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Chapter 1

Introduction and scope

1.1 Zeolites

Zeolites are crystalline inorganic materials whose oxide-based framework is built up with
corner-sharing TO4 tetrahedrons, where T refers to a tetrahedral atom, most commonly Si
and Al. Different ways of tetrahedra connection result in different zeolite framework types.*
2 The name zeolite was first used by Swedish chemist Axel Cronstedt in 1756. He noted that
the mineral stilbite appears to boil producing a large amount of steam when heated. Therefore,
he named these materials zeolites, or boiling stones from Greek (éw — to boil and Aifog —
stone.® The first laboratory preparation of a zeolite can be traced back to the claim by Saint
Clair Deville in 1862. Zeolite synthesis became an important research area since the
pioneering works of artificial zeolite synthesis by Barrer and Milton in the late 1940s.
Following the foundations laid in the 1950s, many significant developments were achieved
in the next decade due to the addition of quaternary ammoniums to the initial gel, different
from the utilization of only inorganic components in earlier synthesis of zeolites.* In general,
zeolite synthesis is performed under hydrothermal and solvothermal conditions. The
synthesis gel medium contains the zeolite framework precursors, solvents, template or
structure-directing agents (SDASs), and mineralizers. The reaction mixture is subjected to
hydrothermal treatment at an elevated temperature in the typical range of 30-200 °C for a
period from minutes to days. To date, more than 250 zeolite frameworks have been
recognized by the Structure Commission of the International Zeolite Association (IZA-SC).5
Notably, computer modeling has predicted that millions of zeolite structures can be built from
the primary building units, indicating the great potential of this research area for developing
new functional microporous materials.®

Today, zeolites are widely used in industrial processes, especially in ion-exchange,
adsorption/separation, and catalysis areas, and they are one of the most widely used classes
of materials among the heterogeneous catalysts.” Their successful application in hydrocarbon
conversion chemistry in petroleum refineries and petrochemical operations and the
production of fine chemicals are due to their environmentally-benign nature, well-defined
microporous structure, flexible chemical composition and excellent (hydro)thermal stability.®
The catalytic performance of zeolites is closely associated with their physicochemical



properties, especially well-defined micropores (< 2 nm), crystal morphologies and chemical
composition.® ° The well-defined microporous channels endow zeolites with unique shape
selectivity. The shape selectivity involving reactants and products is related to a true
molecular sieve effect.!* Transition-state selectivity occurs when the geometry of the pore
around the active sites can stabilize one specific transition state among several possible ones,
while it can also impose steric constraints on the transition state of reaction intermediates
(Figure 1.1).8 However, despite the extraordinary shape selectivity conferred on zeolites, the
intrinsic micropores can also impose severe transport limitations on reactants and products
to and away from the acid sites, respectively, especially when bulky molecules with
dimensions close to the diameter of the micropores are involved.*? This leads to inefficient
use of the internal active sites of zeolites, which can substantially reduce the catalytic
activity.'® Even for small molecules, long residence times favor consecutive decomposition
(cracking) reactions or oligomerization/polymerization of reaction intermediates, resulting in
undesired products that cannot leave the pores and induce rapid catalyst deactivation.'* 1> An
effective strategy to overcome such mass transfer limitation and improve the accessibility of
active sites is to decrease the diffusion path length in the micropores. This can be achieved
by introduction of intracrystalline mesopores (2-50 nm) or by preparation of zeolite
nanocrystals, with a size below 100 nm.:1” Moreover, given that most industrial applications
of zeolitic catalysts are based on their acidic properties,*® large efforts have been devoted to
characterizing and tuning the acidic properties, e.g. concentration,*® nature,? location? and
distance,? to optimize the catalytic performance. Therefore, the rational synthesis of zeolitic
materials with optimum properties based on practical catalytic requirements is an important
research topic in both academia and industry.
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Figure 1.1. Examples of classical shape selectivity.
1.2 Synthesis of nanosized zeolites

Nanosized zeolites refer to zeolites in which at least one dimension is reduced below 100 nm
with the morphology of nanosheets, nanoneedles, nanorods or nanocrystals, which are
attractive due to reduced diffusion lengths. Although there are difficulties in the separation
of zeolite nanocrystals from the mother liquor after hydrothermal synthesis, nanosized
zeolites are promising candidates for fundamental studies, e.g. to study the impact of
diffusion length on the catalytic performance in a systematic manner. In the last two decades,
many efforts have been devoted to the synthesis of nanosized zeolites. Generally, the
strategies can be divided into top-down and bottom-up approaches, based on whether
nanocrystals are obtained after or during zeolite crystallization, respectively.”®

In the first approach, post-synthesis treatment of conventional bulk zeolites using ball-milling
is effective for reducing the size of zeolite crystals to those of nanoparticles, although
subsequent recrystallization is needed to restore the usually impeded crystallinity.?
Delamination as an effective approach to obtain zeolite nanosheets as first reported by
Corma’s group. The success of this method is due to the relatively weak interactions between
not full condensed, layered zeolite precursors, rendering the method only effective for
particular zeolite topologies like FER and MWW.24 2

Compared to top-down approaches, bottom-up approaches provide more flexibility when
aiming at nanosized zeolites. Although zeolite synthesis is a complex process, the general
assumption is that the process includes two steps, i.e. nucleation and crystal growth.? It has
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been demonstrated that the number of nuclei in the system determines the ultimate crystal
size. Therefore, formation of small zeolite crystals requires conditions that favor nucleation
over crystal growth. These conditions may include prolonging the aging time,?” utilization of
easily dissolved aluminum and silica sources,?® addition of seeds,? use of ultra-dense gels
crystallized by steaming,® replacing traditional heating by microwave irradiation®* and
decoupling nucleation from crystal growth via a staged temperature approach.®? The
difficulties in controlling zeolite nucleation also resulted in the development of alternative
methods, e.g. confined space synthesis. A confined space for zeolite synthesis can be
provided by porous carbon materials and polymer hydrogels.* In such cases, zeolite growth
is limited by a physical barrier and the available free space determines the ultimate crystal
size.

As a more facile bottom-up approach, soft-templating methods have been used to prepare
nanocrystalline zeolites. The most commonly used one is the dual-templating method, which
involves the combined usage of a SDA for the formation of zeolite and a soft template for
limiting both crystal grain growth and Ostwald ripening by adsorption on the growing crystal
surfaces, thereby resulting in the formation of nanosized zeolites.* The soft templates can be
organosilanes,® polymers® and surfactants,3” etc. However, when all the components are
introduced into the system at the beginning via a one-step synthesis, particularly for
surfactants as soft template, amorphous materials may form instead of the crystalline zeolites
due to the typical incompatibility between the self-assembly of surfactants and the growth of
zeolite frameworks.3® Alternatively, a two-step procedure was proposed, involving initial
formation of protozeolitic units followed by addition of the soft template.®® Compared to the
dual-templating strategy, one can make the synthesis of nanocrystalline zeolites easier by
using a dual-functional template. These “two-in-one” templates usually consist of a
hydrophilic quaternary ammonium head group and a long hydrophobic tail. The hydrophilic
group directs the zeolite micropores, while the hydrophobic tail limits the crystal growth.
There have been many showcases of these bifunctional surfactants for the synthesis of
nanosized zeolites.*>* However, a main drawback is that these complex quaternary
ammonium surfactants are synthesized involving multiple chemical steps, which makes them
too costly for industrial application. Notably, applying the commercially available and
inexpensive soft  templates, i.e. cetyltrimethylammonium (CTA) and
polydiallyldimethylammonium (PDADMA), as dual-functional templates for synthesis of
nanocrystalline zeolites is still limited to ZSM-5 and beta.*> 46

From the practical and economic perspective, it would be attractive to directly synthesize
nanosized zeolites by use of relative simple and inexpensive organic molecules as dual-
functional templates. The interest in this approach follows from the larger number of
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publications concerning simple non-surfactant molecules for obtaining nanocrystalline
zeolites during the last five years.> A common feature is that these simple molecules can be
obtained by one-step synthesis procedure.*”52 Among them, non-surfactant diquaternary
ammonium compounds have been used for the synthesis of various zeolites in nanocrystalline
form. These compounds consist of two end groups and a linkage, which render them highly
flexible. Their end groups and linkage can be tailored in terms of size, rigidity and charge
density to control the crystal topology and morphology of the zeolites they template.® It
should be noted that another important utilization of non-surfactant diquaternary ammonium
compounds is in the discovery of new zeolite structures during the last three decades.? 548
Despite the difficulty and complexity in understanding the exact host-guests interaction
between the OSDAs and zeolites, it has been demonstrated that a flexible OSDA can open
the possibility for synthesizing different framework structures due to their adaptable
conformations towards a wide range of zeolite frameworks. In contrast, a rigid OSDA would
be more selective towards a specific zeolite structure.l > While the OSDA is not strong
enough itself to determine the phase selectivity, other factors, e.g. framework substituents,
gel concentrations and crystallization temperature, are also important for the phase
selectivity.?

1.3 Catalytic applications of nanosized zeolites

There are two main differences between nanosized and conventional micron-sized zeolite
crystals when they are employed as acid catalysts. First, nanosized zeolites exhibit a
substantially higher external surface area, which is an advantage when bulky reactants that
cannot penetrate through zeolite domains have to be processed. Second, nanocrystals can
provide shorter diffusion pathways than their micron-sized counterparts. The faster
desorption of reaction intermediates and products from the zeolite domains reduces the
residence time in the crystals and therefore effectively suppresses undesired side reactions,
e.g. overcracking and coke condensation, thus resulting in an improved product distribution
and often longer catalyst life.5

1.3.1 Methanol-to-hydrocarbons

The methanol-to-hydrocarbons (MTH) process constitutes promising reaction chemistry for
the production of olefins, aromatics and gasoline from methanol which can be obtained from
alternative carbon sources, e.g. coal, biomass, natural gas and carbon dioxide, to alleviate the
global warming and maintain a sustainable economy in a post-oil society.5® 6! Currently, it is
widely accepted that product formation during steady-state operation of the MTH reaction
follows an autocatalytic route via a dual-cycle mechanism (Figure 1.2).52 Both the relative
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propagation of each cycle and the exact intermediates depend on the reaction conditions and
the properties of the employed catalyst.%® This in turn can explain how the products of the
MTH process can be tuned towards olefin-rich (methanol to olefins; MTO), propene-rich
(methanol to propene; MTP) or gasoline-rich (methanol to gasoline; MTG) mixtures.® For
instance, an Al-rich ZSM-5 catalyst has high acidity and suitable pore structure, which can
promote aromatics formation.8 Notably, the autocatalytic feature of the MTH reaction leads
to confined hydrocarbons in micropores as the active species, on one hand, and deactivating
precursors, on the other hand.5® % Besides optimizing the physicochemical properties of
zeolites to achieve targeted hydrocarbons production, decreasing coke formation rate and
improving micropore utilization to solve the rapid catalytic deactivation is an important task.
This can be achieved by the introduction of a hierarchically porous network in zeolite crystals
or by reducing the crystal size to nanosized dimensions.®” ¢ Compared to zeolites in which
pores run in more than one dimension, e.g. ZSM-5 (MFI) and SAPO-34 (CHA), tuning
crystal size has a more significant impact on the catalytic lifetime of one-dimensional zeolites,
e.g. ZSM-22 (TON) and ZSM-23 (MTT), because acid sites in each micropore are only
accessible by the two ends of the crystals.®® 7° For instance, Olsbye and co-workers showed
that decreasing the average length of ZSM-23 channels from 160 nm to 50 nm led to an
increased methanol conversion capacity by one order of magnitude.” Notably, these one-
dimensional zeolites with medium-size channels are suitable catalysts for the production of
aromatics-free gasoline, because the formation of aromatics is strongly suppressed due to the
absence of channel intersections and large-size cavities.?® 7

Alkene cycle Arene cycle
n CH,OH
n H,O O (CHa)n+i
CH4OH g \ 2 i CHsoH/\
CH;0H
Higher 3
alkenes ) (Chan

% Alkanes
H20'\\ >\ O (CHa)ei
CH30H 4<\_ \/

BN -~

Figure 1. 2. Dual-cycle mechanism of MTH reaction.®?



1.3.2 Hydroconversion of n-paraffins

Hydroconversion processes constitute one of the most important reaction units in petroleum
refineries for the production of high-quality fuels.” Hydroconversion comprises two main
reactions, i.e. hydrocracking and hydroisomerization. Hydrocracking involves the conversion
of heavy hydrocarbon fractions into high-value hydrocarbons for use as transportation fuels.™
Due to its versality and flexibility, jet fuel, diesel and in some cases also gasoline can be
obtained.”™ Hydroisomerization involves isomerization of paraffins to their branched isomers
with limited cracking. It is used to increase the octane number of gasoline and improve the
cold-flow properties of diesel, jet fuel and lubricants.”® Besides processing conventional
feedstocks derived from crude oil, e.g. vacuum gas oil, hydroconversion is also employed to
upgrade non-petroleum hydrocarbons produced from Fischer-Tropsch synthesis and fast
pyrolysis of biomass, both of which are effective routes to realize the utilization of renewable
sources.”” ™ Hydroconversion is performed using bifunctional catalysts containing a metal
component supported on an acidic support. The metal sites, typically noble metal Pt or Pd or
mixed sulfides of non-noble transition metal Ni or Co with Mo, catalyze
hydrogenation/dehydrogenation reactions, while the acid sites, often zeolites or amorphous
aluminosilicas, catalyze isomerization and cracking reactions.” The general mechanism of
hydroconversion reactions over bifunctional catalysts involves several consecutive steps: (i)
dehydrogenation of alkanes on the metal sites with the formation of olefins; (ii) diffusion of
these olefins to the acid sites; (iii) protonation of the olefins on the acid sites with the
formation of alkylcarbenium ions; (iv) skeletal isomerization or B-scission cracking; (v)
desorption from the acid sites and diffusion of olefins to the metal sites; (vi) hydrogenation
of the olefins to alkanes and (vii) desorption of alkanes from the bifunctional catalysts (Figure
1.3).° The catalytic performance, in terms of activity and selectivity, over bifunctional
catalysts depends on various properties of the catalysts, such as metal dispersion,® metal-to-
acid site ratio,®* proximity of metal and acid sites,® and the porosity and acidity of the
support.8385 For instance, nanosized SAPO-11 exhibited both a higher catalytic activity and
isomer yield than its micron-sized counterpart in the hydroconversion of long n-paraffins due
to the improved accessibility of acid sites and decreased residence time of reaction
intermediates within zeolite domains.®
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Figure 1.3. The general mechanism of hydroconversion reactions over bifunctional
catalysts.®?

1.3.3 Methane dehydroaromatization

Non-oxidative dehydroaromatization of methane (MDA) over Mo-containing zeolite
catalysts is a promising process for the direct conversion of methane to high-valuable
aromatics (mainly benzene) and hydrogen.®” Since Xu et al. first reported the utility of a
Mo/HZSM-5 catalyst for this reaction in 1993,% much work has been aimed at understanding
the reaction mechanism and improving the catalytic performance.® Despite the fact that the
reaction mechanism of MDA is still not fully understood, the general assumption is that the
reaction proceeds via a bifunctional pathway. Most widely accepted, methane is activated
and then coupled to ethylene over Mo-carbide species, followed by aromatization of ethylene
over Brgnsted acid sites in the shape-selective micropores. Among investigated catalysts,
Mo/ZSM-5 is the most promising one for MDA reaction.®-% Although significant progress
has been achieved in the past three decades, rapid catalyst deactivation due to coke deposition
is still unsolved, which is a major obstacle to the industrial application of MDA process.®
The important role of coke in MDA has been revealed in previous studies, in which at least
three kinds of carbon deposits were recognized, i.e. carbidic carbon in molybdenum carbide,
molybdenum-associated coke and aromatic-type coke on acid sites.®**¢ The study of coke
evolution with time on stream suggests that the polyaromatic-type coke is the main reason
for the catalyst deactivation.®” Previous studies reported that hierarchical, nanosized and
hollow zeolites displayed higher methane conversion and benzene yield than micro-sized
counterparts due to a more rapid diffusion of aromatics out of zeolites to suppress the coke
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formation.%-1% Besides the textural properties, the acidity of zeolite is another important
factor that can impact the catalytic performance.®* It is generally accepted that the Bransted
acid sites have two functions, i.e. proving anchoring sites for the metal species and catalyzing
the formation of aromatics, as well as coke.®® Khatib et al. showed that a higher micropore
occupation of highly dispersed Mo species, resulting from a higher Mo loading over ZSM-5
with a lower Si/Al ratio, was directly correlated with higher benzene selectivity and yield, as
well as a higher methane conversion.'? Overall, using a highly acidic ZSM-5 in the
nanosized form or with hierarchically porous network can be an effective strategy to improve
the catalytic performance of MDA reaction.

1.3.4 Friedel-Crafts reactions

The liquid-phase Friedel-Crafts alkylation/acylation is one of the important acid-catalyzed
reactions for the production of various compounds used as pharmaceutical intermediates and
fine chemicals.’®® These reactions are generally carried out in liquid phase by use of
homogeneous acid catalysts, e.g. FeCls, BFs and H.SO.. However, these homogeneous
catalysts have several problems, such as the challenge in separation and recovery, corrosion
and toxicity.1%* These inevitable drawbacks make it desirable to develop alternative solid acid
catalysts, which should be more environmental and easy to reuse. Among the candidates,
zeolites, as solid acid catalysts, have been widely studied in Friedel-Crafts reactions, due to
their excellent (hydro)thermal stability, strong acidity and shape selectivity.®> However,
conventional zeolites show poor reactivity and rapid deactivation due to strong diffusion
limitation of bulky aromatic substrates and corresponding products in micropores,0: 107
Therefore, many efforts have been made to improve the mass transfer and accessibility of
acid sites by decreasing the crystal size or introducing hierarchically porous network.
Consequently, these nanosized and hierarchical zeolites exhibited remarkably enhanced
activity and better product selectivity as compared to their conventional counterparts, which
paves the way for their potential application in Friedel-Crafts reactions.%®

Although it is clear that nanocrystalline zeolites outperform their micron-sized counterparts,
revealing the different reaction behaviors in space and time based on a specific acidity for
many zeolitic catalysts are still unsolved due to the difficulty in synthesis of well-defined
materials.'® Indeed, this remains one of the most challenging incentives for chemists, i.e. to
obtain zeolite materials with well-defined properties, which is essential to pave the way for
the understanding for designing and the designing for achieving the desired reaction route in
heterogeneous catalysis.°



1.4 Scope of thesis

The goal of this PhD thesis is to synthesize nanosized zeolites with targeted physicochemical
properties for improved or tailored catalytic performance in zeolite-catalyzed hydrocarbon
conversion reactions. The focus is on the direct synthesis of zeolite nanocrystals by use of
simple and inexpensive organic molecules, particularly non-surfactant diquaternary
ammonium compounds, as the sole organic template. We speculate that such kind of bulky
organic molecules not only have strong pore-filling ability to stabilize zeolite frameworks
but can also be effective capping agents that allow obtaining zeolites in nanocrystalline form
due to their divalent feature. Besides, the inorganic component of the synthesis gel is also
optimized to ensure the success of such molecule as OSDA.

Chapter 2 investigates the use of cetyltrimethylammonium (CTA) hydroxide as growth
modifier for the direct synthesis of nanosized MOR zeolites, with different aluminum sources.
CTA is a commercially available surfactant, which has been used as a growth modifier for
obtaining various zeolites in nanocrystalline form. Nanosized MOR zeolites perform better
than their bulk counterparts prepared without CTA in benzene alkylation and n-hexadecane
(n-Cse) hydroconversion.

Chapter 3 explores the direct synthesis of nanosized MOR and BEA zeolites by use of non-
surfactant diquaternary ammonium compounds as the sole organic template. One important
consideration was that the employed organic molecule should fit in the micropore channels
of MOR and BEA. These compounds are hexane- and p-xylene- bridged bis-
methylpyrrolidinium, -methylpiperidinium and -DABCO diquats, which were synthesized in
a single step from common chemicals. For selected samples, the crystallization mechanism
was investigated by investigating the solid intermediates. The benefits of these nanosized
zeolites over bulk reference samples were evaluated for Friedel-Crafts and n-Cis
hydroconversion reactions.

Chapter 4 presents the direct synthesis of nanosized ZSM-5 with high acidity (Si/Al = 11)
and excellent solid yield (99%), denoted as ZSM-5-11, using p-phenylenedimethylene-
bis(tripropylammonium) dichloride as the OSDA. The crystallization process of ZSM-5-11
was investigated in detail. ZSM-5-11 shows significantly improved aromatics productivity
in MTH and MDA reactions as compared to a commercial ZSM-5 (Si/Al = 12.9).

Chapter 5 explores the direct synthesis of nanosized ZSM-12 zeolites with a wide range of
Si/Al ratios, especially at the Al-rich compositions, by use of rigid organic molecules as the
OSDA. Three rationally designed diquaternay ammonium compounds (p-xylene- bridged
bis-methylpyrrolidinium, -methylpiperidinium and -1,2-dimethylimidazolium) are employed
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in the zeolite synthesis. Nanosized ZSM-12 with different acidity (Si/Al = 18.3, 40.1 and
68.8) were evaluated in n-C1s hydroconversion and MTH reactions.

Chapter 6 presents how to employ versatility of a simple OSDA, ie. (p-
phenylenedimethylene-bis(trimethylammonium) dichloride (MesN-benzyl-NMes), in the
synthesis of nanosized zeolites. By modifying the synthesis, including gel composition (Si/Al
and NaOH/Si ratios) and crystallization time, direct synthesis of nanosized zeolites (MOR,
EU-1 and ZSM-12) were achieved by use of MesN-benzyl-NMes as the sole organic template.

The results of this thesis are summarized in Chapter 7 including an outlook on further
challenges in the thriving field of zeolite synthesis.
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Chapter 2

Synthesis of nanocrystalline mordenite zeolite with
improved performance in benzene alkylation and n-
paraffins hydroconversion

Abstract

Nanocrystalline mordenite (MOR) zeolites were hydrothermally synthesized in a single step
with commercial cetyltrimethylammonium (CTA) hydroxide as the sole organic template,
while the aluminum source was varied in a typical synthesis gel. CTA can effectively reduce
the crystal growth of MOR zeolites, in some cases selectively in the a- and b-directions of
the unit cell. These nanocrystalline MOR zeolites do not only have a larger external surface
area than their bulk counterparts prepared without CTA, but the Brgnsted acid sites in the
side-pockets are also more accessible. The combination of the use of CTA and AICl;-6H,0
afforded the best-performing catalyst with much improved activity in benzene alkylation and
hydroconversion of n-hexadecane (n-Cis). Modifying MOR synthesis with CTA hydroxide
is a cheap and effective method to open up the one-dimensional micropore system of
mordenite, increasing the catalytic performance in hydrocarbon reactions.

This chapter has been published as: S. Li, H. Wu, R.C.J. van de Poll, R.R.M. Joosten, N.
Kosinov and E.J.M. Hensen, ChemCatChem, 2022, 14, €202101852.
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2.1 Introduction

Zeolites are microporous crystalline materials possessing well-defined channels and cavities
in the molecular range, which can be synthesized with various chemical compositions, pore
topologies and crystal sizes.: 2 This versatility allows zeolites to be used in numerous
applications spanning from adsorption and gas separation to catalysis.> Even though more
than 200 types of zeolite framework structures have been synthesized and identified, only a
limited number of them have found practical applications.* Among them, mordenite (MOR)
is one of the most important industrial catalysts, because of its high thermal stability,
appropriate acidity and unique pore system. MOR is used in commercial processes such as
the isomerization and dewaxing of alkanes, the alkylation of aromatics and the production of
dimethylamines.®

MOR zeolite consists of 12-membered ring (12MR) channels (0.67 x 0.70 nm) and 8-
membered ring (8MR) channels (0.26 x 0.57 nm), both of which run along the c-axis and are
interconnected with 8MR side pocket (0.34 x 0.48 nm) parallel to the b-axis.b Effectively,
MOR exhibits a two-dimensional topology. As the 8MR channels along the c-axis are too
narrow for most molecules, MOR typically behaves as a one-dimensional zeolite in catalytic
reactions.” Like most zeolites, MOR can suffer from transport limitations of reactants and
products to and from the acid sites, thereby limiting the overall performance.® A specific
issue with zeolites with a one-dimensional pore channel system is the propensity to fast
deactivation due to pore blocking.®

The most common approach to enhance the catalytic performance of zeolites is to decrease
the diffusion length in the zeolite micropores. Many efforts have been devoted to decreasing
the crystal size or introducing secondary porosity in MOR crystals via top-down or bottom-
up methods.* Top-down methods include dealumination in steam or by treatment with acid
solutions, desilication in alkaline or sequential dealumination-desilication. However, it is
hard to control the mesoporosity by this methods and typically the zeolite framework is
damaged, often decreasing the acidity.’® As the Si/Al of directly prepared MOR zeolite is
normally lower than 15, desilication is difficult to achieve.'* To deal with this, MOR can be
first dealuminated.?? Bottom-up methods modify the zeolite in the synthesis stage by
involving a template that gives rise to additional porosity. One can distinguish hard-
templating and soft-templating approaches.!* It is worth noting that soft templating is
beneficial for obtaining mesoporosity of controlled size inside zeolite crystals.** Among soft
templates, the cationic surfactant cetyltrimethylammonium (CTA) is popular because it is
commercially available and inexpensive. CTABr and the slightly more expensive CTAOH
have been widely used for preparing hierarchical zeolites.!4?° Even though CTA has also
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been used as an effective growth modifier to obtain hierarchical MOR zeolites, all the
strategies reported so far involve the addition of a seed gel containing amorphous
aluminosilicate intermediates, time-consuming synthesis protocols (7 days or longer) or
complicated steam-assisted synthesis approaches.?-? Therefore, for practical application, it
is still challenging to develop approaches to prepare hierarchical MOR zeolites in a more
facile and economical strategy.

Moreover, studies have shown that physicochemical properties of the MOR zeolite, such as
morphology, composition, acidity and crystal purity, are closely related to the synthesis
conditions.?”-** Hamid et al. found that the size of MOR crystals can be modified by a factor
of 10 by appropriate aging of the silica source.*® Zhang et al. reported that MOR zeolites with
various morphologies were synthesized via a facile inorganic hydrothermal route, mainly
including adding seeds, adjusting gel composition and silicon source.?® Li et al. discovered
that the distribution of Brgnsted acid sites (BAS) in MOR zeolite can be adjusted by using
different cyclic amine structure-directing templates.® Given that the aluminum source is an
indispensable part of the MOR zeolite synthesis, its influence has also been extensively
investigated. Lu et al. successfully synthesized highly crystalline MOR zeolite with a Si/Al
ratio of approximately 30 when AI(NOj3); was employed as an aluminum source instead of
AICl; or Aly(SO4)3.% Previous studies have discovered that the proportion of framework Al
atoms in the main channels of MOR zeolite decreased with decreasing the relative amount of
aluminum in the synthesis.3* % It has been reported that the crystal size of MOR zeolite
prepared with alumina as aluminum source increased with crystallization time, due to the
slow release of aluminate ions from undissolved aluminum into the synthesis solution, which
is opposite to the trend of crystallization process with sodium aluminate as aluminum
source.®* Hence, it could be anticipated that the choice of aluminum sources can strongly
impact the properties of the obtained samples during the synthesis of MOR zeolite with CTA.

In the present study, nanocrystalline MOR zeolites were prepared in a single step via
hydrothermal synthesis method with CTAOH as the sole organic structure directing agent.
AI(NOs)s, AICI3 and Al(OH)3 were chosen as three different aluminum sources in this work.
The physicochemical properties of obtained MOR zeolites were extensively characterized.
The catalytic performance of these nanocrystalline MOR zeolites in comparison to their bulk
counterparts in the benzylation of benzene with benzyl alcohol and in the bifunctional
hydroconversion of n-hexadecane (n-Cis) was evaluated.

2.2 Experimental Section

2.2.1 Chemicals
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The following commercial chemicals were used in this work without further purification:
sodium silicate solution (Merck, SiO, 27.0 wt%, Na,O 8.0 wt%), AI(NO3)3-9H.0 (Sigmal
Aldrich, reagent grade), AICIl;-6H,O (Sigmal Aldrich, 99%), AI(OH)s (Sigmal Aldrich,
reagent grade), NH4NOs; (Sigmal Aldrich, >99.5%), hexadecyltrimethylammonium
hydroxide (CTAOH, TCI, 10 wt%), Pt(NH3)4(NOs), (Alfa Aesar, 99.99% purity).

