations with the appropriate guest molecules adsorbed

in the framework.
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Table S4.1: Average cell parameters obtained after NPT simulations at 350°C with different

loadings of the AFI simulation cells.

Framework (T,,C) Loading VAY [ad) |[bA) |c@) ;’f,) ?,,) z,,)
H-SAPO-5 | 350 | \eoH 2895.38 | 14.0233 | 14.0348 | 16.9653 | 90 |90 | 120
1 BZ 2910.96 | 14.0319 | 14.0983 | 16.9912 | 90 |90 | 120
1Cy 2895.84 | 14.0055 | 14.0645 | 16.9755 |90 | 90 | 120
IMeOH + 1BZ | 2894.05 | 13.9979 | 14.0737 | 16.9631 |90 |90 | 120
IMeOH + 1 C5~ | 2887.83 | 13.9817 | 14.0739 | 16.9459 | 90 |90 | 120
H-SSZ-24 | 350 | |MeOH 2806.84 | 13.8749 | 13.8793 | 16.8302 | 90 |90 | 120
1BZ 90 |90 | 120
1Cy 2805.38 | 13.8636 | 13.8954 | 16.8156 | 90 | 90 | 120
IMeOH + 1BZ | 2804.50 | 13.8775 | 13.8781 | 16.8144 | 90 |90 | 120
IMeOH + 1 C5~ | 2803.93 | 13.8699 | 13.8886 | 16.8075 | 90 |90 | 120

Figure S4.2: distances d; and d, are followed during the MD simulations of
methanol and co-adsorbed benzene. A A-value higher than 0.5 A is considered as
a configuration wherein the methyl group is pointing towards the benzene
molecule. An analogous procedure was followed for simulations of methanol and
propene.
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S5. Methanol coverage of acid sites at 350 °C

Based on a distance criterion, the occupation of the acid site by methanol can be
quantified for both materials when benzene and propene are co-adsorbed. If the shortest
distance between the methanol oxygen and the framework oxygens in the tetrahedral
surroundings of the substitutional defect is lower than 3.5A, methanol is considered to occupy

the acid site (Table S5.1).

Table S5.1. Probability for MeOH covering the acid site with co-adsorbed
benzene or propene at 350 °C

H-SSZ-24 H-SAPO-5
MeOH + BZ 100% 98%
MeOH + C;~ 94% 98%

The interaction of benzene with the acid site is monitored by the shortest distance of the
center of mass (COM) of benzene with the three O atoms surrounding the substitutional
defect. The probability density of this distance is plotted in Figure S5.1. To see the influence
of the co-adsorption of benzene or propene with methanol, the results are compared with

results from MD simulations for pure benzene and propene adsorbed in the AFI channels.

e In H-SSZ-24, the most probable benzene COM — Oz distance is lower upon co-
adsorption with methanol than for the pure adsorption of benzene on the acid site (Figure
S5.1a). This indicates that methanol and benzene strongly interact when methanol and
benzene are co-adsorbed in H-SSZ-24. In H-SAPO-5, methanol just replaces benzene at
the acid site (Figure S5.1b). From both Figures can be seen that benzene is replaced when
co-adsorbed with methanol, to allow direct interaction between methanol and the acid
site. Furthermore, from the curves corresponding with pure benzene adsorbed in H-SSZ-
24 and H-SAPO-5 follows that in H-SAPO-5 the interaction between benzene and the
acid site is stronger than in H-SSZ-24.

e For pure propene, the interactions with the acid site in H-SSZ-24 are stronger than in H-
SAPO-5, as the most probable distance from the acid site to find propene is relatively
short in H-SSZ-24 and shorter than in H-SAPO-5. Moreover, also propene is replaced by

methanol upon co-adsorption in both materials.
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Figure S5.1. Probability densities of the benzene COM — acid site distances in H-
SSZ-24 (a) and H-SAPO-5 (b) and the probability density of propene COM — acid
site distances in H-SSZ-24 (c) and H-SAPO-5 (d), with and without a methanol
molecule. Results were obtained after analysis of a MD simulation at 350 °C.