2.2.2 Synthesis MOR zeolite

A typical synthesis procedure to obtain nanocrystalline MOR zeolite was as follows. 1.885
g CTAOH solution and 0.781 g AI(NO3)3-9H,0 were added to 13.26 g demi-water at room
temperature. Afterwards, 5.55 g water glass was added to the mixture under vigorous stirring.
The molar composition of the resulting synthesis gel was 1 SiO, : 0.042 Al,O3 : 0.025
CTAOH : 0.287 Naz0 : 42 H,0. After vigorous stirring for 3 h at room temperature, the gel
was transferred into a 45 mL Teflon-lined stainless-steel autoclave and heated at 150 °C for
5 days under rotation at 50 rpm. Then, the autoclave was quenched and cooled to room
temperature. The solid product was filtered, washed with demi-water until pH < 8 followed
by drying overnight at 110 °C. The zeolites were calcined at 550 °C (heating rate of 1 °C/min)
for 10 h in flowing air to remove the organic species. The calcined samples were ion-
exchanged three times with 1.0 M NH4sNO; solution followed by calcination at 550 °C
(1 °C/min) for 4 h in an O flow (20 vol% in N) to obtain the final proton form. Depending
on the aluminum source in the recipe, as-synthesized nanocrystalline MOR zeolites are
denoted as MOR-NO3+CTA, MOR-CI+CTA and MOR-OH+CTA. Reference bulk MOR
zeolites were also prepared under the same conditions without CTAOH. These samples are
denoted as MOR-NO3, MOR-CI and MOR-OH.

2.2.3 Preparation of Pt-containing zeolites

The proton form of the zeolites was loaded with 0.5 wt% Pt by wet impregnation with an
aqueous Pt(NHs)a(NOs), solution. The resulting samples were calcined at 450 °C (heating
rate of 0.5 °C/min) under an O, flow (20 vol% in Ny) for 2 h.

2.2.4 Characterization

X-ray diffraction (XRD) patterns were collected on a Bruker D2 Endeavor diffraction system
using Cu Ka radiation with a step size of 0.01° and duration of 0.25 s in the 26 range of 5-
40°,

The elemental composition of the zeolite samples was determined by inductively couple
plasma optical emission spectrometry (ICP-OES). Prior to analysis, the samples were
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dissolved in a 1:1:1 (by weight) mixture of HF (40 wt% in H»0), HNO; (60 wt% in H20)
and H0.

Surface area and porosity of zeolites were determined by Ar physisorption in static mode at
-186 °C on a Micromeritics ASAP 2020 instrument. The samples were outgassed at 400 °C
for 6 h prior to the sorption measurements. The BET surface area of MOR zeolite was
determined in the relative pressure (p/po) range between 0.05-0.25. The total pore volume
was calculated at p/po=0.97. The micropore volume was determined by the t-plot method
using a thickness range of 0.35-0.70 nm. The mesopore volume and mesopore size
distribution were calculated from the adsorption branch of the isotherm using the Barrett-
Joyner-Halenda (BJH) method.

Thermogravimetric analysis (TGA) was performed using a TGA/DSC 1 instrument (Mettler
Toledo). The temperature was increased from 40 °C to 800 °C at a rate of 5 °C/min in 20
ml/min O, and 40 ml/min He flow.

X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo Scientific K-alpha
spectrometer, equipped with a monochromatic Al Ko X-ray source (1486.6 eV) and a 180°
double-focusing hemispherical analyzer with a 128-channel detector.

Scanning electron microscope (SEM) images were taken on a FEI Quanta 200F scanning
electron microscope at an accelerating voltage of 3 or 5 kV. Transmission electron
microscopy (TEM) pictures were recorded on a FEI Tecnai 20 at 200 kV. Annular dark field
scanning transmission electron microscopy (ADF-STEM) was performed on the TU/e
CryoTitan (FEI, now Thermo Fischer Scientific) at 300 kV and room temperature. The
samples were suspended in ethanol and dispersed over a holey Cu grid coated with a carbon
film.

IR spectra of samples were recorded on a Bruker Vertex 70v instrument in the range of 4000-
1000 cm™. The spectra were acquired at a 2 cm™ resolution and an average of 64 scans.
Typically, the samples were pressed as thin wafers of ~10 mg and placed inside a controlled-
environment transmission cell. The samples were activated at 550 °C in artificial air before
cooling the cell to 150 °C and measuring the background spectra under vacuum. To determine
the density of acid sites in zeolites, pyridine was introduced into the cell from an ampoule
kept at room temperature. The exposure time was 10 min followed by desorption for 1 h
under evacuation at temperature of 150 °C, 300 °C and 500 °C. After each step, a spectrum
was recorded at 150 °C. The spectra were normalized by the weight of the wafer. For the
quantification of Brgnsted and Lewis acid sites, molar extinction coefficient values of 0.73
cm/umol and 1.11 cm/pmol were used, respectively.®
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Nuclear magnetic resonance (NMR) spectra were recorded on a 11.7 Tesla Bruker DM X500
NMR spectrometer, operating at 132 MHz for 2’Al, 99 MHz for 2°Si, 500 MHz for *H and
125 MHz for 13C. For the 2’ Al Magic Angle Spinning (MAS) NMR measurements, a Bruker
2.5 mm MAS probe head was used with a zirconia rotor having a diameter of 2.5 mm,
operated at a spinning rate of 25 kHz. All other measurements were performed using a Bruker
Triple Channel 4 mm MAS probe head and a 4 mm zirconia rotor, under a sample rotation
rate of 10 kHz. 2’A1 NMR spectra were recorded using a single excitation pulse of 1 ps and
an interscan delay of 1 s. The saturated solution of AI(NO3)3 was used for Al chemical shift
calibration. Quantitative 2°Si MAS NMR spectra were obtained by use of a high-power
proton decoupling direct excitation (DE) pulse sequence with a 54° pulse duration of 3 pus
and an interscan delay of 120 s. The 2Si chemical shift was calibrated using tetramethylsilane
(TMS). For 'H NMR measurements, the sample was first dehydrated at 350 °C for 6 h under
vacuum and then placed into the 4 mm zirconia rotor in a glovebox. *H NMR spectra were
recorded by a Hahn-echo pulse sequence of p1—r1—p2—r.—aq with a 90° pulse p1 =5 us, a 180°
p2 = 10 ps and 71 = » = 0.5 ps. The interscan delay was chosen to be 120 s to obtain
quantitative spectra. The *H chemical shift was referred to TMS. *H-'3C cross-polarization
(CP) MAS NMR spectra were recorded using a ramped contact pulse of 3 ms and an interscan
delay of 3 s. Solid adamantane was used for *C chemical shift calibration.

2.2.5 Catalytic activity measurements

2.2.5.1 Alkylation of benzene with benzyl alcohol

The liquid-phase alkylation of benzene (B) with benzyl alcohol (BA) was carried out in a
round-bottom flask equipped with a PTFE septum. The flask was heated in a temperature-
controlled oil bath under atmospheric pressure. In a typical experiment, 0.1 g of catalyst
(activated at 500 °C in artificial air for 1 h) was mixed with 26.7 ml (0.301 mol) of benzene
in a glovebox. After maintaining the reaction mixture at 75 °C for 30 min under stirring, the
reactor was depressurized through a side vessel. Then, 0.33 ml (0.003 mol) of BA was added
and this moment was regarded as the initial reaction time. During the reaction, liquid samples
were withdrawn at regular time intervals and analyzed by a gas chromatograph (Shimadzu
GC-17A) after separation of the catalyst by filtration. The gas chromatograph was equipped
with a flame ionization detector (FID) and a Rxi-5 ms capillary column (Restek; length 30
m; i.d. 0.25 mm; thickness 0.5 pm).

2.2.5.2 Hydroconvesion of n-hexadecane

To evaluate the catalytic performance of the Pt-loaded MOR zeolite catalysts in n-
hexadecane (n-Ci) hydroconversion, a downstream fixed-bed continuous flow reactor was
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employed. The catalyst was pressed, crushed and sieved to obtain a fraction in the range of
125-250 um. Prior to the reaction, the catalyst was dried in the reactor at 200 °C for 1 h under
flowing He at atmospheric pressure followed by reduction in flowing hydrogen at the same
pressure. During reduction, the temperature was increased from 50 °C to 400 °C with a rate
of 3 °C/min followed by an isothermal period of 1 h. Then, the temperature of the catalyst
bed was lowered to 150 °C, pressurized to 60 bar with H, and wetted by maintaining a liquid
flow of 1 ml/min for 10 min. The reaction was operated at a H»/n-C1s molar ratio of 20 and a
weight hourly space velocity (WHSV) of 10 gn-c1s gcar* 2. At each reaction temperature, the
reaction was stabilized for 5 h before product sampling. The reactor effluent was analyzed
by an online gas chromatography (Thermo Scientific Focus GC) equipped with an Rtx-1
column (Restek; length 30 m; i.d. 0.25 mm; thickness 0.25 um) and an FID detector.

2.3 Results and Discussion

2.3.1 Structural characterization
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Figure 2.1. XRD patterns of as-synthesized MOR zeolites: (a) MOR-NO,, (b) MOR-CI, (c)
MOR-OH, (d) MOR-NO,+CTA, (¢) MOR-CI+CTA and (f) MOR-OH+CTA.
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Figure 2.1 shows the XRD patterns of the as-synthesized MOR zeolites. In all cases, well-
resolved diffraction peaks corresponding to the MOR topology can be observed without
indications of impurity phases.® The XRD patterns of all CTA-templated MOR zeolites
show lower intensities and broader peaks than those prepared in the absence of CTA, pointing
to a reduction of the crystallinity and the crystal size.?®

Figure 2.2. TEM images of calcined MOR zeolites: (a) MOR-NO,, (b) MOR-ClI, (c) MOR-
OH, (d) MOR-NO_+CTA, (e) MOR-CI+CTA and (f) MOR-OH+CTA.

SEM and TEM were used to understand differences in the morphology of the MOR zeolites
(Figures Al and 2.2). MOR-NO3z and MOR-CI consist of plate-shaped crystals, which are
aggregated into particles with a size of ca. 0.5-1 um. MOR-OH contains irregular prism-
shaped crystals. The 12MR channels in the c-direction are parallel to the longest side of such
prism-shaped crystals (Figure Alc) as widely reported before.” 38 % It is clear that the
addition of CTA to the synthesis mixture significantly changes the crystal morphology.
MOR-NO3+CTA exhibits closely packed irregularly shaped nanocrystals without a specific
orientation. MOR-CI+CTA and MOR-OH+CTA show aggregated morphologies, composed
of aggregated nanosheet-like particles. The insets in Figures 2.2e and 2.2f show fast Fourier
transform (FFT) patterns taken along [110], indicating that nanolayers of MOR-CI+CTA and
MOR-OH+CTA are parallel to the c-axis.*® According to previous studies, CTA can cover
specific surface planes of the zeolite crystals via the electrostatic interaction, thus preventing
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crystal growth.?? %6 During MOR zeolite synthesis, this capping effect can favour preferential
crystal growth resulting in the nanostrip morphology.® 4 This effect is more pronounced for
MOR-CI-CTA and MOR-OH-CTA synthesis than for MOR-NOs-CTA synthesis.

It is well known that the precursors in the synthesis gel can strongly impact the crystallization
kinetics of hydrothermal zeolite synthesis, which will affect the morphology of the final
crystals.*> 4 The aluminum source can influence this in two manners. First, differences in
the anion of the aluminum precursor can alter the ionic strength of the synthesis gel.*? 44 4
Second, as the formation of aluminate ions will depend on the solubility of aluminum source,
aluminosilicate intermediates with varying Si/Al ratio can be formed, especially in the initial
aging step.3% %6 Comparing the three pairs of samples in our study, it is clear that only the
MOR-OH sample show the typical prism-like morphology of MOR zeolite. Even though
both AI(NO3)3-9H,0 and AICIs-6H,0 can be easily dissolved, the morphologies of the
obtained samples are different, which can be mostly attributed to the presence of CTA during
synthesis.
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Figure 2.3. Ar physisorption isotherms (left) and pore size distributions (right) of calcined
MOR zeolites. The pore size distributions were calculated using the BJH method using the
adsorption branch.

The Ar physisorption isotherms and pore size distributions of all samples are shown in Figure
2.3. All isotherms show a steep Ar uptake at the relatively low relative pressure (p/po< 0.1)
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due to the filling of micropores.*” The isotherms of the three reference samples have the usual
type | shape of microporous materials.®® In line with this, the pore size distributions of these
samples do not indicate mesopores. The samples prepared with CTA, on the other hand, have
the typical type IV isotherm with a clear H4 hysteresis loop, characteristic for slit-like
mesopores.*® The pore size distributions show relatively uniform mesopores of 3.7 nm for all
nanocrystalline zeolites. Such mesopores are mostly due to the voids between thinner or
smaller particles. Such morphological changes are in line with the SEM and TEM analysis
in Figures Al and 2.2. The textural properties derived from the isotherms are listed in Table
2.1. All the nanocrystalline MOR zeolites prepared with CTA have larger mesopore volumes
and larger external surface areas than the corresponding reference samples. The mesopore
volume and external surface area of MOR-CI+CTA are 0.20 cm® g* and 167 m? g%,
respectively. The micropore volumes of the nanocrystalline zeolites are 0.11 cm?® g, lower
than those of reference samples (0.15-0.16 cm®gt). Such differences are commonly observed
between microporous zeolites and their counterparts that contain additional intra-zeolitic
mesopores.*® The results discussed above suggest that CTA as a growth modifier has
sufficient interaction with the growing zeolite, resulting in substantial mesoporosity in the
final MOR samples.

Table 2.1. Textural properties of the calcined MOR zeolites determined by Ar physisorption.

Zeolite SeeT Vo (C\r:ge;:) (C\f;n:;c')l) S
(m?g") | (ecm*g™) (BIH) (t-plot) (m?g?)
MOR-NO3; 451 0.24 0.05 0.16 48
MOR-CI 403 0.21 0.04 0.15 42
MOR-OH 449 0.21 0.03 0.16 35
MOR-NO3+CTA 400 0.24 0.10 0.11 91
MOR-CI+CTA 428 0.35 0.20 0.11 167
MOR-OH+CTA 407 0.32 0.17 0.11 124

TGA was carried out to investigate the inclusion of CTA in the nanocrystalline zeolites
(Figure A2). For the as-prepared reference samples prepared without CTA, a single weight-
loss feature of ca. 10 wt% below 250 °C is observed, mostly due to the desorption of
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physisorbed water.>® The weight loss curves of the nanocrystalline MOR zeolites contain
multiple features. The first weight-loss feature due to water removal was much less, which
can point to the inclusion of CTA in the micropores. Similar to removal of CTA from
mesoporous MCM-41, further weight-loss features can be related to decomposition due to
the Hoffman elimination of CTA on the external surface (150-280 °C), combustion of
remaining carbonaceous species such as residual adsorbed trimethylamine (280-340 °C)
and due to removal of CTA occluded in micropores (340-600 °C).>2 However, it would be
difficult to correlate the CTA amount with zeolite porosity, since the CTA molecule can be
fully or partially occluded in zeolite micropores or mesopores.

Cis Ciz Ci Co Cy Cs Cs (o

80 70 60 50 40 30 20 10 O
'3C chemical shift (ppm)

Figure 2.4. 3C NMR spectra of (a) MOR-NO,+CTA, (b) MOR-CI+CTA, (c) MOR-
OH+CTA, (d) Solid CTABr and (e) solution of CTA in D20 (2 wt%).
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The 3C NMR spectra of as-prepared MOR zeolites, crystalline CTA and CTA dissolved in
D0 are shown in Figure 2.4. We use the spectrum of CTA dissolved in D0 (cf. Figure 2.4e
and structural formula in Figure 2.4) to assign the resonances in the other spectra. As
expected, the NMR spectra of solid CTA and CTA in the zeolites show broader and shifted
peaks compared to that of the highly mobile CTA ions in water.5% 5% The resonances for the
zeolites are slightly sharper than in solid CTA. The chemical shifts of CTA in the as-
synthesized zeolites are similar to those of CTA in water. From these observations, we can
conclude that CTA is occluded in the zeolite pores.?® 52 Together with TGA analysis, these
findings demonstrate that, in the nanocrystalline zeolites, CTA is predominantly present in
the zeolite micropores but also caps the external surface of the crystalline zeolite domains.

2.3.2 Bulk and surface characterization

Table 2.2. Physicochemical properties of the proton form of the calcined MOR zeolites.

sample Si/Al Si/Al Al distribution (%)*
(ICP) (XPS) AV AV

MOR-NO, 9.4 9.2 82 18
MOR-CI 9.2 9.4 80 20
MOR-OH 6.8 6.6 80 20
MOR-NO,+CTA 9.5 9.2 80 20
MOR-CI+CTA 9.2 9.4 81 19
MOR-OH+CTA 6.9 7.0 82 18

3 27Al NMR spectroscopy: Al'Y determined by integration of NMR signal between 20 and
100 ppm; AIV' determined by integration of NMR signal between 20 and -50 ppm.

The bulk and surface composition of the MOR zeolites determined by ICP elemental analysis
and XPS, respectively, are given in Table 2.2. The bulk Si/Al ratios of all samples, which are
in the range of 6.8-9.5, are lower than the Si/Al ratio of the initial gel of 12. This means that
not all Si in the synthesis gel was included in the zeolite product34. The bulk and surface Si/Al
ratios are very similar, indicating that there are no strong Al gradients in these samples. Solid-
state Al MAS NMR spectroscopy were carried out to investigate the local coordination
environments of Al in the proton form of the calcined zeolites. As shown in Figure 2.5 left,
the 2’Al NMR spectra present an intense signal at 54 ppm for all samples, corresponding to
tetrahedrally coordinated Al species (Al'Y). The small feature at 0 ppm can be attributed to
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extraframework Al species in octahedral coordination (AIV').*2 Deconvolution of these
spectra into these two contributions shows that ~80% of Al atoms are incorporated in the
zeolite framework of the samples (Table 2.2). As shown in Figure 2.5 right, two major
resonances at -112 and -106 ppm with a weak shoulder around -101 ppm appear in all 2°Si
MAS NMR spectra, which are assigned to Q*(0Al), Q*(1Al) and Q3(0AI)/Q*(2Al) species,
respectively®*. 1t can be clearly observed that the relative intensity of the signal corresponding
to Q*(1Al) species in the spectrum of MOR-OH is higher than that of the other zeolites,
indicating a higher framework Al content for MOR-OH. This is qualitatively in agreement
with the elemental analysis showing the highest Al content for this sample (Si/Al = 6.8).
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Figure 2.5. Z7Al (left) and 2°Si (right) MAS NMR spectra of the proton form of (a) MOR-
NO,, (b) MOR-CI, (c) MOR-OH, (d) MOR-NO,+CTA, (¢) MOR-CI+CTA, and (f) MOR-

OH+CTA. The spectra were normalized by sample weight.
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Figure 2.6. IR spectra of the proton form of () MOR-NO,, (b) MOR-CI, (c) MOR-OH, (d)
MOR-NO,+CTA, () MOR-CI+CTA, and (f) MOR-OH+CTA. The right figure shows the
deconvolution of a representative IR spectrum, i.e., for MOR-NO,. The spectra were
normalized by sample weight.

IR spectroscopy was used to investigate the nature of the hydroxyl groups of the proton form
of MOR samples (Figure 2.6). The bands at 3745 cm™ and 3730 cm* are due to the external
and internal terminal silanol groups, respectively.*® % The contribution of external silanol
groups increased for the nanocrystalline zeolite samples, consistent with their larger external
surface area. The band at 3657 cm™ can be assigned to hydroxyl groups connected to
extraframework aluminum (EFAI) or partially bounded to the zeolite lattice. The most
prominent band at 3606 cm™ is due to the vibration of hydroxyls groups bridging between
aluminum and silicon.% For MOR, this band is a superposition of three bands corresponding
to Bransted acid sites (BAS) located in 12MR channels (3619 cm™), 8MR channels (3587
cm) and at the intersection between these two channels (3606 cm™).*° The distribution of
BAS in the MOR zeolite samples determined by deconvolution into these three contributions
is shown in Table A1.5” The use of different aluminum salts and the presence of CTA leads
to very minor differences in the distribution of the three types of BAS in the MOR zeolites.
During zeolite formation, CTA can alter the crystallization kinetics and compete with Na
cations for compensation of the negative framework charges.® 22 %8 % An explanation for
these subtle differences would require more synthesis efforts and is therefore outside the
scope of this work.
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Figure 2.7. IR spectra of the hydroxyl region of the proton form of MOR zeolites before
pyridine adsorption and after pyridine adsorption/desorption at different temperatures: (a)
MOR-NO,, (b) MOR-CI, (c) MOR-OH, (d) MOR-NO,+CTA, (¢) MOR-CI+CTA, and (f)
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MOR-OH+CTA. The spectra were normalized by sample weight. The grey dashed lines
indicate the peak positions attributed to bridging hydroxyl groups.

We next used pyridine as a probe molecule to investigate both the distribution and the
corresponding accessibility of the acid sites. For this purpose, the vibrational OH IR spectra
before pyridine adsorption and after pyridine adsorption-desorption at different temperatures
are collected (Figure 2.7). Upon pyridine adsorption/desorption at 150 °C, a partial
disappearance of bands corresponding to bridging hydroxyls of the samples is observed,
indicating that only a part of BAS in MOR zeolites can be protonated by pyridine, which is
in line with previous studies.5® ¢ The most likely explanation for this is that the BAS in the
side pockets are not fully accessible for the large pyridine probe molecule.? For all samples,
the bands corresponding to the bridging hydroxyl show a gradual recovery with increasing
temperature of pyridine desorption. Notably, upon heating of the nanocrystalline samples
from 150 °C to 300 °C, it is observed that the bands corresponding to bridging hydroxyls
shift to lower frequencies closer to the one assigned to BAS in the side pockets. This
phenomenon implies the preferential recovery of BAS in side pockets at this stage, which
consequently suggests that a part of BAS located in the side pocket are even accessible for
pyridine in these nanocrystalline samples. A similar phenomenon has also been observed in
other studies.® 6% 62 |t is likely due to defect sites in MOR framework, which can enlarge the
practical window of side pockets, leading to BAS in these small pores accessible for
pyridine.®® Another possible explanation, well revealed in the case of MCM-22 zeolite, is
that the nanocrystal morphology would make more side pockets ending up at the external
surface of the crystals.®® Among these samples, a larger red shift of the band corresponding
to bridging hydroxyls is observed for MOR-NO,+CTA , suggesting that the side-pocket BAS

in this sample are more accessible for pyridine than for the other samples. The number of
BAS and LAS accessible for pyridine was determined by integrating the areas of the
respective bands at 1540 cm™ and 1450 cm (Figure A3). As shown in Table 2.3, the
nanocrystalline samples contain less BAS than their bulk counterparts.
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Figure 2.8. 'H MAS NMR spectra of dehydrated MOR zeolites. A representative fit of these
spectra is shown in the right panel. The spectra were normalized by sample weight.

Table 2.3. Acidity of MOR zeolites.

sample [BAS]? [LAS]? [BAS]®

(kmol/g) (umol/g) (hmol/g)
MOR-NO, 1001 32 1346
MOR-CI 1054 39 1285
MOR-OH 1064 39 1530
MOR-NO,+CTA 704 72 1148
MOR-CI+CTA 772 51 1071
MOR-OH+CTA 585 71 933

2 Density of BAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at
150 °C.

® Density of LAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at
150 °C.

¢ Determined by 'H MAS NMR spectra.
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As pyridine is not small enough to probe all of the acid sites, the acidity of MOR zeolite
samples was further investigated by *H NMR spectroscopy (Figure 2.8). The peak at 1.8 ppm
is assigned to silanol groups, while the peaks at 2.6 ppm and 4.0 ppm are attributed to
extraframework AI-OH species and BAS, respectively.5* The much higher intensity of the
silanol groups for the three nanocrystalline MOR zeolites can be ascribed to their higher
external surface area. This result is in line with the IR data in Figure 2.6. As shown in Table
2.3, for all samples, the amount of BAS probed by pyridine is lower than the total BAS
determined by *H NMR. This is because of the existence of the inaccessible side-pocket BAS
for pyridine, which has been verified in Figure 2.7. Compared to the corresponding bulk
zeolites, these nanocrystalline zeolites display a lower total BAS density, in keeping with the
pyridine IR data (Table 2.3). The lower acidity of nanocrystalline zeolites is likely due to the
lower crystallinity and tendency to dehydroxylation.

For the purpose of n-alkane hydroconversion, the MOR zeolites were loaded with 0.5 wt%
Pt. This metal loading was chosen to ensure a high enough rate of (de)hydrogenation,
resulting in isomerization and cracking on acid sites being the rate-limiting steps.®® ICP
shows that the actual Pt loadings are all close to the targeted 0.5 wt%. ADF-STEM images
of the reduced catalysts shown in Figure 2.9 demonstrate that Pt is highly dispersed in the
form of nanoparticles smaller than 2 nm. This may be due to the use of the small size of
Pt(NH3)4?* ions (0.48 nm) that facilitates their diffusion into the MOR micropores during
metal loading. Once in the micropores, the Pt atoms resist extensive sintering due to their
confinement.% 67 Additional factors that can explain the fine dispersion are the relatively low
metal loading (~0.5 wt%) and the slow heating rate during calcinations employed here
(0.5 °C/min).%8 69
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Figure 2.9. ADF-STEM images of reduced samples: (a) PYMOR-NO,, (b) PYMOR-CI, (c)
PtMOR-OH, (d) PtYMOR-NO,+CTA, (e) Pt'MOR-CI+CTA and (f) PMOR-OH+CTA.
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2.3.3 Catalytic activity measurements
2.3.3.1 Alkylation reaction of benzene with benzyl alcohol

Catalyst
Oro + O — s OO +mo

Benzyl alcohol (BA)  Benzene (B) Diphenyl methane (DPM)

Catalyst

Catalyst | 4 @\OH

()oY t+owo
Dibenzyl ether (DBE)

Scheme 2.1. The overall reaction pathway of benzene with benzyl alcohol.
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Figure 2.10. Catalytic conversion of liquid-phase alkylation of B with BA over MOR zeolite
samples at 75 °C.
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Table 2.4. Catalytic performance of MOR zeolite catalysts in the alkylation of B with BA
after 4 h reaction.

Catalyst BA conversion Yield (Selectivity) (%)
(%) DPM DBE Other
MOR-NO, 57 43 (75) 3(5) 11 (19)
MOR-CI 66 49 (74) 3(5) 14 (21)
MOR-OH 2 1 (50) - -
MOR-NO,+CTA 84 71 (85) 7(8) 6 (7)
MOR-CI+CTA 99 78 (79) 7(7) 14 (14)
MOR-OH+CTA 28 18 (64) 4 (14) 6 (21)

BA: benzyl alcohol; DPM: diphenylmethane; DBE: dibenzyl ether.

The liquid-phase benzylation of benzene (B) with benzyl alcohol (BA) was chosen to probe
the catalytic performance of bulk and nanocrystalline MOR zeolites in aromatics alkylation.
The overall reaction pathway presented in Scheme 2.1 (more detailed schematic in Scheme
A1) shows the importance of relatively large reaction intermediates and products.” The
conversion of BA with reaction time for the MOR catalysts is shown in Figure 2.10. The
activity of the zeolites increases in the order MOR-OH < MOR-OH+CTA < MOR-NO, <

MOR-CI < MOR-NO,+CTA < MOR-CI+CTA. Clearly, all the nanocrystalline zeolites can

convert BA faster than the corresponding bulk counterparts. The BA conversion and product
distribution after 4 h reaction are collected in Table 2.4. Among the nanocrystalline zeolites,
MOR-CI+CTA provides the highest BA conversion of 99% and a DPM vyield of 78% (DPM
selectivity 79%) after 4 h reaction. On the other hand, the bulk MOR-OH zeolite shows the
lowest catalytic activity with a BA conversion of only 2% after 4 h reaction. Notably, MOR-
OH+CTA has the second highest external surface and mesopore volume among all zeolites,
yet displays the second lowest activity with a BA conversion of 28% after 4 h reaction.

Typically, strong acid sites are needed to polarize BA for the reaction with benzene and BA
to form DPM and DBE, respectively (Scheme A1).”* The performance can therefore be
expected to depend on the concentration of strong acid sites accessible to BA. Moreover, the
large size of the products might also affect the catalytic performance.!* The dimensions of
the main channels of MOR (0.67 x 0.70 nm) can impede the diffusion of DPM (0.49 x 0.92
nm) and DBE (0.49 x 1.15 nm). These large products and the coke formed by condensation
reaction can easily block the micropores. Despite their lower acidity, the nanocrystalline
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zeolites exhibit a higher activity than their bulk counterparts. This difference is therefore
most likely caused by the improved textural properties of the nanocrystalline zeolites. Among
the nanocrystalline zeolites, it can be observed that, although MOR-NO_+CTA and MOR-

CI+CTA contain comparable amounts of acid sites, MOR-CI+CTA is more active in line with
its higher external surface area and mesopore volume. Nevertheless, MOR-CI+CTA exhibits
a nanosheet-like morphology with the main pores running along the longest particle
dimension. This would mean that the diffusion length in the MOR main pores is not
effectively reduced.” This may imply that also acid sites on the larger external surface can
contribute to the higher activity of MOR-CI+CTA. The role of external acid sites for this
reaction has been emphasized before.”> 7 However, MOR-OH+CTA has a much higher
external surface area than MOR-CI and MOR-NOs3 but displays a lower activity. This can be
ascribed to the lower acidity of the former sample. On the contrary, MOR-OH is not very
active despite its largest amount of acid sites. We attribute this to the large crystal size (Figure
Alc), which most likely leads to severe diffusion limitations.*? In addition, the side-pocket
BAS of nanocrystalline zeolites are more accessible to pyridine than the bulk zeolites due to
the more open structure of the former. It is reasonable to assume that these acid sites are
therefore also more accessible for benzyl alcohol and benzene, which have a comparable size
as pyridine. This can contribute to a higher activity of the nanocrystalline zeolites. From these
results, it is clear that the alkylation reaction benefits from the open structure of the
nanocrystalline MOR zeolite provided that sufficient acid sites are present. The combination
of the use of CTA as an agent to reduce crystal size and AICI;-6H,0 as Al precursor results
in the best catalyst for liquid-phase alkylation of benzene.
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2.3.3.2 Hydroconversion of n-hexadecane
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Figure 2.11. The catalytic performance of n-Cis hydroconversion over bifunctional catalysts.
(a) conversion of n-Cs6 as a function of the reaction temperature; (b) yield of isomers and
cracked products as a function of n-Css conversion and (c) distribution of cracked products
at ca. 50% n-Cy conversion.

The Pt/MOR catalysts were evaluated for their performance in the hydroconversion of n-Cae.
The bifunctional catalysts have a comparable Pt loading and Pt dispersion. Together with the
high enough Pt loading to establish the alkane/alkene equilibrium, catalytic differences in n-
C16 hydroconversion mostly arise from differences in acidity and diffusion rates, which relate
to the zeolite part of the catalysts. Figure 2.11a shows the conversion of n-Cis against the
reaction temperature. All nanocrystalline zeolites show improved activity compared to their
corresponding bulk counterparts, despite the lower acidity of the more active nanocrystalline
zeolites. It is known that BAS of medium and strong acidity can catalyze isomerization and
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cracking reactions.™ Therefore, the improved activity of nanocrystalline MOR zeolites can
be related to the textural properties of the nanocrystalline zeolites. The role of diffusion on
n-alkane hydroconversion for one-dimensional zeolites has been examined before. For
instance, hierarchical ZSM-22 zeolite (TON topology) showed a higher activity than bulk
ZSM-22 in the hydroisomerization of n-nonadecane, despite the lower acidity. When
evaluated in n-decane hydroisomerization, the more acidic bulk ZSM-22 sample was the
more active catalyst.”® The lower activity of Pt/MOR-OH+CTA compared to Pt/MOR-
NO,+CTA and PYMOR-CI+CTA can most likely be attributed to the lower acidity of the

former sample. On the contrary, the highly acidic Pty MOR-OH sample shows a low activity,
which can be attributed to the large crystal size.

The yield of isomers and cracked products is shown in Figure 2.11b. The evolution of the
yields with conversion is typical for n-paraffins hydroconversion with, at a low reactant
conversion, isomerization being dominant and cracking rapidly increasing at high conversion
due to the formation of multibranched isomers, which are more prone to cracking.” 76 77
Overall, the isomer yields are higher for the nanocrystalline Pt/MOR zeolites than the
conventional ones. The best performing samples are Pt/MOR-CI+CTA and Pt/MOR-
OH+CTA with isomer yields of 28.4% and 25.4% at conversion levels of 60.3% and 62.6%,
respectively. The more open texture of the nanocrystalline zeolites results in shorter residence
time in the micropores as a consequence of the higher rate of desorption from the acidic
zeolite, overall increasing the balance between hydrogenation and cracking and thus the
isomer yield.”

Notably, as compared to the three bulk samples, PYMOR-NO,+CTA shows higher isomer

yields that are still much lower than observed for the other two nanocrystalline samples.
Considering that PYMOR-NO,+CTA has a substantially lower external surface area than

PYMOR-CI+CTA and Pt/MOR-OH+CTA, the low isomer yield of PUMOR-NO,+CTA is

likely due to the lack of external acid sites. In addition, BAS in the side-pockets of Pt/MOR-
NO,+CTA may also has a negative effect on the isomer yield. As pyridine IR shows that

these BAS are more accessible (Figure 2.7d), they can contribute to cracking reactions.
Previous studies have demonstrated that the rate of n-hexane hydroconversion/cracking in
the side pocket is higher than that in main channels of MOR zeolites, which was explained
by the lower free energy for reactants and intermediates due to the stronger confinement in
the side pockets of MOR zeolite.*” 7® The high accessibility of side-pockets, which have an
intrinsically higher reaction rate due to confinement, can explain the combination of high
activity and low isomer product yield for PYMOR-NO_+CTA.
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Finally, the cracked products distribution at a conversion of ca. 50% is shown in Figure 2.11c.
At this conversion level, all samples show a skewed product distribution, which is a sign of
secondary cracking (overcracking).” The product distributions are most symmetric for
Pt/MOR-CI+CTA and Pt/MOR-OH+CTA. Especially, the bulk samples show a larger
distribution of C4-Cs paraffins due to extensive isomerization and secondary cracking of
intermediate olefins already at an intermediate conversion of 50%. Comparing all samples,
it can be observed that the conversion increases with the acidity, while the isomer yield
increases and the cracked product distribution becomes more symmetric with an increase of
the external surface area. These trends strongly suggests that shorter residence times of
intermediate olefins in micropores benefit ideal hydrocracking behavior. The use of CTA to
decrease the size of MOR crystals is a simple and effective approach to achieve this.

2.4 Conclusions

Nanocrystalline MOR zeolites were successfully synthesized by a one-step hydrothermal
synthesis approach involving the commercial reagent CTAOH as the sole organic template.
A typical MOR recipe was modified by using comparing aluminum sources, i.e., Al(NOs)s,
AICI; and AI(OH)3). All MOR zeolites show a reduced crystal size when CTA was used. For
MOR-CI+CTA and MOR-OH+CTA, the crystal dimensions are predominantly reduced in
the a- and b-direction. Besides a higher external surface area, the use of CTAOH also leads
to a more defective zeolite structure in which the BAS in the side-pockets are more accessible
to pyridine. This latter impact of CTAOH was most notable for MOR-NO,+CTA.

Nanocrystalline MOR zeolites showed an improved catalytic performance in the alkylation
of benzene with benzyl alcohol and the hydroconversion of n-Cis. The CTA-templated
nanocrystalline MOR zeolites show a higher activity and selectivity in these reactions than
their corresponding bulk counterparts. Overall, MOR-CI+CTA is the best-performing one
due to the combination of more accessible zeolite domains and retention of acidity in the
presence of CTAOH. Our findings show how CTAOH can be used to improve the
performance of one-dimensional MOR zeolite.
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Appendix A

Table Al. BAS distribution derived from deconvoluted IR spectra of MOR zeolite samples.

sample BASin8MR | BASin8/12MR | BASin12MR
(%) (%) (%)
MOR-NO, 40 45 15
MOR-CI 39 49 12
MOR-OH 43 42 15
MOR-NO,+CTA 40 50 10
MOR-CI+CTA 44 46 10
MOR-OH+CTA 41 45 14

Figure Al. SEM images of calcined MOR zeolites: (a) MOR-NO,, (b) MOR-CI, (c) MOR-
OH, (d) MOR-NO_+CTA, (e) MOR-CI+CTA and (f) MOR-OH+CTA.
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Chapter 3

Facile synthesis of nanosized mordenite and Beta
zeolites with improved catalytic performance: non-
surfactant diquaternary ammonium compounds as
structure-directing agents

Abstract

Non-surfactant diquaternary ammonium compounds have already been used for obtaining
various zeolites in nanocrystalline form. However, facile synthesis of nanocrystals of
mordenite (MOR) and Beta (BEA) in this way remains challenging. Here, we present the
direct synthesis of nanosized mordernite (MOR) and Beta (BEA) zeolites with hexane- and
p-xylene-bridged bis-methylpyrrolidinium, -methylpiperidinium and -DABCO diquats,
which can be synthesized in a single step from common chemicals. Optimized recipes are
presented for nanosized MOR (20-50 nm) and BEA (15-30 nm) zeolites. By investigating
the solid products obtained during hydrothermal synthesis, the formation of nanocrystals can
be linked to the strong interaction between diquat templates and aluminosilicate species
during the induction stage, which limits the amorphous precursor particles to a size below 50
nm. Based on the textural and acidic properties, catalytic performance data are discussed
evidencing the clear benefits of these nanosized zeolites over bulk reference samples in
Friedel-Crafts reactions and n-alkane hydroconversion.

This chapter has been published as: S. Li, R.C.J. van de Poll, N. Kosinov and E.J.M. Hensen,
Inorganic Chemistry Frontiers, 2022, 9, 3200-3216.

51



3.1 Introduction

Zeolites are a family of crystalline porous materials containing molecule-sized cavities and
channels, which are widely used in industrial processes enabling separation, adsorption and
enhanced reaction rates (catalysis).> > They are useful catalysts because of their tunable
acidity, (hydro)thermal stability and shape selectivity.® The performance of zeolite catalysts
is often hampered by the long residence times of reactants and products in the micropore
network.* This can negatively affect the catalytic activity and lead to rapid deactivation due
to formation of bulky products that cannot leave and therefore block the micropores. Over
the last decades, many approaches have been explored to improve the rate of diffusion in
zeolites.* > A common aspect of nearly all of these approaches is that the crystallite domain
size is reduced to limit the diffusional pathways in the micropore space.® Besides introducing
additional (meso)pores in zeolite crystals,” it is also effective to decrease the size of zeolite
crystals below 100 nm (nanocrystals).® Another potential benefit of these nanocrystals
compared to conventional, often micron-sized zeolites is the much higher external surface
area that not only increases the rate of product desorption,® but also leads to higher conversion
rates of reactions that take place on or close to the external surface.®

In the last two decades, considerable efforts have been made to prepare nanocrystalline
zeolites. Top-down and bottom-up approaches are distinguished based on whether small
crystals are obtained after or during zeolite crystallization, respectively.® Ball-milling is a
physical approach of the first category, which is hampered by the need to remove amorphous
debris left after subsequent recrystallization of the milled samples.'* Chemical treatment is a
more versatile top-down approach. For instance, Corma and co-workers prepared nanosheet
zeolites, in which zeolite MWW was swelled with hexadecyltrimethylammonium bromide
followed by delamination. A limitation of this approach is that it only can be used for
particular zeolite topologies like MWW and FER.2 13

Compared to top-down approaches, bottom-up methods provide more flexibility in the
preparation of nanocrystalline zeolites.** Without being exhaustive, approaches may include
a change in the order of mixing the reagents,'® 16 replacing traditional heating by microwave
irradiation,'” the use of ultra-dense gels crystallized by steam treatment® and decoupling
nucleation from crystal growth via a temperature-staged approach.'® 2 Confined space
synthesis was also employed to prepare nanosized zeolites, involving crystallization of the
zeolite inside a mesoporous matrix.?* Although nanocrystalline zeolites can be obtained by
the above methods, major drawbacks remain, usually involving the complexity of the
synthesis in the number of steps and the facilities needed. For instance, to ensure effective
formation of BEA nanocrystals by using commercial TEAOH, a concentrated gel utilizing
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steam-assisted conversion is indispensable, which makes scale-up synthesis challenging.*®
Therefore, it remains highly desirable to prepare nanocrystalline zeolites via facile one-step
methods.

As a more facile and effective bottom-up approach, soft-templating methods have been used
to prepare nanosized zeolites. Soft templates such as surfactants or polymers can limit both
crystal grain growth and Ostwald ripening by adsorbing on the growing crystal surfaces,
thereby reducing crystal sizes.?> 2 For instance, ferrierite nanosheets were synthesized by a
dual-templating method, in which piperidine and cetyltrimethylammonium bromide acted as
structure-directing agent (SDA) and morphology modifier, respectively.?* Ryoo and co-
workers reported the synthesis of nanocrystalline zeolites such as ZSM-5, BEA and ZSM-12
by amphiphilic surfactants that have two functions, viz. directing zeolite growth by their
ammonium groups and limiting crystal grain growth by the long hydrophobic alkyl tails.? 26
A drawback is that synthesis of these surfactants requires multiple steps. From an industrial
perspective, it is preferred to prepare nanosized zeolites with relatively cheap organic
templates, such as small-sized non-surfactant molecules obtained by one-step synthesis
procedure.?” Such agents will not self-assemble into specific micelles, needed for obtaining
(ordered) hierarchical structures or nanosized crystals. To prepare nanosized zeolites with
non-surfactant molecules, a low amount of alkali together with mild crystallization
temperature is often adopted to limit the aggregation of negatively charged sub-colloidal
particles.® 28 This can explain the preference for organic templates in their OH form and the
use of low synthesis temperatures, which usually increases the time to require fully crystalline
products.?®3! For example, Corma and co-workers reported the direct synthesis of
nanocrystalline ZSM-5 and BEA zeolites by using non-surfactant alkyl-substituted mono-
cationic ammonium cations as templates, which took 14 days at a high template/Si molar
ratio of 0.4.%2

It has been shown that diquaternary ammonium compounds are better at directing
nanocrystalline zeolite formation than conventional monoquaternary ammonium
compounds.®*3% These compounds can be tailored in terms of size, functional groups and
rigidity to control the crystal morphology and, in some cases, even the zeolite topology. 32 3¢
0 The literature reveals the potential of this approach for preparing nanosized zeolites using
relatively cheap non-surfactant organic templates. The synthesis of nanosized forms of
commercially important MOR and BEA zeolites using non-surfactant diquaternary
ammonium molecules as the sole organic template has only been scarcely explored.**¢ There
is little understanding about the underlying crystallization mechanism, which is essential to
pave the way to optimization of synthesis of nanosized forms of these zeolites and its
generality for synthesis of nanosized zeolites.

53



In this work, we report the facile and economical synthesis of nanosized MOR and BEA
zeolites by using the diquaternary ammonium compound as the sole organic template under
conventional hydrothermal synthesis conditions. A total of 6 organic compounds (SDA1-6)
were used varying in terms of heterocycle size and geometry of the end groups, and structural
rigidity of the linkages (1,6-hexylidene and benzyl) between the quaternary ammonium
centers (Figure 3.1). These organic templates were synthesized from commercial chemicals
(Table B1) via a one-step procedure. Synthesis conditions for obtaining nanosized MOR and
BEA zeolites with these templates were explored. For selected samples, the crystallization
behavior was monitored by studying intermediate solid products. The physicochemical
properties such as chemical composition, morphology, texture and acidity were extensively
characterized. The benefit of nanosizing these zeolites was evaluated by comparing their
catalytic performance to conventional MOR and BEA reference zeolites for several model
reactions.
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Figure 3.1. Organic structure-directing agents (SDAS) used in this work.
3.2 Experimental section

3.2.1 Synthesis of organic templates

1,6-bis(N-methylpyrrolidinium)hexyl dibromide (SDAZ1): 0.03 mol of 1,6-dibromohexane
(TCI, > 97.0%) was dissolved in 100 ml ethanol (Biosolve, 99.9%). Then 0.09 mol of N-
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methypyrrolidine (TCI, > 98.0%) was gradually added under vigorous stirring. The reaction
mixture was heated at 70 °C for 2 days under a nitrogen atmosphere. After cooling to room
temperature, the solution was poured into 150 ml of diethyl ether (Biosolve, 99.5%) under
stirring. The white powder precipitating out of the solution was filtered and washed with
extra diethyl ether. The obtained solid product was dried at 50 °C overnight in a vacuum oven.
The product yield was 91%.

1,6-bis(N-methylpiperidinium)hexyl dibromide (SDAZ2): The reaction was carried out in the
same way as for SDA1, except that N-methylpiperidine (TCI, > 99.0%) was used instead of
N-methypyrrolidine. The product yield was 93%.

1,6-bis(4-aza-1-azoniabicyclo[2.2.2]octane)hexyl dibromide (SDA3): 0.06 mol of 1,4-
diazabicyclo[2.2.2]octane (DABCO) (TCI, > 98.0%) was dissolved in 100 ml of acetone
(Biosolve, 99.5%). Then 0.015 mol of 1,6-dibromohexane was added slowly under stirring.
The resulting solution was reacted for 12 h under ambient conditions. After the reaction, the
white precipitate was collected by filtration, followed by washing with acetone. The obtained
solid product was dried at 50 °C overnight in a vacuum oven. The product yield was 88%.

P-phenylenedimethylene-bis(N-methylpyrrolidinium) dibromide (SDA4): 0.025 mol of a,a'-
dibromo-p-xylene (TCI, > 98.0%) was dissolved in 100 ml of acetonitrile (Biosolve, 99.8%)
at 70 °C. Then, 0.1 mol of N-methypyrrolidine was added under stirring and kept for 2 days
at 70 °C under a nitrogen atmosphere. After the reaction, the white product was separated by
filtration, followed by washing with diethyl ether. The obtained solid product was dried at
50 °C overnight in a vacuum oven. The product yield was 95%.

P-phenylenedimethylene-bis(N-methylpiperidinium) dibromide (SDAS): The reaction was
carried out as in the synthesis of SDA4, except for the use of N-methylpiperidine instead of
N-methypyrrolidine. The product yield was 90%.

P-phenylenedimethylene-bis(4-aza-1-azoniabicyclo[2.2.2]octane) dibromide (SDAG6): 0.015
mol of a,a’-dibromo-p-xylene and 0.12 mol of DABCO were each dissolved in 100 ml of
acetone. The o,0'-dibromo-p-xylene solution was added slowly into the DABCO solution
under stirring. The resulting solution was reacted for 12 h under ambient conditions. After
the reaction, the white precipitate was collected by filtration, followed by washing with
acetone. The obtained solid product was dried at 50 °C overnight in a vacuum oven. The
product yield was 90%.

The purity of the above organic templates was verified by *H NMR spectroscopy (Figure B1).
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3.2.2 Synthesis of zeolites

All zeolite synthesis were performed in 45 ml Teflon-lined stainless-steel autoclave (Parr
Instruments) under conventional hydrothermal conditions. In a typical synthesis, 0.56 g of
sodium hydroxide (Sigma Aldrich, > 98 %) was dissolved in 15.53 g of deionized water,
followed by the addition of the required amount of organic template. After stirring for 5 min,
first 0.503 g of AICI5-6H,0 (Alfa Aesar, 99%) was added to the mixture, followed by 3.75 g
of Ludox AS-40 (Sigma Aldrich, 40 wt%) under stirring. The resulting synthesis gel had a
molar composition of 12 SiO,: 0.5 Al;Oz: 3.6 Na O: 1.2 SDA: 480 H,0. After vigorous
stirring for 3 h at room temperature, the gel was transferred into an autoclave. The autoclave
was placed in an oven for hydrothermal treatment at 160 °C under rotation at 50 rpm. The
resulting solid products were recovered by centrifugation, thoroughly washed with demi-
water until pH < 8 followed by drying at 30 °C overnight in a vacuum oven. The zeolites
were calcined at 550 °C (heating rate 1 °C/min) for 8 h under flowing air to remove the
organic species. The calcined zeolites were ion-exchanged three times with 1.0 M NH4NO3
solutions, dried and calcined at 550 °C (heating rate 1 °C/min) for 4 h in O2:N2 (1:4 vol. ratio)
flow. Sample notation was zeolite topology—template name-Si/Al gel ratio. For comparison,
bulk reference samples were obtained using appropriate templates. The samples were
indicated by the suffix -Con to the zeolite topology. A conventional BEA zeolite was
synthesized with tetraethylammonium hydroxide (Sigma Aldrich, 35 wt%) by following a
reported procedure.*” This zeolite is denoted by BEA-12-Con.

3.2.3 Preparation of Pt-containing zeolites

The proton form of the zeolites were loaded with 0.5 wt% Pt using wet impregnation with an
aqueous Pt(NH3)a(NOs), solution. The resulting samples were dried in air followed by
calcination at 450 °C (heating rate 0.5 °C/min) for 2 h in an O2: N2 (1: 4 vol. ratio) flow.

3.2.4 Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Endeavor diffraction system
using Cu Ka radiation. Patterns were collected in the 26 range of 5-40°.

The elemental composition of samples was determined by inductively couple plasma optical
emission spectrometry (ICP-OES). Prior to the measurement, a 1: 1: 1 (by weight) mixture
of HF (40 wt% in H20), HNOs (60 wt% in H»O) and H,O was used to dissolve the samples.

Textural properties were obtained from the Ar physisorption at -186 °C with a Micromeritics
ASAP 2020 instrument. Prior to the measurements, samples were outgassed at 400 °C for 6
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h. The total pore volume was determined at relative pressure (p/po) of 0.97. The BET surface
area was calculated in the p/po range between 0.05-0.25. The micropore volume and external
surface area were calculated by t-plot method. The mesopore volume was calculated by
Barrett-Joyner-Halenda (BJH) method.

Thermogravimetric analysis (TGA) was performed with a TGA/DSC 1 instrument (Mettler
Toledo). The temperature was increased from 40 °C to 800 °C (heating rate 5 °C/min) in 20
ml/min O, and 40 ml/min He flow.

Scanning electron microscope (SEM) images were obtained on a FEI Quanta 200F scanning
electron microscope with an accelerating voltage of 3 or 5 kV. Transmission electron
microscopy (TEM) images were acquired on a FEI Tecnai 20 at 200 kV. Annular dark field
scanning transmission electron microscopy (ADF-STEM) was performed on the TU/e
CryoTitan (FEI, now Thermo Fischer Scientific) at 300 kV and room temperature.

IR spectra were obtained with a FTIR spectrometer (Bruker Vertex 70v). The spectra were
acquired in the range of 4000-1000 cm?, with a resolution of 2 cm and an average of 64
scans. The samples were pressed into thin wafers (~10 mg) and placed into a controlled-
environment transmission cell. The samples were first pretreated at 550 °C for 1 h in artificial
air. After pretreatment, the samples were cooled down to 150 °C and a spectrum was collected
as background. Pyridine was introduced into the cell until the sample was fully saturated.
Finally, spectra were collected at 150 °C after outgassing for lh at 150 °C, 300 °C and 500 °C,
respectively.

Solid-state nuclear magnetic Resonance (NMR) experiments were performed ona 11.7 Tesla
Bruker DMX500 NMR spectrometer, operating at 132 MHz for 27Al, 99 MHz for 2°Si, 125
MHz for *C and 500MHz for 'H. 2’Al magic angle spinning (MAS) NMR measurements
were performed with a Bruker 2.5 mm MAS probe head and a 2.5 mm zirconia rotor, operated
at a spinning speed of 25 kHz. All other measurements were carried out with a Bruker Triple
Channel 4 mm MAS probe head and a 4 mm zirconia rotor, under a spinning speed of 10
kHz. A single excitation pulse of 1 ps and a recycle delay of 1 s were used for Al NMR
measurements. 2’Al chemical shift was referred to AI(NO3)s. Quantitative 2°Si MAS NMR
spectra were collected using a high-power proton decoupling direct excitation (DE) pulse
sequence with a 54° pulse duration of 3 ps and a recycle delay of 120 s. 2°Si chemical shift
was referred to tetramethylsilane (TMS). *H NMR spectra were collected using a Hahn-echo
pulse sequence of p1—z1—p>—r—aq with a 90° pulse p1 =5 ps, a 180° p2=10 us and 11 = 72 =
0.5 ps. A recycle delay of 120 s was applied to obtain quantitative spectra. TMS was used as
reference for 'H NMR chemical shift. Prior to *H NMR measurements, the samples were
dehydrated at 350 °C for 6 h under vacuum and then transferred into 4 mm rotors in a
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glovebox. *H-13C cross-polarization (CP) MAS NMR spectra were collected with a ramped
contact pulse of 3 ms and a recycle delay of 3 s. Solid adamantane was used as reference for
13C chemical shift. Two-dimensional (2D) 'H-?Si and 'H-'*C heteronuclear correlation
(HETCOR) spectra were collected with a rectangular contact pulse of 4 ms and 3 ms,
respectively.

Liquid-state NMR measurements were performed on a Bruker 400 MHz spectrometer. The
organic template was first dissolved in deuterated water, and the resulting solution was
transferred into a 5 mm NMR tube. 'H NMR spectra were collected with a total of 32 scans
and a relaxation delay of 1 s. **C NMR spectra were collected with a total of 1024 scans and
a relaxation delay of 2 s.

3.2.5 Catalytic activity measurements

3.2.5.1 Benzylation of benzene with benzyl alcohol

The liquid-phase catalytic conversion of benzyl alcohol (BA) in benzene was performed in a
round-bottom flask equipped with a reflux condenser. The flask was heated in a temperature-
controlled oil bath. In a typical experiment, 26.7 ml (0.301 mol) of benzene was added to 0.1
g catalyst (activated at 500 °C for 1 h in artificial air) in a glovebox. After maintaining the
reaction mixture at 80 °C for 0.5 h under stirring, 0.33 ml (0.003 mol) of BA was added. This
moment was regarded as the initial reaction time. Liquid samples were taken periodically and
then were separated from the solid catalyst by filtration. Afterwards, the liquid samples were
analyzed by a gas chromatograph (Shimadzu GC-17A) with a flame ionization detector (FID)
using a Rxi-5ms capillary column (Restek, 30 m x 0.25 mm x 0.5 um).

3.2.5.2 Acylation of anisole with acetic anhydride

The liquid-phase catalytic conversion of acetic anhydride in anisole was carried out in the
same equipment as described in Part 2.5.1. Typically, 20.98 ml (0.193 mol) of anisole was
added to 0.2 g catalyst (activated at 500 °C for 1 h in artificial air) in a glove box. After
maintaining the mixture at 70 °C for 0.5 h under stirring, 1.89 ml (0.020 mol) of acetic
anhydride was added. This moment was regarded as the initial reaction time. Liquid samples
were taken and analyzed following the same way used in Part 2.5.1.

3.2.5.3 Hydroconversion of n-hexadecane

The hydroconverion of n-hexadecane (n-Cis) was performed in a downstream fixed-bed
continuous flow reactor. Typically, the catalyst (sieve fraction 125-250 um) was dried in the

reactor at 200 °C for 1 h under He flow at atmospheric pressure. After cooling the reactor to
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50 °C, the catalyst was reduced at 400 °C (heating rate 3 °C/min) for 1 h under H> flow at
atmospheric pressure. The reactor was then cooled to 150 °C and pressurized to 60 bar with
Ho, followed by wetting the packed bed with n-Css flow (1 ml/min) for 10 min. The reaction
was carried out at a Hz/n-C16 molar ratio of 20 and a weight hourly space velocity (WHSV)
of 10 gn-c16 gear* h. Before sampling, the reaction was stabilized for 5 h at each reaction
temperature. The reactor effluent was analyzed using an online gas chromatography (Thermo
Scientific Focus GC) equipped with an FID detector coupled with an Rtx-1 column (Restek,
30 m x 0.25 mm x 0.25 um).