Additionally, the orientation of benzene and propene in the AFI channels can be
followed upon co-adsorption with methanol. Figure S5.2 displays the probability densities for
the orientation of benzene and propene in the AFI channels throughout an MD simulation at
350 °C. In the absence of methanol, benzene and propene preferentially orient the plane
defined by the carbon atoms parallel to the channel axis to enable a good interaction between
the m-electrons and the acid site. However, upon co-adsorption of methanol the preferential
orientation of the hydrocarbons clearly shifts. As benzene and propene no longer have direct
access to the acidic proton (vide supra), the hydrocarbon guest molecules reorient to

maximize their interactions with the zeolitic channel wall.
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(a) benzene orientation in H-SSZ-24
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(C) propene orientation in H-SSZ-24
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Figure S5.2: Probability densities for the orientation of benzene (a,b) and propene
(c,d) in H-SSZ-24 (a,c) and H-SAPO-5 (b,d) in the absence (blue curve) and
presence (red curve) of methanol during an MD simulation at 350°C. The curves
originate from histograms, normalized such that the area under each curve equals

1.

(b) benzene orientation in H-SAPO-5
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S6. Optimized co-adsorbed complexes and calculated adsorption and co-adsorption

energies.

Table S6.1. Electronic adsorption energy (kJ/mol) for methanol (MeOH) on the
acid site and benzene (BZ) or propene (C; ) co-adsorbed in H-SSZ-24 and H-

SAPO-5 (Level of theory: revPBE-D3).

H-SSZ-24

H-SAPO-5

AE [kJ/mol]

AE [kJ/mol]

MeOH 4, -98.4
BZ co-a4s -80.5°
C3=,co-ads -51 ~6a

-53.9°

-83.2

-84.6
-88.9°

67.5°
-59.5°

a Methyl group pointing away from the hydrocarbon (Figure 3.5 b,d)

b Methyl group pointing towards the hydrocarbon ( Figure 3.5 a,c)

Figure S6.1 and Figure S6.2 depict the geometries of all the stable potential energy minima

that could be located for the co-adsorption of methanol and benzene or propene respectively.

For benzene co-adsorption in H-SAPO-5, two stable minima could be located. The two

configurations differ in the orientation of methanol with respect to benzene. The methanol

methyl group can either point towards or away from benzene (Figure S6.1 b and c

respectively). In H-SSZ-24 only the configuration with methanol pointing towards benzene

could be located as stable minimum (Figure S6.1 a).
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Figure S6.1: All geometries with indication of characteristic distances for co-
adsorption of methanol and benzene in H-SSZ-24 (a) and H-SAPO-5 (b,c).

For propene co-adsorption two stable minima could be located on the potential energy surface
in both materials. The two configurations again differ in the orientation of methanol with
respect to propene. The methanol methyl group can either point towards or away from

benzene (Figure S6.2 a,b and c,d respectively).
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H-SSZ-24 H-SAPO-5

Figure S6.2: All geometries with indication of characteristic distances for co-

adsorption of methanol and propene in H-SSZ-24 (a,c) and H-SAPO-5 (b,d).
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S7. Optimized transition state, pre-reactive complex and product for the methylation of

benzene in both AFI materials

Figure S7.1: pre-reactive complex (a,d), transition state (b,e) and product (c,f) of
the benzene methylation in H-SSZ-24 and H-SAPO-5 respectively.
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S8. Overview of the time-averaged shortest methyl carbon — benzene/propene carbon

distances
H-SSZ-24 H-SAPO-5
HO\ HO\
CHs CHs
i 541A i 561A
HO HO
CHs; CHs
1583A L 554 A

Figure S8.1: Time-averaged shortest distances between Cpyeon and Chengene OF
Copropene in H-SSZ-24 and H-SAPO-5 after a 50 ps MD simulation.
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S9. Dynamical behavior of benzene and propene adsorbed on a methoxy group in H-

SSZ-24 and H-SAPO-5

Methoxy as methylating agent for benzene methylation
o Average MD C,,-Cy, distance in H-SSZ-24: 5.71 A
o Average MD C,,-Cy, distance in H-SAPO-5: 6.14 A
Methoxy as methylating agent for propene methylation
o Average MD C,;-C,, distance in H-SSZ-24: 6.04 A
o Average MD C,,-C, distance in H-SAPO-5: 6.27 A
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