3.3 Results and discussion

3.3.1 Zeolite synthesis

MOR-SDAG6-12
BEA-SDA5-12

BEA-SDA4-12

BEA-SDA3-12

MOR-SDA2-12
Amor-SDA1-12

I I l I I II’ MOR-12-Con
BEA-12-Con

T T T
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Figure 3.2. XRD patterns of samples synthesized using the templates shown in Figure 3.1.

Figure 3.2 shows XRD patterns of the samples obtained at a Si/Al gel ratio of 12 using various
templates. Phase-pure MOR zeolite was obtained from a highly alkaline (NaOH/Si = 0.6)
inorganic gel without organic templates.*® Highly crystalline MOR zeolites were also
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obtained with SDA2 and SDAG, whereas the use of SDA3, SDA4 and SDAS resulted in BEA
zeolites. No crystalline product was obtained with SDAL, even when the synthesis was
prolonged to 6 days. The XRD patterns of the as-synthesized zeolites prepared with these
SDAs display less intense and broader diffraction peaks compared to the reference MOR and
BEA zeolites. This is typically attributed to reduction of the size of the crystalline zeolite
domains.** Moreover, when the Si/Al ratio of the gel was raised to 30, BEA zeolites were
still obtained with SDA3, SDA4 and SDAS, whereas the use of SDA2 and SDAG6 resulted,
respectively, in an amorphous sample and a product for which the crystal phase could not be
identified (Figures B2-B4). From the inorganic gel with a Si/Al ratio of 30, MOR zeolite was
obtained in a low yield, pointing to poor incorporation of silicon into the zeolite as apparent
from the low final Si/Al ratio and consistent with earlier studies (Table B3).5% 5!

(a) MOR-12-Con A (b) MOR-SDA2-12 (c) BEA:SDA3-125 =

(d) BEA-SDA4-12 (e) BEA-SDA5-12 (f) MOR-SDAG6-12

(g) BEA-12-Con

Figure 3.3. SEM images of calcined zeolites.

Figures 3.3 and 3.4 show SEM and TEM images of the as-prepared samples, respectively.
As shown in Figures 3.3b-3.3f, the use of organic templates led to MOR and BEA zeolites in
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the form of aggregates of nanosized crystals. The nanocrystalline morphology is also
apparent from the TEM images. Figure 3.4 shows that the MOR-SDA2-12 and MOR-SDAG6-
12 samples consist of nanoparticles in the 20-50 nm range. Even smaller crystals (15-30 nm)
were obtained for BEA-SDA3-12, BEA-SDA4-12 and BEA-SDA5-12. In contrast, MOR-
12-Con obtained from a gel without organic template presents large (> 100 nm) crystallites.
BEA-12-Con prepared using TEAOH as the SDA resulted in large spherical particles (0.5-2
um in diameter) with a rough surface in line with literature.*” 5

Figure 3.4. Representative TEM images of calcined zeolites.

The textural properties of the calcined samples were characterized by Ar physisorption. All
isotherms show a steep uptake below P/Po = 0.02, indicating the existence of micropores
(Figure 3.5).5 MOR-12-Con and BEA-12-Con display type-I isotherms, which are typical
for microporous materials.>* Samples prepared with SDA2-6 have a type-1V isotherm with a
hysteresis loop, corresponding to the interparticle capillary condensation due to the presence
of small crsytals.*® The resulting textural properties are shown in Table 3.1. MOR-SDA2-12
and MOR-SDAG-12 present significantly higher external surfaces of 99 and 93 m? g*,
respectively, as compared to MOR-12-Con (50 m? g?). The external surface areas of
nanosized BEA prepared with SDA3, SDA4 and SDAS5 are all much higher (> 240 m? g%)
than external surface area of the BEA-12-Con reference (65 m? g*). Among the BEA zeolites,
BEA-SDAZ3-12 has the highest external surface area of 308 m? g1. These data agree with the
difference seen in the SEM and TEM images. Thus, the diquaternary ammonium compounds
are effective SDAs for synthesizing nanosized MOR and BEA zeolites.
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Figure 3.5. Ar physisorption isotherms of calcined zeolites.

Table 3.1. Textural properties of the calcined zeolites determined by Ar physisorption.

_ Seer Vi, Vimeso Vicro Sext
Zeolite (2 g?) (cm? g (cm3g?) (cmig?) (m?g?)
(BJH) (t-plot) (t-plot)
MOR-12-Con 315 0.16 0.04 0.11 50
MOR-SDA2-12 408 0.29 0.13 0.13 99
MOR-SDAG6-12 398 0.25 0.10 0.12 93
BEA-SDA3-12 566 0.89 0.72 0.12 308
BEA-SDA4-12 539 0.89 0.72 0.12 257
BEA-SDA5-12 528 0.92 0.75 0.12 245
BEA-12-Con 520 0.24 0.04 0.17 65

13C NMR spectra of the 6 organic templates and the corresponding samples in their dried
state are shown in Figure B5. These NMR spectra of the as-prepared samples match well
with those of the pure SDAs, showing that they are stable during the crystallization process.
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The TGA profiles determined in artificial air of the as-prepared samples are presented in
Figure B6. For MOR-12-Con, the total weight loss below 250 °C of ~9 wt% can be related
to the removal of physisorbed water (<150 °C) and water bonded to the zeolite framework
(150-250 °C).%® The corresponding weight loss for the other zeolites was much lower (< 4
wt%), which can be attributed to the presence of organic template in the zeolite micropores.
The weight loss above 250 °C occurs in two steps due to the combustion of the organic
template. The first weight-loss feature between 250-500 °C is likely due to the elimination of
organic molecules on and close to external surface. The second weight loss in the range of
500-650 °C relates to the decomposition of organic species within zeolite pores. This aspect
will be further investigated below. The TGA curve for Amor-SDA1-12 contains only a single
feature, consistent with the absence of micropores of this amorphous material. Combined
with the $3C NMR data, these results demonstrate that SDA2-6 can direct the formation of
nanosized MOR and BEA zeolites. Among the set of MOR and BEA zeolites, MOR-SDA2-
12 and BEA-SDA3-12 were selected for further investigation of the crystallization process
because of their favorable textural properties, viz. the largest external surface.

3.3.2 Crystallization process

The above results show that nanosized MOR and BEA zeolite crystals can be obtained by
adding different organic templates to inorganic gels that otherwise give rise to bulk MOR.
This implies a crucial role of the organic template for obtaining zeolite nanoparticles. It is
therefore interesting to understand how the presence of organic template affects the
precursors giving rise to zeolites with such distinctive topology and texture. For this purpose,
the solid products obtained at different crystallization times were investigated.

The crystallization curves of the three zeolite samples determined by XRD are shown in
Figure 3.6. The intensities of the 4 main diffraction peaks (26 = 9.8°, 22°, 25.6° and 26.2°)
were used to calculate the relative crystallinity of the MOR zeolites. The intensities of the
diffraction peaks at 26 = 7.7° and 22.2° were chosen to calculate the relative crystallinity of
the BEA samples. MOR-12-Con-24 and BEA-SDA3-72 were used as fully crystallized
references for the MOR and BEA zeolites, respectively. Crystalline MOR zeolite can be
obtained in 24 h from an inorganic gel. On the other hand, it took more than 70 h to fully
crystallize MOR-SDA2-12 and BEA-SDA3-12. Notably, diffraction peaks are not observed
after 48 h crystallization, implying a long induction period (Figure B7). The crystal growth
times for MOR-12-Con and MOR-SDAZ2-12 are comparable (~6 h), while the crystal growth
stage of BEA-SDA3-12 was slightly longer.
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Figure 3.6. Relative crystallinities of obtained solid samples at different crystallization time
based on XRD analysis.

The morphology of the intermediate products was determined by SEM and TEM (Figures
3.7, 3.8, B8 and B9). For MOR-12-Con, worm-like particles with a size of 0.1-2 mm were
obtained after 12 h of crystallization (Figure 3.7a). This morphology has been observed
before for amorphous aluminosilicates.> Prolonging the crystallization time to 18 h led to an
additional phase mainly consisting of plates (Figure 3.7b). After 20 h, the fraction of this
plate-like material was slightly higher (Figure 3.7c). The final MOR-12-Con material
consisted of particles with a size in the 100-600 nm range with an inhomogeneous
morphology (Figure 3.7¢). MOR-SDA2-12 consisted of nanoparticles with a primary
diameter of 20-50 nm aggregated into secondary particles with a typical size of 200 nm after
12 h hydrothermal treatment (Figure 3.8a). The significantly smaller size of the zeolite
nanoparticles compared to MOR-12-Con is due to interruption of zeolite growth by the
organic template. Prolonging crystallization from 12 h to 64 h did not substantially change
this morphology (Figures 3.8a-3.8e and B9a). Slightly smaller nanoparticles (15-40 nm) were
observed for the sample obtained after 66 h (Figure 3.8f). In the period between 66 h and 72
h, rapid crystal growth took place (Figure 3.6), resulting in the final zeolite nanoparticles
with sizes between 20 and 50 nm after 72 h hydrothermal treatment (Figure 3.8h). For BEA-
SDA3-12, aggregated particles with a primary size smaller than 50 nm were formed
throughout the whole synthesis process. (Figures B8 and B9b). These findings show that the
size of solid intermediates is significantly reduced from larger than 100 nm to less than 50
nm by the presence of the SDAs, while comparable Si/Al ratios and yields of solid products
were observed throughout the synthesis for each synthetic system regardless of the presence
of the SDAs (Tables B5, B6 and B7).

64



Figure 3.7. SEM images of solid samples obtained at different crystallization times of MOR-
12-Con.

Figure 3.8. SEM images of solid samples obtained at different crystallization times of MOR-
SDA2-12.
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Figure 3.9. °Si MAS NMR spectra of samples obtained at different crystallization times: (a)
MOR-12-Con, (b) MOR-SDA2-12 and (c) BEA-SDA3-12.

The Si coordination in the solid products was investigated by 2°Si MAS NMR spectroscopy.
As shown in Figure 3.9, the NMR spectra of samples obtained after hydrothermal treatment
for 12 h contain a broad feature in the range between -80 and -120 ppm. Main features at 91
ppm, 102 ppm, 106 ppm and 112 ppm can be observed, corresponding to QZ2(0Al),
Q3(0AI)/Q*(2Al), Q*(1AI) and Q*(0Al) sites, respectively.> % Notably, the Si coordination
does not substantially change during the induction period. During crystal growth, the relative
intensity of the Q*(0Al) peak gradually increased towards the final intensity observed for the
fully crystallized zeolite. Together with the XRD data, these findings confirm that zeolite
crystallization comprised induction and crystal growth stages with significant condensation
mainly taking place during the latter stage. Similar trends in Si speciation have been observed
in previous work in which the synthesis of MOR and BEA zeolites by dry gel conversion
was studied in detail 5% 6
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Figure 3.10. IR spectra of solid samples obtained at different crystallization times: (2) MOR-
12-Con, (b) MOR-SDAZ2-12 and (c) BEA-SDA3-12.

A common view about zeolite synthesis is that precursor units formed during the induction
stage assemble into zeolite crystals.%® 6. 62 The presence of specific features in the solid
products was investigated by IR spectroscopy (Figure 3.10). A band at 560 cm™ present
during the whole synthesis of MOR-12-Con has been linked to five-membered rings (5SMR)
silicate species.®® This does not necessarily mean that these species are involved in crystal
growth. During the crystal growth stage (20-24 h), two other bands appear at 580 cm and
640 cm assigned to 5MR and four-membered rings (4MR), respectively.®® 64 A similar trend
in the IR spectra is observed for the MOR sample synthesized with SDA2, showing that the
5MR-containing motives are already present in the induction period, while formation of 4MR
goes together with crystal growth. Thus, the synthesis of MOR-12-Con and MOR-SDA2-12
appears to follow a classical mechanism involving induction, nucleation and crystal growth.
The longer induction period for MOR-SDAZ2-12 is likely due to the interactions between the
organic template and the aluminosilicate precursors.5! For the sample synthesized with SDA3,
the band at 560 cm corresponding to 5MR s also observed during the induction period.%®
After prolonging the hydrothermal treatment time from 60 h to 72 h, two characteristic bands
of BEA zeolite at 460 cm™ and 518 cm™ assigned to internal and external T-O-T bending
vibrations, respectively, are visible,®® which corresponds well with the evolution in
crystallinity determined by XRD during BEA-SDAS3-12 synthesis.
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Figure 3.11. TG (left) and DTG (right) curves of samples obtained at different crystallization
times: (a and b) MOR-SDA2-12 and (c and b) BEA-SDA3-12.

TG-DTG measurements of MOR-SDA2-12 and BEA-SDA3-12 were performed to
investigate the interactions between the organic template and the aluminosilicate
intermediates. The TG-DTG curves in Figure 3.11 show three weight-loss steps. The first
weight-loss feature below 250 °C can be attributed to the desorption of water.> The other
two weight-loss features in the 250-660 °C range are mainly due to the oxidation of organics
at or close to the zeolite external surface and inside the zeolite micropores. Notably, already
during the induction stage both MOR and BEA precursors contain a substantial amount of
SDA (> 8.6 wt%, Tables B6 and B7), indicative of the strong interactions between the SDA
and the aluminosilicate precursor species. Moreover, the third weight-loss feature becomes
stronger and shifts to higher temperature during the crystallization stage. This trend is
consistent with the assignment of this weight-loss feature to organics occluded in the
micropores formed during crystallization. These results further underpin that SDA2 and
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SDAZ3 were included in the micropores during SDA-directed synthesis of MOR and BEA
zeolite.
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Figure 3.12. *H-2°Si HETCOR NMR spectra of as-prepared zeolites: (a) MOR-SDA2-12 and
(b) BEA-SDA3-12 (assignment to different H atoms in SDA in top panels).

2D H-?*Si HETCOR NMR spectroscopy measurements were carried out to investigate the
zeolite-SDA interaction in more detail. This allows resolving short-range (< 1 nm)
interactions between 2°Si and *H spins.5%-8 The 2°Si projection of the spectrum in Figure 3.12a
contains two main peaks around -106 and -113 ppm, which are due to Q*(1Al) and Q*(0AI)
zeolite framework species,® respectively. The 'H projection contains three peaks, which can
all be correlated to SDA2. The *H peaks in Figure 3.12a were identified by recording separate
'H NMR spectrum (Figure B1b), H-1*C CPMAS NMR spectrum (Figure B5b) and H-13C
HETCOR NMR spectrum (Figure B10a). The *H signals at 3.7 ppm and 5.1 ppm are strongly
correlated with the signals due to Q*(1Al) and Q*(0AI) framework species, resulting in 4
distinct peaks in the 2D spectrum. Besides, a weak cross-peak between a feature at 2.2 ppm
in *H dimension and a feature at -114 ppm in the 2°Si dimension is present in the 2D spectrum.
Similarly, strong correlation signals between features assigned to the various protons of
SDA3 and Si atoms of the BEA zeolite framework can be distinguished in the 2D NMR
spectrum in Figure 3.12b. These NMR data further underpin that SDA2 and SDA3 are
predominantly present in the micropores of respectively MOR and BEA zeolites.
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3.3.3 Acidity

Next, the acidic properties of the calcined zeolites in their proton form were characterized.
The Si/Al ratios of MOR-12-Con and MOR-SDA2-12 of respectively 8.4 and 9.2 (Table 3.2)
are both lower than the Si/Al ratio in the initial gels. The Si/Al ratios of BEA-12-Con and
BEA-SDA3-12 of 11.3 and 11.7, on the other hand, are close to the initial gel ratio. The Al
coordination was investigated by Al MAS NMR spectroscopy. The Al NMR spectra in
Figure 3.13a exhibit a strong signal at ~54 ppm assigned to tetrahedrally coordinated Al
species in the zeolite framework (Alg), while the presence of a comparatively weak signal at
~0 ppm is attributed to extraframework Al species in octahedral coordination.?:
Deconvoluting these spectra shows that most Al atoms are incorporated into the zeolite
framework (Table B8). The Si coordination environment was studied by 2°Si MAS NMR
spectroscopy. The relevant spectra in Figure 3.13b consist of 4 signals due to asymmetric
Q*(0AIl), symmetric Q*(OAI), Q*LAl) and Q*Q2AI)/Q3OAI) sites.5” The fractional
contributions obtained by deconvolution were used to calculate the Si/Al ratio of the zeolite
framework. As shown in Table B8, MOR-12-Con has a lower framework Si/Al ratio (6.8)
than MOR-SDA2-12 (8.5), while similar framework Si/Al ratios of 10.5 and 10.3 were
determined for BEA-12-Con and BEA-SDA3-12, respectively. Notably, the Si/Alr ratios
determined by 2°Si NMR are lower than the bulk Si/Al ratios. The reason for this discrepancy
is that the Q3(0AI) and Q*(2Al) signals strongly overlap. For deconvolution of these spectra,
we assumed that there are no Q3(0Al) sites, which can explain the lower Si/Alg ratios. Such
a systematic difference when using this assumption has been discussed by others.>” ¢ The
presence of Q3(0AI) in these samples is supported by the relatively higher intensity of the
Q*(2AI)/Q3(0AI) sites in comparison to Q4(0Al) sites in the *H-2Si CPMAS NMR spectra
when contrasted to 2°Si MAS NMR spectra (Figure B11).6% 70
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Figure 3.13. (a) Al MAS NMR and (b) 2Si MAS NMR spectra of the calcined zeolites.

Table 3.2. Elemental analysis and acidic properties of the calcined zeolites.

Jeolite Si/Al [BAS]® [BAS]® [LAS]®
(ICP) (umol g (umol g (umol g
MOR-12-Con 8.4 1291 1015 41
MOR-SDA2-12 9.2 841 753 120
BEA-12-Con 11.3 - 961 378
BEA-SDA3-12 11.7 - 704 484

3 Concentration of BAS determined by *H MAS NMR spectra.
b Concentration of BAS determined by IR spectra of adsorbed pyridine after evacuation for
1 hat 150 °C.
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¢ Concentration of LAS determined by IR spectra of adsorbed pyridine after evacuation for
1 hat 150 °C.

The acidic properties of zeolites were characterized by IR spectroscopy after adsorption of
pyridine and subsequent evacuation at 150 °C, 300 °C and 500°C. The relevant spectra given
in Figure B12 contain two bands at 1455 cm™ and 1545 cm™ due to pyridine adsorbed on
Lewis acid sites (LAS) and Brgnsted acid sites (BAS),*> ™ respectively. The amount of BAS
and LAS based on spectra obtained after evacuation at 150 °C are given in Table 3.2. For
BEA zeolites, the corresponding numbers represent the total acidic concentration, because
all the pores are accessible for pyridine. As shown in Table 2, BEA-SDA3-12 displays a
lower BAS concentration but a higher LAS concentration as compared to BEA-12-Con. For
the MOR zeolite, pyridine is too large to probe all of the acid sites. According, we first
determined the total acidity for the MOR zeolites using *H MAS NMR spectroscopy of well-
dehydrated samples (Figure B13 and Table 3.2). Compared with MOR-12-Con, MOR-
SDA2-12 presents a lower total BAS concentration.

It has been demonstrated that there is a distribution of BAS in MOR zeolites related to their
location in 12MR straight channels, 8MR side pockets and at the interface of these two
locations (8/12MR).5% 72 73 The different confinement in these pores can profoundly impact
the catalytic performance. For instance, BAS in side-pockets are very active for the
carbonylation of dimethyl ether to methyl acetate due to effective stabilization of acetyl
intermediates in 8MR channels, whereas BAS in 12MR channels mainly lead to the formation
of coke.™ 7 Reactants involving bulky reactants mainly occur in 12MR channels and at the
external surface.”® Therefore, the BAS distribution in MOR-12-Con and MOR-SDA2-12
were further investigated. The distribution of BAS was evaluated by deconvolution of the
hydroxyl stretching region of IR spectra of the dehydrated zeolites.”” As shown in Figure
3.14 right and Table B9, MOR-SDA2-12 contains a higher fraction (64%) of side-pocket
BAS as compared to MOR-12-Con (49%). The accessibility of BAS was investigated by
tracing the evolution of IR bands assigned to BAS sites upon pyridine adsorption and
subsequent desorption at different evacuation temperatures. Figure 3.14 left shows that the
relative decrease of the band due to BAS is larger for MOR-SDA2-12 as compared to MOR-
12-Con. This indicates that more side-pocket BAS of MOR-SDAZ2-12 are accessible for
pyridine. For both samples, the hydroxyl bands shift to higher wavenumbers upon pyridine
desorption at 500 °C, suggesting that the recovery of BAS is mainly from 12MR channels
and the 8/12MR interfaces.
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Figure 3.14. (Left) IR spectra of the calcined MOR zeolites: (a) after pyridine adsorption and
evacuation at 150 °C, (b) evacuation at 300 °C, (¢) evacuation at 500 °C and (d) hydroxyl
region of IR spectra of MOR zeolites before pyridine adsorption; (right) deconvolution into
contributions of hydroxyl groups due to 12MR, 8MR and 8/12MR interfaces as well as
hydroxyl groups connected to EFAI species.

3.3.4 Catalytic activity

It has been firmly established that pore hierarchization in microporous zeolites can
substantially improve the catalytic performance.* ** Reducing the crystal size of zeolites
below 100 nm is one such approach that benefits reactions with bulky reactants and reactions
in which competing consecutive reactions of products can lead to lower selectivity to desired
products or catalyst deactivation.® For instance, nanocrystalline zeolites perform better in
Friedel-Crafts alkylation and acylation reactions than bulk zeolites.” As nanosized MOR and
BEA zeolites are promising for the alkylation of benzene with benzyl alcohol and the
acylation of anisole with acetic anhydride, respectively,”® ™ we evaluated the optimized
nanosized MOR and BEA zeolites prepared in the present study using these two model
reactions compared to the bulk reference zeolites. Pt/BEA zeolite was also evaluated for the
hydroconversion of n-Cye. Paraffins hydroisomerization and hydrocracking are industrially
important reactions for hydrocarbon processing.® 8
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3.3.4.1 Benzylation benzene with benzyl alcohol
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Figure 3.15. (Left) Reaction pathways for benzylation of benzene with benzyl alcohol (BA)
and (right) catalytic conversion of BA over MOR zeolite samples at 80 °C.

The conversion of benzyl alcohol (BA) for nanosized and bulk MOR zeolite as a function of
reaction time is shown in Figure 3.15. After 240 min, the BA conversion over MOR-12-Con
is limited to 50% with a diphenylmethane (DPM) selectivity 72%. MOR-SDA2-12 presents
a much higher catalytic activity with BA, being completely converted after 90 min at a DPM
selectivity of 90%. As the benzylation of benzene with BA requires strong BAS with
relatively large product molecules (Figure 3.15 left and Scheme B1), the acidity and the
accessibility of the BAS are the two most important factors that determine the benzylation
reaction.® & As the kinetic diameters of the reactants and products (~0.5 nm) are slightly
smaller than the Kinetic diameter of pyridine, it is reasonable to assume that the active sites
for benzylation are the acid sites probed by pyridine IR. MOR-SDA2-12 presents a lower
amount of such BAS than MOR-12-Con (Table 3.2). Thus, the higher activity and DPM
selectivity of MOR-SDAZ2-12 can be ascribed to the significantly smaller zeolite crystal size.
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3.3.4.2 Acylation anisole with acetic anhydride
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Figure 3.16. (Left) The mechanism of anisole acylation and (right) catalytic conversion of
acetic anhydride over BEA zeolite samples at 70 °C.

The acylation of anisole with acetic anhydride was chosen as a model reaction to evaluate
the catalytic performance of BEA zeolites. The formation of p-methoxyacetophenone (p-
MAP) over o-methoxyacetophenone (0-MAP) is strongly favored for BEA-12-Con and
BEA-SDA3-12 with a selectivity over 98%. Such a high p-MAP selectivity is generally
observed for a wide range of catalysts with little influence of confinement of the active sites.8*
Figure 3.16 right shows that BEA-SDA3-12 exhibits a higher activity than BEA-12-Con,
providing an p-MAP yield of 57% (p-MAP selectivity 85%) after 6 h reaction. BEA-12-Con
shows a lower yield of 39% (p-MAP selectivity 81%) after 6 h reaction (Table B10). Strong
BAS are required for the activation of the nucleophilic carbonyl group of acetic anhydride to
form the acylium intermediates, which will further react with anisole to form p-MAP (Figure
3.16 left and Scheme B2).% The large p-MAP product is strongly adsorbed to the surface and
tends to form products that can be considered as coke decreasing the accessibility of the acid
sites.% 87 Considering that BEA-SDA3-12 contains less BAS than Con-BEA-12 (Table 3.2),
the higher catalytic activity of BEA-SDA3-12 can be attributed to the better accessibility of
the active sites. Thus, the shorter diffusion pathways in the zeolite domains lead to a higher
activity.

3.3.4.3 Hydroconversion of n-hexadecane

The two BEA zeolites were also evaluated for the hydroconversion of n-Cs after loading 0.5
wt% Pt. This metal loading amount is generally deemed sufficient to ensure
isomerization/cracking reactions of intermediate olefins on the BAS as the rate-determining
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step during n-alkane hydroconversion reactions.® Elemental analysis confirms that the actual
Pt loading is close to the targeted value for both catalysts. ADF-STEM images (Figure B14)
demonstrate a high Pt dispersion with average particle sizes of 1.3 +0.2nmand 1.1 £0.2 nm
for P/BEA-12-Con and Pt/BEA-SDA3-12, respectively. Thus, based on the similar metal
function for the two bifunctional catalysts, differences in the catalytic performance can be
attributed to differences in the acidic zeolite component.
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Figure 3.17. (a) Conversion of n-Css as a function of the reaction temperature and (b) yield
of isomers and cracked hydrocarbon products as a function of n-Cs¢ conversion.

Figure 3.17a shows the conversion of n-Cis as a function of reaction temperature. The less
acidic Pt/BEA-SDA3-12 displays a lower reaction activity than Pt/BEA-12-Con. Astafan et
al. reported that the activity of n-Css hydroconversion over Pt/BEA was proportional to the
concentration of BAS probed by pyridine at 150 °C, regardless of the zeolite crystal size.*°
This can most likely be explained by the fact that the n-Cis hydroconversion reaction is not
limited by mass transport under the given reaction conditions. It is also common that pore
hierarchization of BEA zeolite impedes the amount of BAS and, thus, the activity for
hydroconversion of n-alkanes.®® Therefore, the lower reaction activity of Pt/BEA-SDA3-12
can be attributed to the lower acidity of the nanosized sample in line with the activity in n-
alkane hydroisomerization reactions being proportional to the intrinsic acidity.® Figure 3.17b
shows the differences in the product distribution between the two catalysts. For both catalysts,
the yield of isomers gradually increases with reactant conversion until a maximum is reached,
after which cracking becomes the dominant route. The origin of this dependence of the
product distribution is well understood in terms of skeletal isomerization of linear alkanes,
leading to multibranched isomers whose olefinic counterparts are easier to crack.®! Notably,
the maximum isomer yield of 29.3% for Pt/BEA-SDA3-12 is much higher than the
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corresponding vyield of 14.6% for Pt/BEA-12-Con. The work of Astafan et al. showed that
the maximum yield of isomer can be correlated to the BEA zeolite crystal size.®® Reducing
the zeolite crystal size reduces the residence time of olefinic intermediates within the zeolite
domains and, therefore, limits consecutive reactions.® As the activity comparison excludes
diffusion limitations, it is more likely that the selectivity is improved by the larger external
surface, which benefits the desorption of intermediate olefins from the zeolite domains.® %
Thus, the higher yield of isomers over Pt/BEA-SDA2-12 can be explained by the smaller
crystal size. The beneficial effect of nanosizing BEA zeolite is also clear from the more
symmetric cracked product distribution for Pt/BEA-SDA2-12 (Figure B15).

3.4 Conclusions

This work describes the facile and economical synthesis of nanosized MOR and BEA zeolites
by using simple bromide-form diquaternary ammonium compound as the sole organic
template. The specific formation of MOR or BEA zeolites strongly depends on the size,
geometry, and structural rigidity of organic templates. SDA2 and SDAG6 give MOR zeolites,
while SDA3-5 give BEA zeolites. The optimized nanosized zeolites are MOR-SDA2-12
(Si/Al = 9.2, 20-50 nm) and BEA-SDA3-12 (Si/Al = 11.7, 15-30 nm). While bulk MOR-12-
Con (> 100 nm) can be obtained within 24 h from a completely inorganic gel, the strong
interaction between organic templates and aluminosilicate precursors results in an extended
induction period (~48 h) for SDA2 and SDA3, effectively decreasing the aluminosilicate
precursor size below 50 nm. MOR-12-Con and MOR-SDA2-12 display a similar crystal
growth behavior, viz. a quick crystal growth (~6 h) via reorganization in the solid state.
Specific strong framework stabilization by the pore-filling template molecules is decisive for
the final zeolite topology. Despite their lower acidity, nanocrystalline MOR-SDA2-12 and
BEA-SDAS3-12 are more active than their corresponding bulk counterparts in the alkylation
of benzene with benzyl alcohol and the acylation of anisole with acetic anhydride,
respectively, due to the enhanced mass transport ability and better accessibility of the
Bregnsted acid sites. In hydroconversion of n-Cis, P/BEA-SDA3-12 shows much higher
isomer yield than Pt/BEA-12-Con, which is explained by shorter residence times of olefinic
intermediates in the smaller zeolite crystals. Overall, this work not only shows a facile route
to synthesize nanosized MOR and BEA zeolites with excellent catalytic performance by
using simple organic molecules, but also provides better insight into the crystallization
behavior.
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Figure B1. Liquid-state *H NMR spectra of organic structure-directing agents (SDA) used
in this work.
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Figure B2. XRD patterns of samples synthesized using the templates shown in Figure 3.1
(recipe: Si/Al = 30).

(b) BEA-SDA3:80

(d) BEA-SDA5-30

Figure B3. SEM images of calcined zeolites (recipe: Si/Al=30).
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Figure B4. Ar physisorption isotherms of calcined zeolites (recipe: Si/Al=30).
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Figure B5. Liquid-state *C NMR spectra (red line) of SDA in D,O solution: (a) SDAL, (b)
SDAZ2, (c) SDA3, (d) SDA4, (e) SDAS5 and (f) SDA6; Solid-state H-*C CPMAS NMR
spectra (black line) of as-prepared samples: (a) Amor-SDA1-12; (b) MOR-SDA2-12; (c)
BEA-SDA3-12; (d) BEA-SDA4-12; () BEA-SDAS5-12 and (f) MOR-SDAG6-12.
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Figure B6. (a) TG and (b) DTG of as-prepared samples.
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Figure B7. XRD patterns of solid samples obtained at different crystallization times: (a)
MOR-12-Con, (b) MOR-SDA2-12 and (c) BEA-SDA3-12.
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Figure B8. SEM images of solid samples obtained at different crystallization times of BEA-
SDA3-12.

Figure B9. TEM images of solid products: (a) MOR-SDA2-12-(48 h) and (b) BEA-SDA3-
12-(48 h).
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Figure B10. 'H-13C HETCOR NMR spectra of as-prepared zeolites: (a) MOR-SDA2-12 and
(b) BEA-SDAS3-12 (assignment to different H atoms in SDA in top panels).
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Figure B11. 2°Si MAS NMR and H-?°Si CPMAS spectra of the calcined zeolites: (a) MOR-
12-Con, (b) MOR-SDA2-12, (c) BEA-12-Con and (d) BEA-SDA3-12.
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Figure B12. IR spectra of pyridine adsorbed on zeolites: () MOR-12-Con, (b) MOR-SDA2-
12, (c) BEA-12-Con and (d) BEA-SDA3-12.
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Figure B13. *H NMR spectra of dehydrated samples: (a) MOR-12-Con and (b) MOR-SDA2-
12.

Figure B14. ADF-STEM images of reduced samples: (a) Pt/BEA-12-Con and (b) Pt/BEA-
SDA3-12.
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Figure B15. The distribution of cracked products at ca. 50% n-Cis conversion.

Table B1. Prices of chemicals used for organic template synthesis.

Chemical Supplier Price
1,6-dibromohexane TCI, > 97.0% 52.00 €/500 g
a,0'-dibromo-p-xylene TCI, > 98.0% 64.00€/25 g
N-methypyrrolidine TCI, > 98.0% 80.00 €/500 ml
N-methylpiperidine TCI, > 99.0% 90.00 €/500 ml
1,4-diazabicyclo[2.2.2]octane TCI, > 98.0% 91.00 €/500 g

Table B2. Solid yields and Si/Al ratios of zeolite samples obtained at a Si/Al gel ratio of 12.

Zeolite Si/Al Yield (%)?
MOR-12-Con 8.4 69.9
MOR-SDA2-12 9.2 76.6
MOR-SDA6-12 9.8 81.1
BEA-SDA3-12 11.7 75.3
BEA-SDA4-12 11.9 60.3
BEA-SDA5-12 12.0 64.1
BEA-12-Con 11.3 59.7

2 Based on the inorganic sources introduced in the initial gel.
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Table B3. Solid yields and Si/Al ratios of zeolite samples obtained at a Si/Al gel ratio of 30.

Zeolite Si/Al Yield (%)?
MOR-30-Con 13.4 434
BEA-SDA3-12 14.3 35.1
BEA-SDA4-12 15.8 51.4
BEA-SDA5-12 14.9 41.7

@ Based on the inorganic sources introduced in the initial gel.

Table B4. Textural properties of calcined zeolites determined by Ar physisorption.

Zeolite Seet Vet (c\r;n;e;:) (C\r/nn:;?l) (msze;t-l)
(Mg | €emaD gy’ | ploty | (eplo)
MOR-30-Con 303 0.14 0.02 0.12 37
BEA-SDA3-30 | 648 0.98 0.79 0.10 370
BEA-SDA4-30 | 604 1.08 0.90 0.11 313
BEA-SDA5-30 | 549 0.85 0.69 0.10 295

Table B5. Changes in the solid yield and chemical compositions along with the synthesis
time for MOR-12-Con.

Synthesis time (h) Solid yield (wt %)? Si/Al
12 77.3 9.0
18 77.1 9.1
20 75.0 8.8
24 69.9 8.4

2 Based on the inorganic sources introduced in the initial gel.
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Table B6. Changes in the solid yield and chemical compositions along with the synthesis

time for MOR-SDA2-12.

Synthesis time Solid yield Si/Al Organic content
(h) (Wt %)° (wt %)
12 75.1 9.1 8.7
60 74.7 9.2 9.2
66 76.0 9.1 9.6
72 76.6 9.2 9.1

2 Based on the inorganic sources introduced in the initial gel.

Table B7. Changes in the solid yield and chemical compositions along with the synthesis
time for BEA-SDA3-12.

Synthesis time Solid yield Si/Al Organic content
(h) (wt %)° (Wt %)
12 76.2 9.2 11.8
48 78.2 9.4 12.3
60 79.5 10.1 15.4
72 75.3 11.7 21.5
2 Based on the inorganic sources introduced in the initial gel.
Table B8. Al and Si distributions of the proton form zeolites.
Al NMR? 2Si NMR
Zeolite Q(2Al) Si/Al
AlV AV and Q*1Al) | Q*0AI)
Q3(0Al)
MOR-12-Con 80 20 13 33 54 6.8
MOR-SDA2-12 83 17 10 27 63 8.5
BEA-12-Con 74 26 5 28 67 10.5
BEA-SDA3-12 70 30 7 25 68 10.3

@ Al'V determined by integration of NMR signal between 20 and 100 ppm; AlV' determined

by integration of NMR signal between 20 and -50 ppm.
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b Framework Si/Al=2 X ISi(nAl)/ £0.25-n-ISi(nAl) with assuming that Q3(0AI) does not
contribute to the intensity of Q*(2Al)/ Q3(0Al), n = 0-4.

Table B9. BAS distribution derived from deconvoluted IR spectra of MOR zeolites.

. BAS in SMR BAS in 8/12MR BAS in 12MR
Zeolite (%) (%) (%)
MOR-12-Con 49 30 21
MOR-SDA2-12 64 25 11

Table B10. Catalytic performance of the acylation of anisole with anhydride over BEA
zeolites after 6 h reaction.

Zeolite Acetic anhydride conversion | p-MAP vyield (selectivity)
(%) (%)
BEA-12-Con 48 39 (81)
BEA-SDA3-12 67 57 (85)

p-MAP: p-methoxyacetophenone.
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Chapter 4

Direct synthesis of Al-rich ZSM-5 nanocrystals with
improved performance in aromatics formation from
methane and methanol

Abstract

Nanosized ZSM-5 (< 100 nm) zeolites with high acidity (Si/Al < 15) can bring distinct
advantages in their use as catalysts for the synthesis of valuable aromatics in C1 chemistry.
Synthesis of such nanosized zeolites in a cheap and scalable manner remains a challenge.
Herein, nanosized ZSM-5 (20-50 nm) with high acidity (Si/Al = 10.9) was hydrothermally
synthesized in excellent yield using p-phenylenedimethylene-bis(tripropylammonium)
(PrsN-benzyl-NPrs3) as the sole organic structure-directing agent (OSDA). By investigating
the solid products formed during zeolite synthesis, it was found that crystallization follows a
solid-state transformation mechanism. An in-depth NMR study combined with TGA
measurements reveals that, after early electrostatic interaction between condensed
aluminosilicate and the head groups of OSDA, ZSM-5 crystallizes around the OSDA. Owing
to the high acidity and improved mass transfer, such nanosized ZSM-5 demonstrates
enhanced productivity in the formation of aromatics by methanol dehydration and non-
oxidative dehydroaromatization of methane reactions in comparison to reference bulk ZSM-
5.
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4.1 Introduction

Zeolites are crystalline porous aluminosilicates possessing channels and cavities with size in
the range of molecules.’® ZSM-5 is widely used as heterogeneous catalyst in environmental
chemistry, fine chemistry and petrochemistry.*% Its MFI topology contains zigzag channels
along the a-axis (0.51 nm x 0.55 nm) and straight channels along the b-axis (0.53 nm x 0.56
nm). The broad application of ZSM-5 zeolite catalysts in industrial chemical processes is
related to its high (hydro)thermal stability, suitable shape selectivity and tunable acidity.”
Among the many aspects that affect the performance of zeolites, the realization that the
crystal size has a profound impact on the performance has led to many approaches to control
the zeolite domain/crystal size.® ° For instance, Ryoo and co-workers demonstrated that, by
reducing ZSM-5 crystal thickness to the single unit cell dimension, catalyst deactivation by
coke deposition during methanol-to-hydrocarbons (MTH) reaction can be substantially
suppressed.'® The reduced crystallite size not only facilitates diffusion of coke precursors out
of the micropores but also increases the micropore utilization degree.! By varying the Si/Al
ratio of ZSM-5 zeolite, the acid site density can be controlled as an effective strategy to
optimize the selectivity, activity and stability in many catalytic reactions such as the MTH
reaction.'>1* Another example is the optimization of ZSM-5 zeolite promoted by metals such
as Mo for the non-oxidative dehydroaromatization of methane.*> 6 As demonstrated for the
MTH reaction, highly acidic ZSM-5 (Si/Al < 15) is effective to achieve a high aromatics
selectivity.!” However, the high acidity will also lead to increased coke formation and faster
catalyst deactivation.*® 1° To resolve these issue, Al-rich ZSM-5 nanocrystals (< 100 nm) can
be used where the decreased diffusion length can improve the catalytic stability.? 2

The synthesis of phase-pure ZSM-5 zeolite with a low Si/Al ratio (< 12) with the most
commonly employed tetrapropylammonium (TPA) template is difficult.??> Al-rich ZSM-5
zeolites can only be obtained in a narrow window of synthesis conditions with the risk of
forming impurity phases such as mordenite and amorphous material.?® Such challenges in
obtaining nanosized Al-rich ZSM-5 crystals has motivated the development of alternative
synthesis strategies.?’-?® For instance, Valtchev and co-workers investigated the synthesis of
nanosized ZSM-5 zeolite with a low Si/Al ratio (~10) by using a seed-induced crystallization
method. The nanosized crystals (30-70 nm) obtained at low crystallization temperatures (100
and 120 °C) displayed relatively low crystallinity.?” Okubo and co-workers investigated the
synthesis of hierarchically intergrown ZSM-5 from an initial gel at Si/Al ratio of 11 by using
adimer of TPA, i.e. N, N,N,N’,N’,N’-hexapropylpentanediammonium cations (Prs-diquat-5),
as the organic structure-directing agent (OSDA). Although the XRD pattern of the as-
synthesized sample showed intense diffraction peaks corresponding to the MFI zeolite, a
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large fraction of extraframework Al was observed after calcination, suggesting a poor
incorporation of Al into the zeolite framework.?® 3 Overall, despite considerable efforts,
synthesis of nanosized Al-rich ZSM-5 zeolites remains a challenge.

In this work, we demonstrate a one-step hydrothermal synthesis of nanosized ZSM-5 from
initial gels with different Si/Al ratios (11, 13 and 15) and a high NaOH/Si ratio (0.6) by using
p-phenylenedimethylene-bis(tripropylammonium) (PraN-benzyl-NPr3) (Figure 4.4a) as the
OSDA. Nanosized ZSM-5 crystals (20-50 nm) with high yield (99%) and low Si/Al molar
ratio of 10.9 were successfully synthesized. The crystallization behavior was investigated via
characterizing the obtained solid products throughout the crystallization process. The
physicochemical properties of the nanosized ZSM-5 with Si/Al ratio of 10.9 were extensively
characterized. Finally, this nanosized Al-rich ZSM-5 zeolite was tested in MTH reaction and,
upon impregnation with 2 wt.% Mo, in non-oxidative dehydroaromatization of methane
(MDA) and displayed significantly improved catalytic performance as compared to a
commercial bulk ZSM-5 zeolite.

4.2 Experimental section

4.2.1 Synthesis of OSDA

0.02 mol of 1,4-bis(chloromethyl)benzene (Sigma Aldrich, 98%) was dissolved in 100 ml
acetonitrile (Biosolve, 99.8%) and 30 ml ethanol (Biosolve, 99.9%). Then 0.08 mol of
tripropylamine (Sigma Aldrich, > 98%) was added dropwise into the solution under vigorous
stirring. The reaction solution was heated in a round-bottom flask in an oil bath kept at 70 °C
for 3 days under a nitrogen atmosphere. After cooling to room temperature, the solution was
poured into 200 ml of diethyl ether (Biosolve, 99.5%) under stirring. The precipitated white
powder was collected by filtration and washed with diethyl ether. The obtained solid product
was dried under evacuation at 50 °C for 12 h. The successful synthesis of the OSDA was
confirmed by *H NMR and *C NMR spectra (Figures C1 and C2). The product yield was
92%.

4.2.2 Synthesis of zeolites

Hydrothermal synthesis of zeolites was performed in a 45 ml Teflon-lined stainless-steel
autoclave (Parr Instruments). In a typical synthesis, 0.6 g of sodium hydroxide (Sigma
Aldrich, > 98%) was dissolved in 15.51 g of deionized water, followed by addition of 1.15 g
OSDA. After stirring for 5 min, AICls-6H,0 (Alfa Aesar, 99%) was added to the mixture.
After further stirring for 5 min, 3.75 g Ludox AS-40 (Sigma Aldrich, 40 wt%) was added
slowly to the mixture under stirring. The final mixture had a molar composition of 12 SiO; :
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X Al,O3 : 3.6 Na2O : 1.2 OSDA : 480 H,0 (x = 0.4-0.6). After vigorous stirring for 24 h at
room temperature, the mixture was transferred to the autoclave and heated at 160 °C for 7
days under tumbling in an oven (50 rpm). After hydrothermal treatment, the solid product
was collected by centrifugation and washed with deionized water until pH < 8, followed by
drying at 30 °C overnight under evacuation. The organic template was removed by
calcination at 550 °C for 8 h in air. The calcined samples were converted to the ammonium
form by triple ion exchange with 1.0 M NH4NO3 at 70 °C. The ion-exchanged samples were
dried at 30 °C overnight under evacuation followed by calcination at 550 °C for 4 hin a
0O2/N; (1/4 by volume) flow to obtain the final proton form. Samples were named as ZSM-5-
X, where x is the Si/Al ratio. A commercial ZSM-5 zeolite (Si/Al = 13, Sud-Chemie, now
Clariant) was used as reference material and named ZSM-5-Con.

Mo/ZSM-5 catalysts were prepared by wet impregnation of an aqueous solution of
ammonium heptamolybdate tetrahydrate (NH4)sM07024:4H,0, Merck) on ZSM-5 zeolite.
After impregnation, the samples were dried overnight at 110 °C and calcined in air at 550 °C
for 8 h (rate 2 °C/min).

4.2.3 Characterization

X-ray diffraction (XRD) patterns were recorded with a Bruker D2 Phase powder
diffractometer with Cu Ko radiation. The chemical composition of the samples were
determined by inductively couple plasma optical emission spectrometry (ICP-OES) after
solid dissolution in HF/HNO3 aqueous solution. Textural properties were analyzed by Ar
physisorption at -186 °C on a Micromeritics ASAP 2020 instrument. Prior to the sorption
measurement, the samples were outgassed at 400 °C for 6 h. The relative pressure in the
range of 0.05-0.25 was chosen to calculate BET surface area. The t-plot method was used to
calculate the micropore volume and external surface area, while the Barrett-Joyner-Halenda
(BJH) method was used to calculate the mesopore volume. Thermogravimetric analysis
(TGA) was performed on a TGA/DSC 1 instrument (Mettler Toledo) from 40 °C to 800 °C
at a heating rate of 5 °C/min in a flow of 20 ml/min O, and 40 ml/min He.

Scanning electron microscopy (SEM) images were taken on a FEI Quanta 200F scanning
electron microscope at an accelerating voltage of 3 kV. Transmission electron microscopy
(TEM) images were obtained on a FEI Tecnai 20 at 200kV. Prior to the measurement, the
samples were suspended in ethanol and dispersed over a holey Cu grid coated with a carbon
film.

The acidity of samples was determined by IR spectroscopy of adsorbed pyridine and 2,4,6-
collidine. IR spectra were collected in the range of 1000-4000 cm™ on a Bruker Vertex 70v
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spectrometer. The sample in the form of a pressed wafer (~10 mg, diameter 13 mm) was
pretreated in artificial air at 550 °C for 1 h. After cooling to 150 °C, a background spectrum
was collected. Pyridine or 2,4,6-collidine was then introduced into the IR cell until saturation
of the IR spectra was observed. Finally, the sample was outgassed for 1 h at 150 °C, 300 °C
and 500 °C. After each step, a corresponding spectrum was collected after cooling to 150 °C.

Solid-state nuclear magnetic resonance (NMR) spectroscopy was carried out on a 11.7 Tesla
Bruker DMX500 NMR spectrometer. The measurements were performed at 132 MHz for
27Al, 99 MHz for 2°Si, 125 MHz for 3C nuclei. ’Al magic angle spinning (MAS) NMR
measurements were carried out using a Bruker 2.5 mm MAS probe head and a 2.5 mm
zirconia rotor with a spinning speed of 25 kHz. Prior to the 2Al NMR measurements, the
samples were hydrated in a desiccator containing water overnight. All other measurements
were performed using a Bruker triple channel 4 mm MAS probe head and a 4 mm zirconia
rotor with a spinning speed of 10 kHz. Quantitative 2°Si MAS NMR spectra were recorded
with a high-power proton decoupling direct excitation (DE) pulse sequence during which a
54° pulse duration of 3 us and a recycle delay of 120 s were used. 'H-13C cross-polarization
(CP) MAS NMR spectra were recorded by using a ramped contact pulse of 3 ms and a recycle
delay of 3 s. Two-dimensional (2D) *H-'3C heteronuclear correlation (HETCOR) spectra
were recorded by using a rectangular contact pulse of 1 ms. *H-2Si HETCOR spectra were
recorded by using a rectangular contact pulse of 4 ms. Liquid-state NMR experiments were
carried out on a Bruker 400 MHz spectrometer. The as-synthesized OSDA was dissolved in
deuterated water. Then, the solution was transferred into a5 mm NMR tube. *H NMR spectra
were recorded with a total of 32 scans and a relaxation delay of 1 s. 3C NMR spectra were
recorded with a total of 1024 scans and a relaxation delay of 2 s.

4.2.4 Catalytic activity measurements

4.2.4.1 Methanol to hydrocarbons

The catalytic activity of the samples for MTH reaction was tested in a fixed-bed downstream
reactor. Samples were pressed, and then crushed and sieved to obtain particles in the range
of 250-500 um. An amount of 15 mg of the catalyst (sieve fraction 250-500 pum) was loaded
into a quartz reactor with an internal diameter of 4 mm. Prior to the reaction, the catalyst was
pretreated in situ in artificial air at 550 °C for 1 h, followed by cooling to the reaction
temperature of 450 °C in the same artificial air. Methanol was fed to the reactor at a weight
hourly velocity (WHSV) of 10 h** by flowing He through a saturator containing methanol,
which was kept at 6.6 °C. The products were analyzed by online gas chromatography
(Interscience Compact GC) equipped with 2 pre-columns, 3 columns and 3 detectors. A
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thermal conductivity detector (TCD) coupled with an RT-Q-Bond pre-column (length 3 m;
i.d. 0.32 mm; thickness 10 um) and a Molsieve 5A column (length 10 m; i.d. 0.32 mm;
thickness 30 um) was used for the analysis of H, and CH4. A TCD coupled with an RT-Q-
Bond pre-column (length 3 m; i.d. 0.32 mm; thickness 10 um) and an RT-Q-Bond column
(length 10 m; i.d. 0.32 mm; thickness 10 um) was used for the analysis of C,-C3 hydrocarbons,
water and oxygenates. Heavier hydrocarbons (C4 to naphthalene) were separated on an Rtx-
1 column (length 15 m; i.d. 0.32 mm; thickness 1 um) and analyzed with a flame ionization
detector (FID). Dimethyl ether was considered as a reactant.

4.2.4.2 Non-oxidative dehydroaromatization of methane

The MDA reaction was performed in a fix-bed downstream reactor. Samples were pressed,
and then crushed and sieved to obtain particles in the range of 250-500 pm. An amount of
300 mg of catalyst (sieve fraction 250-500 pum) was loaded into a quartz reactor with an
internal diameter of 4 mm. The catalyst was pretreated by heating to 450 °C at a rate of
10 °C/min in a flow of CH4/N; (95/5) followed by an isothermal dwell of 45 min. Then the
temperature was increased to 700 °C (15 °C/min). The moment when the final temperature
was reached was regarded as the start of the reaction. The reaction was carried out at 700 °C
for 16 h in a 30 ml/min CH4/N2 (95/5) flow. The reaction products were analyzed by online
gas chromatography (Interscience Compact GC) equipped with 2 pre-columns, 3 columns
and 3 detectors. A TCD coupled with an RT-Q-Bond pre-column (length 3 m; i.d. 0.32 mm;
thickness 10 um) and a Molsieve 5A column (length 10 m; i.d. 0.32 mm; thickness 30 pum)
was used for the analysis of Hz, N2, CH, and CO. A TCD coupled with an RT-Q-Bond pre-
column (length 3 m; i.d. 0.32 mm; thickness 10 pm) and an RT-Q-Bond column (length 10
m; i.d. 0.32 mm; thickness 10 um) was used for the analysis of ethane and ethylene. Heavier
hydrocarbons (benzene, toluene and naphthalene) were analyzed with FID coupled with an
Rtx-1 column (length 15 m; i.d. 0.32 mm; thickness 1 pm).
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4.3 Results and discussion

4.3.1 Zeolite synthesis
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Figure 4.1. (a) XRD patterns of as-synthesized samples, (b) Ar physisorption isotherms of
calcined samples, (c-e€) SEM images of calcined samples and (f) representative TEM image
of calcined ZSM-5-11.

Various ZSM-5 zeolites were hydrothermally synthesized from initial gels with different
Si/Alratios (i.e., 15, 13, 11, and 10) at 160 °C for 7 days. The XRD patterns, Ar physisorption
isotherms and representative SEM and TEM images of the solid products are shown in Figure
4.1. XRD patterns in Figure 4.1a show that phase-pure ZSM-5 zeolites with high crystallinity
are obtained from gels with Si/Al ratios of 11, 13, and 15, while no crystalline product was
obtained at a Si/Al ratio of 10. The high crystallinity is also evident from the steep Ar uptake
at low relative pressure (p/po < 0.01) due to the filling of the zeolite micropores (Figure
4.1b).3' SEM and TEM images (Figures 4.1c-4.1f) show agglomerates composed of
nanosized crystals (20-50 nm). The nanocrystalline morphology of these ZSM-5 zeolites is
consistent with their high external surface area in the 86-93 m? g* range (Table C1).
Elemental analysis shows that the Si/Al ratio of the zeolites is very similar to the ratio in the
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corresponding starting gels, which suggests proper incorporation of Al and Si nutrients,
consistent with the high synthesis yields (94-99%) (Table C1).

The effect of the NaOH/Si molar ratio (0.5, 0.6 and 0.7) in the initial gel was also investigated.
The results in Figure C3 show that phase-pure ZSM-5 can only be obtained at a NaOH/Si
molar ratio of 0.6 at a Si/Al ratio of 11. It should be noted that in previous studies the initial
synthesis gel had a lower NaOH/Si molar ratio of around 0.3, because higher alkalinity
typically leads to impurity phases such as MOR.?: 32 Although this is not the case here with
PraN-benzyl-NPr; as the OSDA, we verified the formation of a mixture of ZSM-5 and MOR
when this OSDA was replaced by TPABr at a NaOH/Si gel ratio of 0.6 (Figure C4). Pure
MOR zeolite was obtained in the absence of the OSDA already after 1 day hydrothermal
synthesis (Figure C5), consistent with previous studies.®® Overall, the above results
demonstrate that PrsN-benzyl-NPr3 is an effective OSDA for synthesizing nanosized Al-rich
ZSM-5 with high yield. Therefore, our synthesis extends the scope of the use of PrsN-benzyI-
NPr3;as OSDA in directing more valuable aluminum-containing zeolite for acidic catalysis.
So far, this OSDA has only been reported for directing all-silica zeolites (Silicate-1 and IDM-
1) in fluoride media by the group of Camblor.3 3

In order to understand the crystallization behavior of ZSM-5-11, the solids obtained at
different crystallization time were characterized in terms of crystallinity, chemical
composition, morphology and textural properties. The XRD results (Figures 4.2a and C6)
show that the crystallization process starts with a long induction period (~5 days) followed
by a fast crystal growth stage (~1 day). Notably, a high solid yield (> 87%) is maintained
throughout the whole crystallization process (Figure 4.2a). Consistent with this, the solid
products are similar in both bulk and surface Si/Al ratios (~11). Electron microscopy was
used to determine the morphology of the solid products. The SEM image in Figure 4.1d
shows the presence of worm-like particles (> 100 nm) with an irregular morphology in the
solid product obtained after 1 day synthesis. Supported by XRD (Figure C6) and
physisorption data (Figure C7 and Table C2), these worm-like particles represent amorphous
aluminosilicate species. Similar worm-like features have also been observed for amorphous
zeolite precursors in ZSM-5 synthesis with TPA.% 36 After hydrothermal treatment for 2 days,
a decrease in the size of the particles is observed, which then remains constant until the onset
of crystallization. After 5 days synthesis, the SEM image shows the formation of embedded
tiny particles on the outer surface of the worm-like particles (Figure 4.2h). The corresponding
TEM image presents clear lattice fringes, indicating that these small particles (< 30 nm) are
crystalline in nature (Figure 4.2c). The formation of such crystalline particles is also
consistent with the XRD patterns, where already MFI features can be discerned (Figure C6).
As indicated by XRD (Figure S6), further hydrothermal treatment until 6 days resulted in fast
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crystal growth and formation of aggregated particles with a size of 20-50 nm (Figure 4.2i).
After 7 days, no significant change in the morphology of the particles was observed anymore,
while the corresponding XRD pattern indicates that ZSM-5 with high crystallinity is obtained.
This is also confirmed by the Ar physisorption isotherms of the calcined samples, in which
the highest Ar adsorption capacity in the low-pressure region (p/po < 0.01) is observed for
the sample synthesized for 7 days (Figure C7). Prolonging the synthesis to 9 days has a
negligible effect on the crystallinity (Figure 4.2a) and textural properties of the zeolite
(Figures 4.2k and C6, Table C2).
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Figure 4.2. (a) Relative crystallinities, Si/Al molar ratios and yields of solid synthesis

products; (b-c) TEM images and (d-k) SEM images of obtained solid products during the
synthesis of ZSM-5-11.
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Figure 4.3. (a) 2’Al MAS NMR spectra; (b) 2°Si MAS NMR spectra and (c) IR spectra of
solid products obtained during the synthesis of ZSM-5-11.

Besides the evolution of crystallinity, the chemical composition, the morphology and textural
properties as well as the structural evolution of the solid products was investigated with 2’Al
MAS NMR, #Si MAS NMR and IR spectroscopy. The Al NMR spectra in Figure 4.3a
show a single intense signal at 54 ppm assigned to four-coordinated Al species for all samples
obtained as a function of hydrothermal synthesis time.3” This indicates that the aluminum
precursor is dissolved well and reacts with silicates to form the aluminosilicates composed
of four-coordinated Al at the beginning of the synthesis.®® As shown in Figure C8, the full
width at half maximum (FWHM) of the peak at 54 ppm decreases gradually during the
induction period (< 5 days), which indicates an improved structural order of the amorphous
precursor.®® After the onset of crystal growth, a substantial decrease of the FWHM of the
relevant NMR peak is observed in line with the increased crystallinity. The coordination
environment of Si atoms was investigated by 2°Si MAS NMR spectroscopy. As shown for
the solid product after 1 day synthesis in Figure 4.3b, the 2°Si MAS NMR spectrum shows a
broad peak between -80 and -120 ppm. According to a previous study, this broad peak mainly
consists of resonances centered at around -95 ppm, -102 ppm, -105 ppm and -111 ppm, which
correspond to Q2(0AI), Q3(0AI), Q*(1Al) and Q*(0AI), respectively.*® Upon hydrothermal
treatment up to 5 days, the resonances assigned to Q?(0Al) and Q3(0AI) gradually decrease
in intensity, while an increased intensity in the signal assigned to Q*(0Al) is observed,
suggesting the gradual condensation of silicates during the induction period.** After full
crystallization (7 days), a sharp peak at -111 ppm is observed, while the feature at -95 ppm
is absent, indicating the high condensation degree of silicates and well-ordered structure of
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the obtained ZSM-5 zeolite. Finally, the various samples were investigated by IR
spectroscopy. Figure 4.3c shows that the spectrum for the solid sample obtained after 1 day
synthesis contains a weak band at 550 cm1, which can be related to double-5-membered ring
(D5R) units.*? After formation of highly crystalline ZSM-5 zeolite after 7 days synthesis, the
band at 550 cm is more intense, which is usually explained by the more rigid environment
in the zeolite framework.*3
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Figure 4.4. (a) Structural formula of PrsN-benzyl-NPrs; (b) Solid-state 'H-*C CP/MAS
NMR spectra of solid samples synthesized as a function of the hydrothermal synthesis time
(top) and liquid-state **C NMR spectrum of Pr3N-benzyl-NPr; in DO (bottom); (c) *H-1*C
HETCOR NMR spectrum of as-synthesized ZSM-5-11 and (d) 'H-?°Si HETCOR NMR
spectrum of as-synthesized ZSM-5-11.

We also investigated the interaction between the solid aluminosilicate intermediates and the
OSDA during hydrothermal synthesis by TGA, *H-13C CP/MAS NMR spectroscopy, *H-13C
HETCOR NMR spectroscopy and 2D 'H-?°Si HETCOR NMR spectroscopy. The TGA
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results in Table C3 show that the content of occluded OSDA:s in the solid product obtained
after 1 day synthesis is 4.2 wt%. This amount is the same as after prolonged synthesis until
the end of the induction period. However, the amount of occluded OSDA substantially
increases to values larger than 8 wt% for the crystalline samples, which implies that the
interaction between the OSDA and aluminosilicate precursors in amorphous products differs
from that in the crystalline end product. Such differences were also reported in previous
studies involving ZSM-5 synthesis with TPA in which the incorporation of a particular
amount of TPA into the amorphous phase during the induction stage was argued to be an
essential prerequisite for the subsequent disorder-to-order solid transformation.** “> Other
synthesis strategies, e.g. ultrasonication, have also been employed to facilitate the
incorporation of TPA into the amorphous inorganic substrates, resulting in a shorter
induction stage.** “6 We also investigated the obtained solid samples by H-3C CP/MAS
NMR spectroscopy. As shown in Figure 4.4b, the **C NMR spectrum of sample obtained
after 7 days synthesis matches well with that of the pure PrsN-benzyl-NPrs, indicating that
the OSDA is stable during hydrothermal synthesis. Notably, the spectra of the two samples
obtained after 3 and 5 days synthesis show a much lower intensity than the spectrum of the
highly crystalline sample obtained after 7 days. Considering the relatively small differences
in the amount of occluded OSDA between samples (Table C3), the intensity changes can be
correlated to a higher mobility of the occluded organic molecules, explaining the less intense
correlation signals.*” It is reasonable to expect that the OSDA interacting with amorphous
solid intermediates during the induction period are more mobile than the OSDA in the final
condensed zeolite framework.

To further reveal guest-host interactions between the OSDA and the inorganic part, 2D H-
13C and H-?°Si HETCOR NMR experiments were carried out. First, the proton chemical
shift assignment was determined on the basis of the 2D *H-3C HETCOR NMR spectrum. As
shown in Figure 4.4c, two correlated signals between protons and carbon atoms in the
terminal methyl groups (-CHs) are observed. An additional shoulder is observed for the
resonance assigned to -CHs in the *3C dimension projection. These findings are in qualitative
agreement with the 3C NMR spectrum for TPA occluded in ZSM-5 zeolite in previous
studies, where the splitting of the signal due to terminal -CHs; was attributed to differences in
confinement and electrostatic interactions between TPA in zigzag and straight channels.47-°,
Another supporting evidence for this is that a symmetric **C NMR signal without splitting is
observed for the terminal -CHz in the 1*C projection of 2D H-*C HETCOR NMR spectrum
of PrsN-benzyl-NPr; itself (Figure C10). The proximity between the occluded OSDA and the
zeolite framework can be deduced from the *H-?°Si HETCOR NMR spectrum. The strongly
correlated signals in Figure 4.4d between the various protons of the OSDA and the
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framework Si species, i.e. Q*(LAl) and Q*(0Al), evidence the inclusion of the OSDA in the
ZSM-5 micropores. For the amorphous solid sample after 3 days synthesis, additional
correlation signals are observed between the propyl moieties of the OSDA and Q* sites, while
cross-peaks between aromatic protons and Q* sites are absent (Figure C11a). These findings
indicate that the formation of the inorganic-organic composites at the initial induction stage
is mainly driven by the electrostatic interactions between the positive-charged head groups
of the OSDA and the negatively charged Al-rich aluminosilicate matrix. The appearance of
correlation signals between the aromatic protons of the OSDA and Si atoms goes together
with the formation of crystalline ZSM-5, which is likely due to the complete confinement of
the OSDA by the micropores (Figure C11b).

On the basis of the above, we propose a scheme for the formation of the nanocrystalline
ZSM-5-11 sample. During the initial stages of the synthesis, rapid condensation of silica
including aluminum results in dense amorphous particles with a limited amount of OSDA
incorporated. A high NaOH/Si molar ratio (0.6) is essential to initiate these condensation
reactions. A high concentration of sodium cations leads to competition with the OSDA for
compensation of the negative charges of the inorganic matrix (due to deprotonated silanol
groups and Al for Si substitutions), which we speculate could hinder the incorporation of
OSDA: s into the inorganic matrix. This can explain the longer induction period. Comparable
Si/Al ratios and high yields of the solid products are already achieved after 1 day synthesis.
Once tiny crystals on the outer surface of the amorphous solid gel (solid-liquid) interface are
formed, crystal growth proceeds fast within 1 day via a non-conventional solid-solid
transformation mechanism. These observations suggest the importance of autocatalytic
nucleation.*-5% During the crystal growth stage, PrsN-benzyl-NPr; has a strong templating
function for MFI by fitting in the forming MFI channels. The formation of aggregated small
crystals is likely related to capping of the growing crystals by the OSDA. Specifically, this
may stem from the strong electrostatic interaction between the highly negatively charged
surface of Al-rich crystals and the positively charged OSDA.3* It has also been mentioned
that n—r stacking interaction of the OSDA in the liquid phase is beneficial to limit Ostwald
ripening, thus avoiding small crystals transforming into larger ones. 5 %

4.3.2 Acidity

ZSM-5-Con was chosen as a reference catalyst for evaluating the acidity and catalytic
performance of nanosized ZSM-5-11, ZSM-5-13 and ZSM-5-15. Basic characterization data
are presented in the Supporting Information (Figure C12 for SEM image, Ar physisorption
isotherm and XRD pattern; Table C4 for textural properties). The 2’ Al NMR spectra in Figure
4.5 show that both ZSM-5-Con and three nanosized ZSM-5 zeolites have a high fraction of
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framework Al ( > 83%). ZSM-5-11 exhibits lower bulk (10.9) and framework (13.4) Si/Al
ratios than ZSM-5-Con (Si/Alpuk = 12.9, Si/Alg = 16.1). ZSM-5-11 with a higher density of
framework Al atoms also shows a larger amount of Brgnsted acid sites (BAS) as compared
to the other samples (Table 4.1). Notably, a substantially larger amount of external BAS is
determined for ZSM-5-11, which can be correlated to the much higher external surface area.
Next, the catalytic performance of nanosized ZSM-5 samples was determined in comparison
to ZSM-5-Con in the MTH and MDA reactions, both of which are promising for the
production of aromatic building blocks.57 %8

, A|IV
— i I\
S | Zsm5-15 )
o :
~ :
> | ZsM5-13 /!
s i
n :
c :
Q | zsm511
= !
ZSM-5-Con /!
: — N
120 80 40 0 -40

27Al NMR chemcial shift (ppm)

Figure 4.5. 27Al MAS NMR spectra of calcined ZSM-5-Con, ZSM-5-11, ZSM-5-13 and
ZSM-5-15.

Table 4.1. Si/Al ratio, fraction of framework Al, and acidity of the ZSM-5 zeolites.

Jeslite SUAI | SIIAR | Alr [BAS® [LASIY | [BASed®
(ICP) | (NMR) | (%) | (umolg?) | (umolg™) | (umolg™)
ZSM-5-Con | 129 | 161 | 835 948 165 18
ZSM-5-11 | 109 | 134 | 86.0 1226 159 63
ZSM-5-13 | 13.1 - 88.3 1101 148 56
ZSM-5-15 | 14.8 - 88.7 966 134 47

@ Framework Si/Al ratio determined by 2°Si NMR.
® Fraction of framework Al determined by Al NMR.
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¢ Density of Brgnsted acid sites (BAS) determined by IR spectra of adsorbed pyridine after
evacuation for 1 h at 150 °C.

4 Density of Lewis acid sites (LAS) determined by IR spectra of adsorbed pyridine after
evacuation for 1 h at 150 °C.

¢Density of BAS on the external surface determined by IR spectra of adsorbed 2,4,6-collidine
after evacuation for 1 h at 150 °C.

4.3.3 Catalytic activity

4.3.3.1 Methanol to hydrocarbons
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Figure 4.6. MTH performance of ZSM-5 catalysts: (a) methanol conversion as a function of
reaction time and (b) product selectivity after 0.5 h time on stream.

First, the catalytic performance of the nanosized and conventional ZSM-5 zeolites in the
MTH reaction was investigated. The catalyst lifetime is defined as the time at which the
initially complete methanol conversion decreased to 50%. Figure 4.6a shows that methanol
can be fully converted over all catalysts during the initial stages of the MTH reaction. With
longer time on stream, these three nanosized ZSM-5 zeolites exhibits a better catalytic
stability than ZSM-5-Con and a significant decline in activity is only observed after 5 h with
a much longer lifetime of longer than 8 h for nanosized samples in comparison to that of ~2
h for ZSM-5-Con. Figure C15 shows that the coke contents are much higher in the used ZSM-
5-11, ZSM-5-13 and ZSM-5-15 samples (14.5%, 15.5% and 15.6%, respectively) than in the
used ZSM-5-Con sample (8.9%). Therefore, the significantly longer lifetime of nanosized
ZSM-5 samples can be attributed to a better utilization of the micropore space due to the
reduction of the crystal size 5 €. Inspection of the product distribution given in Figure 4.6b
shows a much larger aromatics selectivity of 32.7% for ZSM-5-11 in comparison to ZSM-5-
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Con (18.7%). A more detailed analysis of the products (Figure C16) shows that the heavier
aromatics, such as tetra-methylbenzene and indane, contribute significantly to the improved
aromatic yield of ZSM-5-11, whereas they are negligible in the products of ZSM-5-Con. We
explain such substantial differences in product distribution to the higher rate of desorption
for nanocrystalline samples. This can be evidenced by the comparable productivity
distributions of these three nanosized ZSM-5 zeolites. A comparison of the C,/C,~and C3/Cs™
ratios (Table C6) points to a higher hydrogen transfer rate for nanosized ZSM-5-11, ZSM-5-
13 and ZSM-5-15.5 The higher hydrogen transfer rate of the less acidic ZSM-5-15 than
ZSM-5-Con suggests likely the more amount of available acid sites during the reaction.*”
Thus, the longer catalytic lifetime of nanocrystalline ZSM-5 zeolites is due to better
utilization of the zeolite micropore space, while differences in product distribution is mainly
from improved desorption of heavier products for the smaller crystals.

4.3.3.2 Methane dehydroaromatization

15 6

—o-Mo/zsM-5-Con (@)
—o— Mo/ZSM-5-11

(o2}

—o-mozsm5Con ()
—o—Mo/ZSM-5-11

—o-Mo/zsm5-Con ()
—o— Mo/ZSM-5-11

[
o
EN

(8]

Benzene yield (%)
N

Naphthalene yield (%)

o

Methane conversion (%)

o

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time on stream (min) Time on stream (min) Time on stream (min)

:‘; (d) . (e) .

40

=
o
(=]

®

o

I Ethane
I Ethylene
I Naphthalene
I xylene

I Toluene
I Benzene
I Coke

®
o

N
o

20

Carbon selectivity (%)
S 3
IN o
o o
CH, converted (mmol/g)

Total yield (mmol/g)

o
o

N N
o o> 6‘00‘\ ;JA}

\\\0\1/6“\53’ N\&Cy " @oﬂ"‘“\

Figure 4.7. Dehydroaromatization of methane over Mo/ZSM-5 catalysts: (a) methane
conversion, (b) yield of benzene, (c) yield of naphthalene, (d) total yields of products and (e)
overall product distribution and total amount of converted methane.

For evaluating the performance of the ZSM-5 zeolites in the MDA reaction, the zeolites were
loaded with 2 wt% Mo via wet impregnation. A previous study demonstrated that at such a
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loading nearly all Mo atoms are atomically dispersed by anchoring on double framework Al
sites of high-acidity ZSM-5 zeolites (Si/Al < 15).%2 The catalytic results (Figures 4.7 and C17
and Tables C6 and C7) demonstrate the improved performance of Mo/ZSM-5-11 over
Mo/ZSM-5-Con. The nanocrystalline zeolite deactivates slower during the methane
conversion reaction, which can be appreciated from the evolution of the methane conversion
and the benzene and naphthalene yield. The accumulated product yields are more than twice
those obtained with the reference zeolite, similar to the relative difference in the total amount
of methane converted which increases from 36.6 mmol/gc: for Mo/ZSM-5-Con to 82.1
mmol/gca for Mo/ZSM-5-11. The amount of benzene and naphthalene obtained for Mo/ZSM-
5-11 increased to 33.4 mmol/gc and 13.7 mmol/gca, respectively, from values of 14.2
mmol/gear and 5.4 mmol/gca for Mo/ZSM-5-Con (Table C6). Relatively speaking, the product
distributions over the total reaction time were comparable (Figure 4.7e and Table C7). TGA
data (Figure C18) show that the coke content in used Mo/ZSM-5-11 (22%) is much higher
than in used Mo/ZSM-5-Con (13%). We attribute this difference to the better utilization of
the micropore space of the nanocrystalline zeolite.®® 8 The corresponding DTG profiles in
Figure C18 shows that the coke combustion for used Mo/ZSM-5-Con occurs in two steps.
According to our previous study, the weight loss in the low temperature range (450-550 °C)
corresponds to the combustion of coke close to Mo-centers, which can catalyze coke
combustion upon reoxidation to the oxide, while the weight loss at high temperatures (550-
650 °C) is due to the diffusion-limited combustion of coke further away from Mo-centers.®
In contrast, coke combustion in used Mo/ZSM-5-11 occurs in a single step, which we
tentatively attribute to strong diffusion limitations for oxygen because of the dense filling of
coke in the micropores of used Mo/ZSM-5-11.56 Overall, the enhanced productivity of
valuable ethylene and aromatics products over Mo/ZSM-5-11 can be mainly ascribed to the
better utilization of zeolite micropores.

4.4 Conclusions

In summary, this work describes the direct synthesis of nanosized Al-rich ZSM-5 zeolites by
a one-step hydrothermal synthesis approach using PrsN-benzyl-NPr; as the sole OSDA. The
most acidic sample is ZSM-5-11 (Si/Al = 10.9, 20-50 nm, yield = 99%). A high NaOH/Si
molar ratio of 0.6 is crucial for the successful zeolite synthesis. The crystallization process
of ZSM-5-11 shows a long induction period (~5 days) and a fast crystal growth step (~1 day)
involving a solid-state transformation, which can be described by the autocatalytic model. A
systematic NMR study, together with TGA, reveals that, after electrostatic interaction
between condensed aluminosilicate and the head groups of OSDA during the induction stage,
ZSM-5 crystallizes around the OSDA. ?’Al NMR spectroscopy reveals that 86% of
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aluminum species are in the framework of calcined ZSM-5-11. Nanosized ZSM-5-11 shows
significantly improved aromatics productivity in MTH and MDA reactions as compared to a
commercial ZSM-5 (Si/Al = 12.9). The improved catalytic performance of ZSM-5-11 is
ascribed to the high acidity and enhanced mass-transfer ability. Finally, we expect that
nanosized ZSM-5-11 zeolite could also be a promising catalyst for other reactions relevant
to the clean energy transition.
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Figure C1. Liquid-state *H NMR spectrum of PrsN-benzyl-NPrs in D,O.
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Figure C2. Liquid-state *3C NMR spectrum of PrsN-benzyl-NPrs in D2O.
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Figure C3. XRD patterns of solid products obtained at different NaOH/Si molar ratios. The
initial gel molar composition: 12 SiO»: 0.545 Al,O3: x Na,0O: 1.2 OSDA: 480 H,O (Si/Al=11;
x=3-4.2). All the syntheses were performed at 160 °C for 7 days under tumbling (50 rpm).
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Figure C4. The XRD pattern of solid product obtained by using TPABr. The initial gel molar

composition: 12 SiOy: 0.545 Al,O3: 3.6 NaO: 2.4 TPABr: 480 H,O (Si/Al=11). The
synthesis was performed at 160 °C for 7 days under tumbling (50 rpm).
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Figure C5. The XRD pattern of solid product obtained in the absence of OSDA. The initial

gel molar composition: 12 SiO,: 0.545 Al;Os: 3.6 Na2O: 480 H,0 (Si/Al=11). The synthesis
was performed at 160 °C for 1 day under tumbling (50 rpm).
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Figure C6. XRD patterns of solid products obtained at different crystallization time. The
initial gel molar composition: 12 SiO,: 0.545 Al;03: 3.6 NaO: 1.2 OSDA: 480 H,O
(Si/Al=11). All the syntheses were performed at 160 °C under tumbling (50 rpm).
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Figure C7. Ar physisorption isotherms of calcined solid products obtained at different
crystallization time during the synthesis of ZSM-5-11.
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obtained at different crystallization time during the synthesis of ZSM-5-11.
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Figure C9. TG (left) and DTG (right) curves of samples obtained at different crystallization
time during the synthesis of ZSM-5-11.
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ZSM-5-11: (a) ZSM-5-11-(3 d); (b) ZSM-5-11-(5 d); (c) ZSM-5-11-(7 d).
128



T
= 120
n
-~ =, 100 g ap?’
> “ e
8 5 soq¢
o
% B 60{8
c -g 3
£ g w13
= c ?
o 20493
£ $
=1 o
S 0ig T T T T
10 20 30 40 > 0.0 0.2 0.4 0.6 0.8 1.0
26 (degrees) Relative pressure (P/P,)

Figure C12. (a) SEM image, (b) XRD pattern and (c) Ar physisorption isotherm of calcined
ZSM-5-Con.
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Figure C15. TG and DTG (inset) profiles of spent catalysts after methanol-to-hydrocarbons
(MTH) reaction.
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Figure C16. Product selectivity of ZSM-5 catalysts for MTH reaction after 0.5 h time on
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other unidentified heavy aromatics.
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Figure C18. TG and DTG (inset) profiles of spent catalysts after MDA reaction.
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Table C1. Product yields and textural properties of calcined ZSM-5 zeolites with different
Si/Al ratios.

Vmi V, S
Y|e|d SBET Vtot micro meso ext
Sample (cmig?l) | (cmig?l) | (m?g?)
(%) (m*g") | (em*g?)
(t-plot) (BJH) (t-plot)
ZSM-5-15 94 325 0.24 0.10 0.12 86
ZSM-5-13 96 362 0.25 0.11 0.11 93
ZSM-5-11 99 349 0.27 0.11 0.14 87

@ Based on the inorganic sources introduced in the initial gel.

Table C2. Textural properties of calcined solid products obtained at different crystallization
time during the synthesis of ZSM-5-11.

Sample Sger (M? g?) Vmic(r:_g:l?; K
1d 8 0
2d 10 0
3d 10 0
4d 14 0
5d 100 0.02
6d 299 0.08
7d 349 0.11
9d 328 0.11
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Table C3. Organic template content within solid products obtained at different crystallization
time during the synthesis of ZSM-5-11.

Sample Organic template content (wt%)?
1d 4.2
2d 4.2
3d 41
4d 41
5d 54
6d 8.6
7d 8.4

aDetermined by the weight loss between 250 °C and 700 °C of TG results.

Table C4. Textural properties ZSM-5-Con.

S V. Vmicro Vmeso Sext

BET tot

Sample cmi gt cmig?! m2 gt

p (m? g (cm® g (cm®g™) (cm®g™) (m?g™)
(t-plot) (BJH) (t-plot)

ZSM-5-Con 294 0.14 0.10 0.02 29

Table C5. Productivity selectivity of MTH reaction after 0.5 h on stream over ZSM-5
catalysts.

Selectivity (%) C,/ Cal

Sample
CHs | CoHg | CoHe | CsHe | CsHs | Cas | Aromatics Cos Co-
M3 g5 | 191 | 01 | 259 | 42 | 305 | 187 | 0.006 | 0.160

Con
25'1\"1'5' 10 | 147 | 02 | 180 | 68 | 266 | 327 |0.014 | 0.380
ZS|1\/|3-5- 09 | 151 | 02 | 193 | 62 | 269 | 314 |0.012 | 0.320
ZS'l\:'S's' 08 | 1563 | 02 | 204 | 61 | 271 | 301 |0011 | 0.300

134



Table C6. Total product yields of MDA reaction over Mo/ZSM-5 catalysts.

Total yield (mmol/gca)
Sample

CoHa CoHs CeHe C7Hs CsHio | CioHg | Coke

Mo/ZSM-5-Con 4.8 0.7 14.2 0.2 0.4 5.4 10.8

Mo/ZSM-5-11 12.3 0.5 33.4 0.4 11 13.7 20.7

Table C7. Overall product selectivity and total amounts of converted methane of MDA
reaction over Mo/ZSM-5 catalysts.

Vlt 0

converted
(mmol/gcar)

CoHa | CoHe | CeHs | CsHg | CsHio | CioHs | Coke

MO/:SM' 132 | 19 [ 389 | 05 | 10 | 148 | 207 36.6
MO/:SM' 150 | 06 | 407 | 05 | 13 | 167 | 252 82.1
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Chapter 5

Rigid diquat structure-directing agents for synthesis of
ZSM-12 nanocrystals with improved performance in
n-paraffins  hydroconversion and methanol-to-
hydrocarbons reactions

Abstract

ZSM-12 is an important zeolite used as a catalyst in several industrial hydrocarbon
conversion reactions. Facile synthesis of nanocrystalline ZSM-12 with sufficient acidity (low
Si/Al ratio) remains a challenge. Here we report the successful synthesis of nanosized ZSM-
12 from flexible aluminosilicate initial gels (Si/Al = 20, 50 and 100) using rigid diquaternary
ammonium compounds (p-xylene-bridged bis-methylpyrrolidinium, -methylpiperidinium
and -1,2-dimethylimidazolium -) as the organic structure-directing agents (OSDAS). The
effective structure-directing ability of these OSDAs for nanocrystalline ZSM-12 synthesis is
due to the strong interaction between the OSDA and the growing zeolite framework. The
resulting nanocrystalline ZSM-12 zeolites exhibit improved catalytic performance in
hydroconversion of n-hexadecane (n-Cig) and methanol-to-hydrocarbons reactions. TGA
analysis of used catalysts and in situ IR spectroscopy of intra-zeolite organic species during
the MTH reaction revealed that the smaller crystals result in lighter aromatics and less coke
deposition due to the higher rate of desorption attributed to the larger external surface.
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5.1 Introduction

Zeolites are a family of crystalline porous materials with well-defined channels and cavities
in the molecular range.! Depending on their pore topology and chemical composition, these
materials can be useful in many technological applications, mainly in separation, adsorption
and catalysis.? ® Despite the many zeolite available from a synthetic point of view, only
relatively few of them are used on a commercial scale. ZSM-12 with it one-dimensional
system of 12-membered ring (12-MR) pores is used as a shape-selective acid catalyst in
petroleum refining reactions such as alkylation and disproportionation of aromatics,
hydroisomerization of n-paraffins and cracking of hydrocarbons.* The pores in ZSM-12 have
a size of 5.7 A x 6.1 A and run in the b-direction of the crystal. While the one-dimensional
pore topology endows ZSM-12 unique shape-selective properties, it also leads to severe
diffusion limitations for reactants and products, lowering the catalytic activity and inefficient
use of acid sites in the micropores.> ¢ The long residence times in such crystals can lead to
undesired secondary reactions, giving rise to decreased selectivity or deactivation.” 8 A well-
known strategy to overcome transport limitations is to decrease the path length of diffusion
by reducing the crystal domain size of zeolites, which can be achieved by introducing
intracrystalline mesopores or by reducing the size of the zeolite crystal.®!! For acid catalysis,
the Si/Al ratio is the most important chemical property of zeolites.*> 3 For instance, highly
acidic ZSM-12 (Si/Al < 20) is desirable for the n-decane cracking to achieve high activity,*
while a specific acidic density is needed to achieve a high isomer yields in the
hydroisomerization of n-paraffins.t> 16

Various approaches have been devoted to prepare hierarchical ZSM-12 zeolites, such as
modification of the synthesis condition, introduction of growth modifiers, employment of
new OSDAs or post-synthetic modification.r”-?* However, it still remains a challenge to
synthesize hierarchical ZSM-12 zeolites with Si/Al ratios outside the normal 35-100 range.
The main reason is that, for conventional ZSM-12 zeolites synthesized with the most
commonly employed OSDAs, i.e. tetraethylammonium (TEA), methyltriethylammonium
(MTEA) and benzytrimethylammonium (BTMA), the lowest Si/Al ratio is ~25.22-2° The more
expensive TEA in the hydroxide form (instead of the bromide) is required to synthesize
nanocrystalline ZSM-12 zeolites. Besides, to ensure effective formation of nanosized ZSM-
12 by using TEAOH, a highly concentrated gel (H.O/Si < 15) is indispensable to favor
nucleation, which makes scale-up synthesis even more challenging.® % Recently,
diquaternary ammonium compounds have been demonstrated to be effective templates for
the facile synthesis of hierarchical ZSM-12 zeolites due to the strong interaction between the
two ammonium centers and the negatively charged aluminosilicate precursors. However, the
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effective utilization of these templates for hierarchical ZSM-12 synthesis has been limited to
relatively typical Si/Al ratios between 40 and 100.5 027-30 Therefore, it is highly desirable to
fabricate more effective OSDASs in order to synthesize hierarchical ZSM-12 zeolites with a
wider range of Si/Al ratios, especially at the more acidic compositions.

Although zeolite crystallization is a very complex process involving numerous solid-liquid
equilibria and silica condensation steps, it has been demonstrated that the highly flexible
OSDA allows the synthesis of zeolites with different topologies.3** For example,
Weckhuysen and co-workers demonstrated that the occluded TEA can adopt two distinct
conformations with different fractions depending on the templated zeolitic topology (BEA
and MOR) as well as the framework heteroatoms.®®> However, the molecular flexibility in
terms of conformation of OSDA can impede host-guest specificity, therefore resulting in
mixtures of different zeolite phases. This can be illustrated by the formation of Beta zeolite
when synthesizing ZSM-12 at Si/Al gel ratios lower than 30 with TEAOH as the OSDA.?
The use of conformationally rigid and bulky organic molecule as OSDA can lead to the
selective formation of particular zeolites due to a host-guest specificity.3® As an example,
Xiao and co-workers reported the direct synthesis of IWR zeolite using p-
phenylenedimethylene-bis(N-methylpyrrolidinium), which is more rigid than the commonly
used and flexible hexamethonium OSDA.%” Motivated by these previous studies, we explored
the use of rigid OSDA for the synthesis of nanocrystalline ZSM-12 zeolites in a wider range
of Si/Al ratios.

In this work, we investigated the direct synthesis of nanosized ZSM-12 zeolites using
diquaternary ammonium compounds in conventional hydrothermal synthesis in a broad range
of Si/Al ratios. Our starting point was to employ inexpensive diguaternary ammonium
compounds more rigid than those multiquaternary ammonium salts used before in ZSM-12
synthesis (Table D1). Another important consideration was that the OSDA should fit MTW
channels. This led to the identification of three organic compounds in which p-xylene forms
the linkage between two quaternary ammonium centers and nitrogen-containing cycles as the
end groups (Figure 5.1). These organic compounds were synthesized via a one-step procedure
from commercial chemicals and used to prepare zeolites from initial gels with Si/Al ratios
ranging from 15 to infinity. The resulting zeolites were extensively characterized for their
physicochemical properties and evaluated for their catalytic performance in the
hydroconversion of n-hexadecane (n-Cis) after loading with Pt and in the methanol-to-
hydrocarbons (MTH). In situ IR spectroscopy was employed to identify the intra-zeolite
organic deposits during the MTH reaction.
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Figure 5.1. Organic structure-directing agents (OSDASs) used in this work.
5.2 Experimental section

5.2.1 Synthesis of OSDA

P-phenylenedimethylene-bis(N-methylpyrrolidinium) dibromide (SDAL): 0.025 mol of a,0'-
dibromo-p-xylene (TCI, > 98.0%) was dissolved in a solution of 100 ml of acetonitrile
(Biosolve, 99.8%) and 50 ml of toluene (Alfa Aesar, anhydrous, 99.8%) at 70 °C. Then, 0.1
mol of N-methypyrrolidine (TCI, > 98.0%) was added under stirring and kept at 70 °C for 2
days under a nitrogen atmosphere. After the reaction, the white product was separated by
filtration, followed by washing with diethyl ether (Biosolve, 99.9%). The obtained solid

product was dried at 50 °C overnight in a vacuum oven. The product yield was 95%.

P-phenylenedimethylene-bis(N-methylpiperidinium) dibromide (SDA2): The reaction was
carried out as in the synthesis of SDA1, except for the use of N-methylpiperidine (TCI, >
99.0%) instead of N-methypyrrolidine. The product yield was 90%.

P-phenylenedimethylene-bis(1,2-dimethylimidazolium) dibromide (SDA3): The reaction
was carried out as in the synthesis of SDAL, except for the use of 1,2-dimethylimidazole
(TCI, > 98.0%) instead of N-methypyrrolidine. The product yield was 91%.

The purity of the above three organic templates were verified by liquid-state *H NMR (Figure
D1).
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5.2.2 Synthesis of zeolites

Taking the hydrothermal synthesis with a Si/Al gel ratio of 50 and SDA1 as an example, 0.3
g of sodium hydroxide (Sigma Aldrich, > 98%) was dissolved in 15.7 g H.O, followed by
the addition of 1.09 g SDAL. After sodium hydroxide and organic template were fully
dissolved, 0.121 g AICI5-6H,0 (Alfa Aesar, 99%) was added to the mixture, followed by the
addition of 3.75 g of Ludox AS-40 (Sigma Aldrich, 40 wt%) under stirring. The resulting gel
had a molar composition of 12 SiO,: 0.12 Al,Os: 1.8 Na,O: 1.2 SDA: 480 H,O. After
vigorous stirring for 3 h at room temperature, the gel was transferred into a 45 ml Teflon-
lined stainless-steel autoclave (Parr Instruments). The autoclave was heated in an oven at
160 °C for 4 days under tumbling (50 rpm). After crystallization, the solid product was
recovered by centrifugation, washed with demi-water until pH < 8 and dried at 30 °C
overnight in a vacuum oven. The organic species in the as-synthesized zeolite was removed
by calcination under flowing air at 550 °C for 8 h. To obtain the proton-form, the calcined
sample was ion-exchanged with 1.0 M NH4NOs solution followed by calcination at 550 °C
(heating rate 1 °C/min) for 4 h in a O flow (20 vol% in N2). Samples are denoted by zeolite
topology(x, SDAY) with x indicating the Si/Al gel ratio and y indicating number of SDA. For
comparison, a conventional ZSM-12 zeolite was synthesized with methyltriethylammonium
chloride (MTEACI, Alfa Aesar, 98%) by following a procedure from the literature.? This
zeolite was denoted as MTW-Con.

5.2.3 Preparation of Pt-containing zeolites

The proton-form of the zeolites were loaded with 0.5 wt% Pt using wet impregnation with an
aqueous solution of tetraammineplatinum(ll) nitrate (Pt(NHs)s(NOs),, Alfa Aesar). The
impregnated zeolites were dried in air followed by calcination at 450 °C (heating rate
0.5 °C/min) for 2 h under O (20 vol% in Ny).

5.2.4 Characterization

The chemical compositions of samples were determined by inductively couple plasma optical
emission spectrometry (ICP-OES) performed on a Spectro Blue ICP instrument, after solid
dissolution in HF/HNO3 aqueous solution.

Powder X-ray diffraction (XRD) patterns of samples were recorded on a Bruker D2 Endeavor
diffraction system using Cu Ko, radiation.
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Ar physisorption measurements were performed on a Micromeritics ASAP 2020 instrument

in static mode at -186 °C. Prior to measurements, the samples were outgassed at 400 °C for
6 h.

Thermogravimetric analyses (TGA) experiments were carried on a TGA/DSC 1 instrument
(Mettler Toledo). The sample was heated from 40 °C to 800 °C at a rate of 5 °C/min in 20
ml/min O, and 40 ml/min He flow.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images
were obtained, respectively, on a FEI Quanta 200F (3 kV) and a FEI Tecnai 20 (200 kV).
Annular dark field scanning transmission electron microscopy (ADF-STEM) images were
recorded on a TU/e CryoTitan (FEI, now Thermo Fischer Scientific) electron microscope at
300 kV and room temperature.

The acidity of samples was determined by IR spectroscopy on a Bruker Vertex 70v
spectrometer by studying the adsorption of pyridine and 2,4,6-collidine. Samples were
prepared as a pressed round wafer with a diameter of 13 mm (~10 mg ) and pretreated in situ
at 550 °C for 1 h in artificial air. After pretreatment, the cell was cooled to 150 °C and
outgassed until the residual pressure was below 1x 10 mbar. A background spectrum was
collected. Pyridine or 2,4,6-collidine was then introduced into the cell until the sample was
fully saturated as judged from the IR spectra. Finally, IR spectra were recorded at 150 °C
after outgassing for 1 h at 150 °C, 300 °C and 500 °C.

The nature of carbon deposits formed on the catalyst during the MTH reaction was monitored
on a Nicolet spectrometer with a MCT detector. Prior to the reaction, self-support wafers
(~10 mg) were pretreated in situ in He flow at 450 °C for 1 h, followed by cooling to the
reaction temperature of 400 °C and taking a background. Then, methanol was fed into the in
situ IR cell by flowing He (30 ml/min) through a saturator containing methanol (VWR
Chemical, > 99.8%) at -10.4 °C. Time-resolved spectra were recorded with a resolution of 4
cm and a total scan of 64.

Solid-state 2’Al, #Si and *C MAS NMR measurements were performed on a 11.7 Tesla
Bruker DMX500 NMR spectrometer at a frequency of 132, 99 and 125 MHz, respectively.
27Al NMR spectra were recorded with a 2.5 mm MAS probe at a spinning rate of 25 kHz.
2Gj and *C NMR spectra were recorded with a 4 mm MAS probe at a spinning rate of 10
kHz. Two-dimensional *H-?°Si and 'H-®C heteronuclear correlation (HETCOR) NMR
spectra were recorded with a contact time of 1 ms and 4 ms. respectively. 2’Al, 2Si and 3C
chemical shifts were referred to AI(NOs)s, tetramethylsilane and solid adamantane,
respectively.
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Liquid-state *H and *C NMR measurements were performed on a Bruker 400 MHz
spectrometer. Prior to measurements, the organic template was dissolved in deuterated water
and transferred into a 5 mm NMR tube. *H and *C NMR spectra were collected with a total
scans of 32 and 1024, respectively.

5.2.5 Catalytic activity measurements

5.2.5.1 Hydroconversion of n-hexadecane

The activity of Pt/ZSM-12 catalysts in the hydroconversion of hexadecane (n-Cis) were
evaluated in a downstream fixed-bed reactor. Typically, the catalyst (sieve fraction 125-250
pum) was dried in the reactor at 200 °C for 1 h at atmospheric pressure under flowing He.
After cooling the reactor to 50 °C, the catalyst was reduced in situ at 400 °C using a rate
3 °C/min for 1 h in flowing H> at atmospheric pressure. The reactor was then cooled to 150 °C
and pressurized to 60 bar with Ha, followed by wetting the packed bed in a liquid n-Cs¢ flow
of 1 ml/min for 10 min. The reaction was carried out at a H2/n-C1s molar ratio of 20 and a
weight hourly space velocity (WHSV) of gn.cis geart W', The reactor effluent was analyzed
every 10 °C with steady-state activities obtained after ~5 h. Products were analyzed using an
online gas chromatograph (Thermo Scientific Focus GC) equipped with an FID detector
coupled with an Rtx-1 column.

2.5.2. Methanol to hydrocarbons

The catalytic performance of the ZSM-12 samples in MTH reactions were tested in a
downstream fixed-bed reactor. Samples were pressed, and then crushed and sieved to obtain
particles in the range of 250-500 um. An amount of 45 mg of catalyst (sieve fraction 250-
500 um) was loaded into a quartz reactor. First, the catalyst was pretreated in situ in artificial
air at 550 °C for 1 h, followed by cooling to the reaction temperature of 400 °C. Methanol
was fed to the reactor at a WHSV of 1.1 h'! by flowing He (30 ml/min) through a saturator
containing methanol (VWR Chemicals, > 99.8%) at -10.4 °C. The effluent was analyzed by
an online gas chromatograph (Interscience Compact GC). A thermal conductivity detector
(TCD) coupled with an RT-Q-Bond pre-column (Restek, 3 m x 0.32 mm x 10 um) and a
Molsieve 5A column (Restek, 10 m x 0.32 mm x 30 pum) was used for the analysis of H, and
CH,. A TCD coupled with an RT-Q-Bond pre-column (Restek, 3 m x 0.32 mm x 10 um) and
an RT-Q-Bond column (Restek, 10 m x 0.32 mm x 10 um) for the analysis of C,-Cs
hydrocarbons. A FID detector coupled with Rtx-1 column (Restek, 15 m x 0.32 mm x 1 um)
was used to analyze heavier hydrocarbons (Cs+). Dimethyl ether was considered as a reactant.
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5.3 Results and discussion

5.3.1 Zeolite synthesis and characterization
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Figure 5.2. XRD patterns of as-synthesized samples.

Figure 5.2 shows XRD patterns of the samples obtained at different Si/Al gel ratios (from 20
to +oo) using the selected OSDAs. At Si/Al gel ratios of 50 and 100, phase-pure ZSM-12
zeolite was obtained in all cases (Figures 5.2b and 5.2c¢). At a lower Si/Al gel ratio of 20, the
use of SDAL and SDAZ3 also led to phase-pure ZSM-12 zeolite, whereas a mixture of ZSM-
12 and Beta zeolite was formed with SDA2 (Figure 5.2a). Only amorphous product was
obtained when the Si/Al gel ratio was decreased to 15 (Figure D2). Starting from a gel without
Al, only SDA3 was able to direct ZSM-12 zeolite (Figure 5.2d). We also verified that no
ZSM-12 zeolite is formed when organic template was omitted from the synthesis gel.
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Figure 5.3. SEM and TEM images of calcined zeolites: (a-c) MTW(20, SDAL1), (d-f)
MTW(50, SDA2) and (g-i) MTW(100, SDA2).

Figure 5.3 contains representative SEM and TEM images of the calcined zeolites (additional

images in Figures D3-D6). At a Si/Al gel ratio of 20, the zeolite was made up of loosely

aggregated crystals with a size less than 50 nm (Figures 5.3a-c and D3). At Si/Al ratios of 50

and 100, the zeolites obtained with SDA2 consisted of rugby-like aggregates of nanoparticles

with size smaller than 50 nm (Figures 5.3d-i). More dense aggregation of nanoparticles was

observed for MTW(50, SDAL), MTW(50, SDA3), MTW(100, SDA1) and MTW(100, SDA3)
(Figures D4 and D5). The all-silica ZSM-12 zeolite, MTW(+w, SDA3), consists of large

micron-sized crystals (Figure D6).
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Figure 5.4. Ar physisorption isotherms of calcined zeolites.

The textural properties of the calcined samples were determined by Ar physisorption. The Ar
physisorption isotherms and micropore size distributions (PSD) are shown in Figures 5.4, D7
and D8. All the isotherms exhibit a steep Ar adsorption below P/Py = 0.02, indicating the
presence of micropores.® The zeolites synthesized at Si/Al gel ratios of 20 and 50 display
the type 1V isotherm with a hysteresis loop in the relative pressure higher than 0.6, implying
the existence of both micropores and mesopores (Figures 5.4a and 5.4b).6 A type IV isotherm
with a clear hysteresis loop is also observed for MTW(100, SDA?2), whereas MTW(100,
SDA1) and MTW(100, SDA3) present the typical type | isotherms with limited uptake at
higher relative pressure. The characteristic size of 0.55 nm micropores of ZSM-12 can be
appreciated from the PSDs given in the supporting information (Figure D7).26 Notably,
besides the main peak at 0.55 nm, the PSD of MTW/BEA(20, SDA2) shows an additional
peak at 0.60 nm, which is typical for BEA zeolite.® Therefore, consistent with the XRD data,
the PSD data confirm the phase purity of the ZSM-12 zeolites except for the zeolite
MTW/BEA(20, SDA2), which contained both MTW and BEA. The corresponding textural
properties are summarized in Table 5.1. MTW(20, SDA1) shows a large mesopore volume
and external surface area (0.26 cm® g and 116 m? g%, respectively). Comparable data were
observed for MTW(20, SDA3) (0.24 cm® g and 104 m? g%, respectively), which goes along
with the rather similar SEM and TEM images for these samples. For synthesis at a Si/Al gel
ratio of 50, MTW(50, SDA2) presents a much larger mesopore volume and external surface
area (0.24 cm® g™ and 103 m2 g%, respectively) than MTW(50, SDA1) and MTW(50, SDA3).
At a Si/Al gel ratio of 100, MTW(100, SDA2) has the larger mesopore volume and external
surface (0.09 cm® g* and 74 m? g7, respectively). In contrast, a substantially lower
contribution of mesopores was found for MTW(100, SDA1) and MTW(100, SDAS3). This is
likely due to the dense aggregation of nanoparticles as observed by SEM characterization.
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MTW(+c0, SDA3) also has a small mesopore volume and external surface (0.04 cm® g* and
36 m? g, respectively), consistent with its bulky morphology. Thus, the textural data are
qualitatively consistent with XRD, SEM and TEM characterization, demonstrating that
selective diquaternary ammonium compound can be effective templates to direct
nanocrystalline ZSM-12 zeolites in a wide range of Si/Al gel ratios from 20 to 100.

Table 5.1. Textural properties of calcined zeolites determined by Ar physisorption.

SBET Vtot VminO VmeSO SeXt

Sample mad) | emt gy (cm3gt) | cmigl) | (m?*g?Y)

(t-plot) (BJH) (t-plot)
MTW(20, SDA1) 297 0.37 0.09 0.26 116
MTW/BEA(20, SDA2) 426 0.65 0.10 0.51 178
MTW(20, SDA3) 275 0.33 0.08 0.24 104
MTW(50, SDA1) 283 0.21 0.10 0.10 70
MTW(50, SDA2) 306 0.34 0.09 0.24 103
MTW(50, SDA3) 274 0.21 0.09 0.11 77
MTW(100, SDAL) 230 0.13 0.08 0.04 47
MTW(100, SDA2) 287 0.20 0.10 0.09 74
MTW(100, SDA3) 273 0.14 0.10 0.03 43
MTW(+o0, SDA3) 278 0.15 0.10 0.04 36
MTW-Con 253 0.12 0.10 0.02 33

Next, TGA and *C NMR measurements were performed to investigate the inclusion and
intactness of OSDAs in the as-synthesized ZSM-12 zeolites, respectively. TG-DTG curves
in Figure D9 show a major weight loss at 200-750 °C due to the combustion of the OSDAs
within the zeolite samples. Notably, for each OSDA, the combustion peaks shift to higher
temperature with decreasing Si/Al ratio, which can be attributed to the stronger interaction
between the positively charged OSDA and negatively charged framework Al sites.*’ The 13C
NMR spectra of as-synthesized zeolites are similar to those of the pure OSDAs, indicating
that they are stable during the hydrothermal synthesis (Figure D10). The spatial proximity
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between the occluded OSDA and the zeolite framework was investigated by 2D 'H-3C and
'H-2°Si HETCOR NMR spectra.*! The proton chemical shift assignments in Figure 5.5b were
determined by collecting separate *H NMR spectrum (Figure D1a), H-*C CPMAS NMR
spectrum (Figure D10a) and *H-*C HETCOR NMR spectrum (Figure 5.5a). As shown in
Figure 5.5b, Q*(1Al) and Q*(0AI) framework species of MTW(50, SDA1) exhibit strongly
correlated signals with both ammonium head groups and the benzyl group of SDAL,
suggesting strong intermolecular interactions between the zeolite framework and the organic
molecule. Therefore, this observation reveals the structure-directing role of the embedded
organic template SDAL. In a similar way, the 2D NMR spectra in Figures D11 and D12 also
evidence the essential role of SDA2 and SDAS3 in directing MTW(50, SDA2) and MTW(50,
SDABJ), respectively.
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Figure 5.5. H-13C (a) and *H-?°Si (b) HETCOR NMR spectra of as-synthesized MTW(50,
SDAJ1) zeolite. The assignment to different H atoms in organic molecule SDA1 is indicated
in the top panel.
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Figure 5.6. Al MAS NMR spectra of calcined zeolites: (a) MTW(20, SDAL), (b)
MTW(50, SDA2), (c) MTW-Con and (d) MTW(100, SDA2).

Among the set of ZSM-12 zeolites synthesized with different Si/Al gel ratios, MTW(20,
SDA1), MTW(50, SDA2) and MTW(100, SDA2) were selected for further study because of
their favorable textural properties, viz. the largest the external surface. The Si/Al ratios of
calcined ZSM-12 zeolites were determined by ICP elemental analysis. The Si/Al ratio of
MTW(20, SDA1) is 18.3, which is close to the initial gel ratio of 20. MTW(50, SDA2) and
MTW(100, SDA2) have Si/Al ratios of 40.1 and 68.8, respectively. It is observed that the
discrepancy between the Si/Al ratios of the initial gel and the zeolite product increases with
the increase of the Si/Al gel ratio. A similar phenomenon has also been observed in ZSM-12
synthesis with TEAOH, which is mainly due to the low utilization for silica source.?? The
chemical environment of Al atoms in ZSM-12 zeolites was investigated by Al NMR
spectroscopy. The 2?Al NMR spectra in Figure 5.6 are dominated with a main resonance at
~54 ppm for all samples, corresponding to framework Al atoms in tetrahedral coordination
(AI'v), while the weak peak at 0 ppm is attributed to extraframework Al atoms in octahedral
coordination (AIV").2* Deconvolution of these spectra shows that the Al atoms are mainly
incorporated into the zeolite framework (> 85%). Among these samples, MTW(20, SDA1)
shows a slightly lower fraction (86%) of Al'Y. This is in line with previous studies and due
to Al-rich zeolites being more prone to develop extraframework Al species.*?
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Table 5.2. Si/Al ratios, fractions of framework Al and acidic properties of the calcined zeolite

samples.
Zeolite siar | A% | [Bas | [LAs’ | [BASS
(%) | (umolg?) | (umolg?) | (umolg?)
MTW(20, SDAL1) 183 86 736 162 283
MTW(50, SDA2) 40.1 92 436 114 176
MTW-Con 40.0 93 478 97 86
MTW(100, SDA2) 68.8 93 253 48 88

@ Determined by ICP-OES analysis.

® Fraction of framework Al determined by 2’Al NMR.

¢ Density of BAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at
150 °C.

4 Density of LAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at
150 °C.

¢ Density of external BAS determined by IR spectra of adsorbed 2,4,6-collidine after
evacuation for 1 h at 150 °C.

The total acidity of the zeolites was characterized by IR spectroscopy after pyridine
adsorption and subsequent desorption at 150 °C, 300 °C and 500 °C. Quantification of
Brensted acid sites (BAS) and Lewis acid sites (LAS) was determined by the integrated areas
of the bands at 1540 cm™ and 1450 cm, respectively.*® The total BAS density of zeolites
follow the sequence MTW(20, SDA1) > MTW-Con > MTW(50, SDA2) > MTW(100,
SDA2). MTW(20, SDAL) displays the highest BAS density as expected because of its highest
Al content. In addition, the density of BAS on the external zeolite surface was determined by
IR spectroscopy of adsorbed 2,4,6-colldine. The quantification of these data are given in
Table 5.2. The density of external BAS follows the sequence MTW(20, SDA1) > MTW(50,
SDA2) > MTW(100, SDA2) ~ MTW-Con. Notably, MTW(50, SDA2) displays a much
higher external BAS density than MTW-Con, although they present comparable total BAS
densities. The most reasonable explanation for this is the much higher external surface area
of MTW(50, SDA2).
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5.3.2 Catalytic activity

5.3.2.1 Hydroconversion of n-hexadecane

Figure 5.7. ADF-STEM images of reduced samples: (a) PY/MTW(20, SDA1), (b)
PYMTW(50, SDA2), (c) PYMTW-Con and (d) PYMTW(100, SDA2).

The ZSM-12 zeolites were evaluated for the hydroconversion of n-Cys after loading 0.5 wt%
Pt. This metal loading is generally deemed sufficient to ensure a high enough rate of
(de)hydrogenation for the isomerization/cracking reactions on acid sites to limit the overall
rate.** Element analysis shows that the actual Pt loading amounts are all close to the targeted
0.5 wt%. ADF-STEM images in Figure 5.7 demonstrate that Pt is highly dispersed on all
samples with average particle sizes smaller than 2 nm. Therefore, based on the similar metal
function for the 4 bifunctional catalysts, catalytic differences in n-Cis hydroconversion can
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be attributed to differences in intrazeolite residence times and acidities, which are related to
the acidic zeolite component.

100
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Figure 5.8. (a) Conversion of n-Css as a function of the reaction temperature and (b) the
product yield as a function of n-Cys conversion.

Figure 5.8a shows the conversion of n-Css as a function of reaction temperature. The activity
increases in the order PYMTW-Con < PtY/MTW(100, SDA2) < Pt/MTW(50, SDA2) <
Pt/MTW(20, SDA1). Among the three nanocrystalline zeolites, it can be observed that their
activities follow their acidities. Nevertheless, both PYMTW(50, SDA2) and Pt/MTW(100,
SDAZ2) are substantially more active than Pt/MTW-Con despite the lower acidity of the
nanosized zeolites. As it has been demonstrated that medium and strong BAS are required to
catalyze isomerization and cracking reactions,* the improved activity of Pt/MTW(50, SDA2)
and Pt/MTW(100, SDA?2) can be due to favorable texture of the nanocrystalline zeolites. The
role of the crystal size on long chain n-paraffin hydroconversion for one-dimensional zeolites
has been widely investigated before.'® 46 47 For instance, our previous study showed that
nanocrystalline MOR zeolite was more active than bulk MOR in the hydroconversion of n-
Ci6.%® Therefore, the lower activity of Pt/MTW-Con can be attributed to a lower accessibility
of BAS as a result of the larger crystal size.

Figure 5.8b shows the yield of isomers and cracked products as a function of n-Cys conversion.
For all catalysts, the yield of isomers gradually increases with n-Cis conversion until a
maximum after which cracking rapidly increases. This typical dependence of the product
distribution is due to the isomerization of n-alkanes, resulting in the formation of more
reactive multibranched isomers, which are prone to cracking.** Maximum isomer yields
increase in the order PtMTW-Con (15.8%) < Pt/MTW(20, SDA1) (50.5%) < PtYMTW/(100,
SDAl) (70.4%) < PYMTW(50, SDA2) (72.0%). The maximum isomer vyields for
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nanocrystalline ZSM-12 zeolites are much higher than for bulk Pt/MTW-Con. According to
previous studies, reducing the zeolite crystal sizes results in shorter residence time of olefinic
intermediates in the micropores as a consequence of the faster desorption from the acidic
zeolite, which limits overcracking and henceforth increases the isomer yield.?®  The
beneficial effect of nanocrystalline ZSM-12 zeolite is also clear from the more symmetric
cracked product distribution as compared to that of PtMTW-Con (Figure D16). Among the
nanocrystalline zeolites, PtYMTW(20, SDAL) shows a lower isomer yield than the other two
samples. Considering that PtYMTW(20, SDAL) has the highest external surface area, the
lower highest isomer yield is likely due to the high acidity, which impairs the balance
between hydrogenation and cracking.® Notably, the isomers distribution in Figure D17
shows that the ratio of multi- to mono-branched isomers of 2.8 for PtMTW(50, SDA2)
higher than the value of 1.8 for Pt/MTW(100, SDA2), although the maximum isomers yield
is comparable for these two catalysts. The higher ratio of multi- to mono-branched isomers
for PUMTW(50, SDAZ2) is likely due to the higher acidity, which favours the formation of
multi-branched products.*

5.3.2.2 Methanol to hydrocarbons
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Figure 5.9. (a) MTH performance of ZSM-12 catalysts: (a) methanol conversion as a
function of reaction time and (b) product selectivity after 0.5 h time on stream.

The catalytic performance of the nanosized and conventional ZSM-12 zeolites were
evaluated in the MTH reaction at a temperature of 400 °C and a WHSV of 1.1 h't. We defined
the catalyst lifetime (tso) as the time at which the methanol conversion decreases to 80%.
Figure 5.9a shows the conversion of methanol as a function of time on stream. Initially, the
methanol feed can be fully converted over all catalysts. Deactivation of MTW-Con is rapid
with a lifetime of only 7.8 h. Compared to MTW-Con, these three nanosized zeolites exhibit
significantly enhanced catalyst lifetime. The lifetime of the catalyst increases in the order

153



MTW-Con (7.8 h) < MTW(20, SDAL1) (36.5 h) < MTW(100, SDA2) (100 h) < MTW(50,
SDAZ2) (112 h). The TG results in Figure D18 show that the coke contents are much higher
in used MTW(20, SDA1), MTW(50, SDA2) and MTW(100, SDA2) (7.4%, 7.8% and 6.6%,
respectively) than in the used MTW-Con (4.8%), whereas the average coke formation rate of
MTW-Con (0.172 mg mg™* h™%) is much higher than these nanosized zeolites (0.030-0.082
mg mg* h') (Table D3). Compared to MTW-Con, the less acidic MTW(50, SDA2) and
MTW(100, SDA2) containing more coke still maintain higher catalytic activity. This
indicates a better coke tolerance, which can be attributed to the improved accessibility of acid
sites as a consequence of the reduced crystal size.® ZSM-12 possesses one-dimensional
channels and the acid sites in each micropore are only accessible by the two end of the crystals.
This can not only result in rapid coke formation within the zeolite channels, but also easily
render the acid sites inaccessible by coke deposition.?* Therefore, it can be concluded that
the significantly longer lifetime of MTW(50, SDA2) and MTW(100, SDA2) than MTW-Con
is due to a lower coke formation rate and a higher pore utilization. Notably, MTW(20, SDA2)
has a shorter lifetime compared to MTW(50, SDA1) and MTW(100, SDA2), despite its
higher external surface area. It is known that a higher acidity can increase the rate of
formation of aromatics, which are typically coke precursors.> Therefore, the shorter lifetime
of MTW(20, SDA1) can be related to the higher acidity, which explains the higher coke
formation rate of 0.082 mg mg™* h** than MTW(50, SDA2) and MTW(100, SDA?2) (0.033
mg mg* h'* and 0.030 mg mg* h?, respectively). The product distribution given in Figure
5.9b and Table D4 shows a much higher aromatics selectivity of 12.1% for MTW(20, SDA1)
in comparison to MTW-Con (5.1%), which can be attributed to the higher acidity and the
faster desorption of aromatics from smaller crystals. Notably, MTW(100, SDA2) shows a
high propylene selectivity (51.6%) and remarkably high Cs-/C»- ratio (23.4) in comparison
to the other samples, which is most likely related to the low acidity and short diffusional
pathways for this sample.

To better understand the substantial difference in catalytic performance between samples, the
intra-zeolite organic compounds formed during the MTH reaction were investigated by in
situ IR spectroscopy. For this purpose, a wafer (~10 mg) of zeolite sample was placed in an
in situ cell and exposed to 2 kPa methanol in He (flow of 30 ml min%). Although the contact
time is not accurately determined in this approach, it is expected to be shorter than in the
catalytic activity measurements discussed above. Time-resolved spectra recorded at 400 °C
are depicted in Figure 5.10. For all samples, bands at 2800-3100 cm™* due to C-H stretching
vibrations, bands between 1430-1650 cm™* due to C=C vibrations of aromatics and bands at
1358 cm* due to C-H bending vibrations of unsaturated species are observed, indicating the
formation of intra-zeolite organic species.’> 5 The intensity of these bands increases with the

154



progress of the MTH reaction. The slower change of these bands intensity for MTW(50,
SDA1) and MTW(100, SDA2) upon starting the reaction points to a slower formation of such
organic species, consistent with the lower coke formation rate determined by TG. In addition,
negative bands at 3580 cm™ in the hydroxyl stretching region appear due to BAS interacting
with adsorbates.>* Notably, for MTW-Con, the strong absorption band at 1591 cm™ is more
prominent than the band at 1358 cm*, which is not the case for the three nanosized zeolites.
These differences suggest that the intra-zeolite organic species formed over nanosized
zeolites contain a substantial amount of highly alkylated aromatic species, which are less
condensed than those formed over MTW-Con. The formation of less condensed coke over
nanosized zeolites can be due to the faster desorption of aromatics from smaller crystals,
whereas such species would easily condense into heavier deposits due to the longer residence
time in larger crystals.5!
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Figure 5.10. In situ IR spectra recorded during the MTH reaction at 400 °C over ZSM-12
zeolites: (a) MTW(20, SDA1), (b) MTW(50, SDA2), (c) MTW-Con and (d) MTW(100,
SDAZ2). The spectra were normalized by the weight of the samples.
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5.4 Conclusions

This work describes the effective synthesis of ZSM-12 in a wide range of Si/Al ratios from
20 to +oo by one-step hydrothermal synthesis using rigid non-surfactant diquaternary
ammonium compounds as the sole OSDA. Nanosized ZSM-12 zeolites were obtained from
aluminosilicate gels (Si/Al = 20, 50 and 100), while a reference bulk ZSM-12 sample was
obtained from an all-silica gel with SDA3. Strong interaction between the OSDA and the
zeolite framework was confirmed by solid-state NMR and TGA. The nanosized ZSM-12
samples show higher activity and significantly improved isomer vyields in the
hydroconversion of n-Cys than bulk ZSM-12. The improved performance of nanosized ZSM-
12 is due to the reduced residence time in zeolite pores, rendering acid sites more accessible
for primary conversion reactions of olefins and at the same time limiting secondary
conversion reactions. In the MTH reaction (T = 400 °C and WHSV = 1.1 h1), the nanosized
ZSM-12 samples display significantly improved lifetime over bulk ZSM-12. A high
propylene selectivity (51.6%) and remarkably high Cs-/C,- ratio (23.4) were obtained over
MTW(100, SDA2). TGA analysis of the used catalysts and in situ IR spectroscopy of intra-
zeolite organic species revealed that nanosizing zeolites leads to a lower concentration of
aromatics, reducing the extent of heavy deposits formation. Thus, rigid diquats can be used
to obtain ZSM-12 nanocrystals with tunable acidity with a significantly improved catalytic
performance.
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Figure D1. *H NMR spectra of organic templates used in this work.
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Figure D2. XRD patterns of as-synthesized samples (Si/Al=15).
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Figure D3. SEM and TEM images of calcined zeolites: (a and b) MTW/BEA(20, SDA2)
and (c and d) MTW(20, SDA3).
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Figure D4. SEM images of calcined zeolites: (a and b) MTW(50, SDAL) and (c and d)
MTW(50, SDA3).
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Figure D5. SEM and TEM images of calcined zeolites: (a and b) MTW/(100, SDA1) and (c
and d) MTW(100, SDA3).

Figure D6. SEM images of calcined zeolite MTW(+0, SDA3).
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Figure D8. Ar physisorption isotherm and micropore size distribution (inset) of calcined
zeolite MTW(+o0, SDA3).
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SDAZ3) zeolite. The assignment to different H atoms in template is indicated in the top panel.

168



(b)

Intensity (a. u.)

LT

10 20 30 40
26(degrees)

Pore width (nm)

00 02 04 06 08 10
Relative pressure (P/P,)

=

120

()]

- C

2" )

e

S 80- W
3 |§ 5,

2 Lo
P

B 404 £

[0 -~

qE) } J 0.0] ¢ )
5 3 04 08 12 16 20
)

>

o
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Figure D15. IR spectra of 2,4,6-collidine adsorbed on the calcined zeolites: (a) MTW(20,
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Figure D19. In situ IR spectra recorded during the MTH reaction and subsequent flushing
with He: () MTW(20, SDA1), (b) MTW(50, SDA2), (c) MTW-Con and (d) MTW(100,
SDAZ2). The spectra were normalized by the weight of the samples. The subsequent flushing
with He after the MTH reaction has a negligible effect on the intensity of the spectra in the
range of 1300-1700 cm?, indicating the very limited contribution of signals in this range from
organic species in the gas phase.
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Table D1. Multi-quaternary ammoniums reported for the synthesis of
hierarchical/nanocrystalline ZSM-12 zeolites.
Si/Al
Organic structure-directing agent (|8|et||/al Reference
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Table D2. Phases obtained in the as-synthesized samples as determined by XRD.

Initial gel No OSDA SDA1 SDA 2 SDA 3
Si/Al=152 -- Amorphous Amorphous Amorphous
SilAl=202 Amorphous ZSM-12 ZSM-12+BEA ZSM-12
Si/Al=50° Unknown ZSM-12 ZSM-12 ZSM-12
Si/Al=100P Unknown ZS5M-12 ZSM-12 Z5M-12
Si/Al=+o0® Unknown Unknown Unknown ZSM-12

2 Crystallization at 160 °C for 8 days under rotation (50 rpm).
b Crystallization at 160 °C for 4 days under rotation (50 rpm).
¢ Crystallization at 160 °C for 6 days under rotation (50 rpm).

Table D3. Coke amount of used samples and average coke accumulation rate during the
MTH reaction over ZSM-12 zeolites.

Sample Reaction time (h) Coke (Wt%)? Recoke (Mg mg?t h1)
MTW(20, SDA1) 44 7.4 0.082
MTW(50, SDA2) 115 7.8 0.033

MTW-Con 13.2 4.8 0.172
MTW(100, SDA?2) 105 6.6 0.030

@ Determined by the weight loss between 300 °C and 750 °C of TG results.
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Table D4. Product distribution during the MTH reaction after 0.5 h on stream over ZSM-12
catalysts.

Selectivity (%)
Sample C3-/Cop-
CH,4 Co- C, Cs- Cs Cu+ Aromatics
MTW 0.8 6.9 01 | 335 | 4.2 42.3 12.1 4.8
(20, SDA1)
MTW 0.2 44 | <01 | 453 | 3.6 39.5 6.9 10.3
(50, SDA2)
MTW-Con 1.1 6.6 03 | 473 | 3.0 36.5 5.1 7.2
MTW 0.2 22 | <01 | 516 | 29 40.4 2.7 234
(100, SDA2)
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Chapter 6

P-phenylenedimethylene-bis(trimethylammonium) as
a versatile diaquat template for synthesizing nanosized
mordenite, EU-1 and ZSM-12 zeolites

Abstract

Nanocrystals of zeolites with substantially shortened diffusional pathways compared to bulk
counterparts are attractive catalysts, but their synthesis often remains challenging and
expensive. Here, we describe the utility of p-phenylenedimethylene-bis(trimethylammonium)
dichloride, an organic diquaternary ammonium compound, which can be easily prepared and
is effective as an organic structure-directing agent (OSDA) in directing the synthesis of
several nanosized zeolites. By modifying the gel composition (NaOH/Si and Si/Al ratios)
and crystallization time, synthesis can be tuned to obtain nanosized mordenite, EU-1 and
ZSM-12 zeolites. 3 C NMR spectra of the occluded OSDA reveal subtle differences in host-
guest interactions between the OSDA and the respective zeolites, which derives from the
flexibility of the OSDA. The relatively strong interaction between the OSDA and inorganic
aluminosilica precursor species during the induction period explains how small zeolite
nanocrystals are obtained. Nanosized EU-1 and ZSM-12 zeolites significantly outperform
their corresponding bulk counterparts as acid catalysts in the methanol-to-hydrocarbons
reaction and the alkylation of benzene with benzyl alcohol, respectively.
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6.1 Introduction

Zeolites are microporous crystalline materials with well-defined channels and cavities in the
molecular range.! They are technologically important materials with a main application as
catalysts in chemical processes. Their utility in hydrocarbon conversion processes is related
to tunable physicochemical properties, excellent shape selectivity and high (hydro)thermal
stability. In many applications, the performance of zeolite catalysts is hampered by diffusion
limitations of reactants and products in micropores.® Decreasing the diffusion path length in
the micropore space is an effective way to overcome such limitations.* Besides the fabrication
of hierarchically porous zeolites with additional mesopores, it can also be effective to
synthesize nanocrystalline zeolites with crystal domains less than 100 nm.5 Nanosized
zeolites are known to outperform bulk zeolites with, for instance, higher activity, better
stability and improved selectivity to desired products, in particular for reactions involving
bulky molecules and reactions involving consecutive reactions of the desired product to
undesired ones.®’

In the last two decades, several synthetic approaches have been developed to prepare
nanocrystalline zeolites, among which one-step approaches based on conventional
hydrothermal synthesis are the most attractive.® ® This typically involves the use of organic
additives, e.g. cationic polymers as growth modifier, organosilanes as the mesoporogen or
(poly)quaternary ammonium compounds template that can fulfil several roles.'®*® For
example, Ryoo and co-workers reported the synthesis of MFI nanosheets by use of a di-
quaternary ammonium surfactant, where the hydrophilic di-quaternary ammonium group
directs formation of MFI zeolite and the hydrophobic long-chain tail restricts crystal
growth.'* In follow-up work, they expanded this concept to prepare nanocrystalline forms of
BEA, ZSM-12 and MRE zeolite by tuning the gel composition using a polyquaternary
ammonium surfactant a similar synthesis route of MFI nanosheets. However, the use of these
organic templates are costly, which limits their practical application.®

To solve this issue, a series of small and simple organic structure-directing agents (OSDAS),
which are commercially available or can be prepared in a single step from available chemicals,
have also been explored for synthesis of nanocrystalline zeolites.> *® For example, Corma
and co-authors reported the direct synthesis of nanosized BEA and ZSM-5 zeolites by using
simple alkyl-substituted mono-cationic cyclic ammonium compounds.'” Tsapatsis and co-
authors demonstrated the use of a tetrabutylphosphsphonium template for the synthesis of
self-pillared pentasil zeolite nanosheets.’® Recently, simple non-surfactant di-quaternary
compounds have also been used for the nanocrystalline zeolite synthesis.'®% These
diquaternary compounds are normally composed of an alkyl-chain linkage and nitrogen-
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containing branches/cycles. The possibility to tune the flexibility of the linkage and the size
and other properties of the head groups allows obtaining a variety of zeolites.?® 2% 2426 |
view of the successful synthesis of nanocrystalline zeolites using non-surfactant diquaternary
ammonium compounds, we wondered about the structure-directing ability of low-cost p-
phenylenedimethylene-bis(trimethylammonium) dichloride (MesN-benzyl-NMes), which
has not been used yet for zeolite synthesis under alkaline condition via conventional
hydrothermal synthesis. Different from the use of previous diquaternary OSDAs is the
rigidity of the benzyl linker.2% 21242629 |t i expected that MesN-benzyl-NMe;s can fit in 12-
membered ring (12MR) and 10-membered ring (LOMR) pores, which are common in zeolites
used in industrial practice.*

In this work, we report the synthesis of nanosized MOR (2D pore network; 12/8MR; 0.67 x
0.70 nm, 0.26 x 0.57 nm, 0.34 x 0.48 nm), EU-1 (1D pore network; 10MR; 0.54 x 0.41 nm)
and ZSM-12 (1D pore network; 12MR; 0.57 x 0.61 nm) zeolites by modifying the gel
compositions in terms of NaOH/Si and Si/Al ratios and crystallization time with MesN-
benzyl-NMes as the sole organic template. MesN-benzyl-NMes was synthesized from
commercially available chemicals via a one-step procedure at ambient temperature. The
crystallization behavior of nanocrystalline MOR, EU-1 and ZSM-12 was investigated by
characterizing the intermediate solid products. As the benefit of nanosizing MOR zeolite has
been well evidenced in Chapter 2 and Chapter 3, we focus on investigating the catalytic
performance of nanosized EU-1 and ZSM-12 zeolites in the present work. The methanol-to-
hydrocarbons (MTH) reaction was chosen as a model reaction to assess the catalytic
performance of nanosized EU-1. In this reaction, conventional EU-1 zeolite suffers from a
rapid catalyst deactivation caused by severe coke deposition.3" 32 Nanosizing EU-1 may
improve the desorption of coke precursors and thus result in a longer lifetime. Alkylation of
benzene with benzyl alcohol was chosen to assess the improved accessibility of acid sites of
nanosized ZSM-12.

6.2 Experimental section

6.2.1 Synthesis of OSDA

0.02 mol of 1,4-bis(chloromethyl)benzene (Sigma Aldrich, 98%) was dissolved in 150 ml
acetonitrile (Biosolve, 99.8%). Then 15.3 g of trimethylamine solution (Sigma Aldrich, 31-
35 wit% in ethanol) was added into the solution under stirring. The resulting solution was
reacted for 3 days at ambient conditions. After the reaction, the white precipitate was
collected by filtration, followed by washing with extra diethyl ether (Biosolve, 99.5%). The
obtained solid product was dried at 50 °C overnight under evacuation. The product yield was
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96%. The purity of the OSDA was confirmed by *H NMR and *C NMR spectra (Figures E1
and E2).

6.2.2 Synthesis of zeolites

In a typical synthesis, sodium hydroxide (Sigma Aldrich, > 98%) was dissolved in deionized
water, followed by the addition of OSDA. After stirring for 5 min, AICl5-H,O (Alfa Aesar,
99%) was added to the mixture. After further stirring for 5 min, Ludox AS-40 (Sigma Aldrich,
40 wt%) was added to the mixture. The molar composition of the final mixture was 12 SiO :
X Al;O3 : y Na;O : 1.2 OSDA : 480 H,0 (x = 0.24-0.5; y = 1.8-4.2). After vigorous stirring
for 24 h at room temperature, the mixture was transferred to a 45 ml Teflon-lined stainless-
steel autoclave (Parr Instruments) and heated at 160 °C in an oven under tumbling (50 rpm).
After hydrothermal synthesis, the solid product was collected by centrifugation and washed
with deionized water until pH < 8, followed by drying at 30 °C overnight under evacuation.
The OSDA was removed by calcination at 550 °C for 8 h in air. The calcined samples were
converted to ammonium form by triple ion-exchange with 1.0 M NH4NO3 at 70 °C. After
drying at 30 °C overnight under evacuation, the ammonium-form sample was calcined at
550 °C for 4 h in a O2/N; (1/4 by volume) to obtain the final proton form.

Conventional ZSM-12 (denoted as ZSM-12-Con) was synthesized with
methyltriethylammonium chloride (MTEACI, Alfa Aesar, 98%).> Conventional EU-1
(denoted as EU-1-Con) was synthesized with hexamethonium bromide (TCI, >98%).%

6.2.3 Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Phase diffractometer using
Cu Ka radiation. Patterns were obtained in the 26 range of 5-50°, with a step size of 0.01°
and duration time of 0.25 s.

The chemical composition of the calcined zeolites was determined by inductively couple
plasma optical emission spectrometry (ICP-OES). Prior to measurements, samples were
dissolved in a1 :1: 1 mixture of HF (40 wt%), HNO3 (60 wt%) and H,O at ambient
conditions.

The textural properties of the calcined zeolites were determined by Ar physisorption. The
measurements were performed on a Micromeritics ASAP 2020 instrument. The samples were
degassed at 400 °C for 6 h prior to physisorption measurements. The BET surface area was
calculated using the relative pressure range of 0.05-0.25. The micropore volume and external
surface area were calculated using the t-plot method, while the mesopore volume was
calculated using the Barrett-Joyner-Halenda (BJH) method.
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Thermogravimetric analysis (TGA) was performed with a TGA/DSC 1 instrument (Mettler
Toledo). The sample was heated from 40 °C to 800 °C at a rate of 5 °C/min in a flow of 20
ml/min O, and 40 ml/min He.

Scanning electron microscopy (SEM) images were obtained on a FEI Quanta 200F scanning
electron microscopy at an accelerating voltage of 3 kV. Transmission electron microscopy
(TEM) images were collected on a FEI Tecnai 20 operated at 200 kV.

The acidity of samples was determined by IR spectroscopy of adsorbed pyridine on a Bruker
Vertex 70v spectrometer. The sample was prepared as a pressed wafer and pretreated in situ
at 550 °C for 1 h in artificial air. After pretreatment, the cell was cooled to 150 °C and
outgassed until the residual pressure was below 1x 10 mbar. A background spectrum was
collected. Pyridine was then introduced into the cell until the sample was fully saturated.
Finally, spectra were recorded at 150 °C after outgassing for 1 hat 150 °C, 300 °C and 500 °C,
respectively.

Solid-state nuclear magnetic resonance (NMR) measurements were performed on a 11.7
Tesla Bruker DMX500 NMR spectrometer, operating at 132 MHz for Al and 125 MHz for
13C. Al magic angle spinning (MAS) NMR measurements were performed using a Bruker
2.5 mm MAS probe head and a 2.5 mm zirconia rotor, under a spinning speed of 25 kHz. *H-
13C cross-polarization (CP) MAS NMR measurements were performed using a Bruker Triple
Channel 4 mm MAS probe head and a 4 mm zirconia rotor, operated at a spinning speed of
10kHz. ?’Al and C chemical shifts were referred to AI(NOs); and solid adamantane,
respectively.

Liquid-state NMR measurements were performed on a Bruker 400 MHz spectrometer. The
obtained OSDA was first dissolved in deuterated water, followed by transfer of the solution
into a 5 mm NMR tube. 'H NMR spectra were collected with a total scan of 32 and a
relaxation delay of 1 s. **C NMR spectra were collected with a total scan of 1024 and a
relaxation delay of 2 s.

6.2.4 Catalytic activity measurements

6.2.4.1 Methanol to hydrocarbons (MTH)

The MTH reaction was performed in a fixed-bed downstream reactor. Samples were pressed,
and then crushed and sieved to obtain particles in the range of 250-500 um. This process has
a negligible effect on the mesopore volume and external surface of zeolite samples. An
amount of 100 mg of the catalyst (sieve fraction 250-500 um) was loaded into a quartz reactor.
First, the catalyst was pretreated in situ in artificial air at 550 °C for 1 h before cooling to the
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reaction temperature of 350 °C. Methanol was fed to the reactor at a weight hourly velocity
(WHSV) of 0.8 h'? by flowing He through a saturator containing methanol (VWR Chemicals,
>99.8%). The products were analyzed by online gas chromatography (Interscience Compact
GC). A thermal conductivity detector (TCD) coupled with an RT-Q-Bond pre-column
(length 3 m; i.d. 0.32 mm; thickness 10 um) and a Molsieve 5A column (length 10 m; i.d.
0.32 mm; thickness 30 um) was used for the analysis of H, and CH4. A TCD coupled with
an RT-Q-Bond pre-column (length 3 m; i.d. 0.32 mm; thickness 10 um) and an RT-Q-Bond
column (length 10 m; i.d. 0.32 mm; thickness 10 um) was used for the analysis of C,-Cs
hydrocarbons, water and oxygenates. Hydrocarbons heavier than C3 were separated on an
Rtx-1 column (length 15 m; i.d. 0.32 mm; thickness 1 um) and analyzed with a flame
ionization detector (FID). Dimethyl ether was considered as a reactant.

6.2.4.2 Alkylation of benzene with benzyl alcohol

The liquid-phase alkylation of benzene with benzyl alcohol was performed in a round-bottom
flask equipped with a reflux condenser and heated in a temperature-controlled oil bath.
Typically, 0.15 g of catalyst was mixed with 26.7 ml (0.301 mol) of benzene in a glove box.
After maintaining the reaction mixture at 80 °C for 30 min, 0.33 ml (0.003 mol) of BA was
added. This moment was regarded as the start of the reaction. Liquid samples were taken
periodically and separated from catalyst by filtration. Finally, the sample was analyzed by a
gas chromatograph (Shimadzu GC-17 A) equipped with a flame ionization detector (FID)
coupled with a Rxi-5ms column (length 30 m; i.d. 0.25 mm; thickness 0.5 pum).

6.3 Results and discussion

6.3.1 Zeolite synthesis

The zeolite syntheses undertaken in this study are listed in Table 6.1. XRD data of the
obtained samples are collected in Figures 6.1 and E3. Phase-pure MOR zeolites were
obtained in OSDA-free syntheses at a Si/Al gel ratio of 12 and NaOH/Si ratios of 0.6 and 0.7
in line with earlier studies showing that MOR zeolite can be obtained from low Si/Al gel
ratio (Si/Al < 15) and high pH (NaOH/Si > 0.5).3% 34 Based on the same gel composition in
terms of inorganic compounds, the addition of MesN-benzyl-NMe; led to the formation of a
mixture of EU-1 and MOR zeolite for a NaOHY/Si ratio of 0.6. However, when the NaOH/Si
ratio was increased to 0.7, phase-pure MOR was obtained. This is likely due the fact that a
high NaOH/Si ratio favors MOR formation.* In line with this, we found that, at a NaOH/Si
ratio of 0.6, a decrease of the Si/Al gel ratio to 25 led to phase-pure EU-1 with OSDA, while
MOR was formed without OSDA. At a Si/Al gel ratio of 25, decreasing the NaOH/Si ratio

184



to 0.5 and 0.4 with OSDA led to formation of a mixture of EU-1 and ZSM-12, while phase-
pure ZSM-12 was formed at a NaOH/Si ratio of 0.3. EU-1 and ZSM-12 were not formed
when the OSDA was omitted from the synthesis gel.

Table 6.1. Synthesis conditions and product phases.

. . Synthesis
Run Template | Si/Al NaOH/Si . Product
time (days)
1 Na 0.6 1 MOR-Con
2 Na 0.7 1 MOR-Con(0.7)
12
3 OSDA 0.6 5 MOR+EU-1
4 OSDA 0.7 2 MOR-Nano
5 OSDA 4 EU-1-Nano
6 Na 06 5 MOR
7 OSDA 0.5 5 ZSM-12 + EU-1
25
8 OSDA 04 5 ZSM-12 + EU-1
9 OSDA 0.3 6 ZSM-12-Nano
10 Na 0.3 5 ZSM-5+Amorphous
(a) (b) ()
;; MOR-Nano ;" M ;'f ZSM-12-Nano
2 2 2
2 2 2
2 2 L
= £ =
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
26 (degrees) 26 (degrees) 26 (degrees)

Figure 6.1. XRD patterns of as-synthesized zeolites.
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(a) MOR-Con (b) EU-1-Con

(d) MOR-Nano (e) EU-1-Nano (f) ZSM-12-Nano

(h) EU-1-Nano

Figure 6.2. Representative SEM and TEM images of as-synthesized zeolites.

Representative SEM and TEM images are shown in Figure 6.2. Clearly, the use of MesN-
benzyl-NMe; led to formation of aggregated nanocrystals of zeolite. The lattice spacing
obtained from Figure E4 is 1.35 nm, indicating that the nanorods of MOR-Nano are oriented
parallel to the c-axis.®® In conventional synthesis of MOR zeolite under highly alkaline
conditions, crystals larger than 100 nm are obtained (Figures 6.2a and E5), consistent with
previous studies.®” 3 EU-1-Con and ZSM-12-Con synthesized from conventional recipes
consist of bulky plate- and rugby-ball-like crystals, respectively (Figures 6.2b and 6.2c).
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Figure 6.3. Ar physisorption isotherms of calcined zeolites.

Table 6.2. Textural properties of calcined zeolites determined by Ar physisorption.

SBET Vtot Vmicro Vmeso SEXt
Sample m2gd) | (emigd) (cmig?) (cmig?) (m?g?)
(t-plot) (BJH) (t-plot)
MOR-Con 315 0.16 0.11 0.04 50
MOR-Nano 399 0.38 0.12 0.23 91
EU-1-Con 325 0.16 0.11 0.02 44
EU-1-Nano 353 0.30 0.11 0.16 86
ZSM-12-Con 301 0.16 0.10 0.03 47
ZSM-12-Nano 289 0.26 0.09 0.15 85

The textural properties of the calcined samples were determined by Ar physisorption (Figure
6.3). The steep Ar adsorption at P/P below 0.02 points to the presence of micropores.* The
nanosized zeolites all display the type-1V isotherm with a hysteresis loop at P/Py values
between 0.6-0.97, which corresponds to interparticle condensation due to small crystals. The
three conventional zeolites present type-1 isotherms, consistent with their predominantly
microporous nature.®® The corresponding textural properties are listed in Table 6.2. All the
nanocrystalline zeolites prepared with the OSDA present significantly larger mesopore
volumes (> 0.14 cm® g1) and external surface areas (> 80 m? g) than the corresponding
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conventional samples. Thus, MesN-benzyl-NMe; is an effective OSDA to direct the
formation of nanosized MOR, EU-1 and ZSM-12 zeolite.

| c
_N 4

Cl

140 120 80 80 40
13C chemical shift (ppm)

Figure 6.4. 13C NMR spectra of MesN-benzyl-NMejs in (a) dissolved in D20 and (b-d) in as-
synthesized zeolites: (b) MOR-Nano, (c) EU-1-Nano and (d) ZSM-12-Nano.

As shown in Figure 6.4, the 13C NMR spectra of as-synthesized zeolites match well with the
one of the OSDA, indicating that the MesN-benzyl-NMe; molecule is stable during the
crystallization process. Some small differences are observed for the methyl and methylene
carbon resonances of the OSDA occluded in different zeolites, which most likely derives
from slightly different conformations of the OSDA in the particular micropores, which is
closely related to the zeolite structure and topology.* 4?
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6.3.2 Crystallization

Intensity (a.u.)

Intensity (a. u.)

Figure 6.5. XRD patterns of solid samples obtained at different crystallization times: (a)

(@) (b)
\U 36 h
—_ 48 h
5
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Q
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S
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Qo
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26 (degrees) 26 (degrees)

MOR-Con, (b) MOR-Nano, (c) EU-1-Nano and (d) ZSM-12-Nano.

Next, to understand how the presence of the OSDA in the synthesis gel affects the evolution
of the precursors into the final zeolites with different framework topologies, the solid
products obtained at different crystallization times were characterized. For conventional
MOR synthesized from the inorganic gel, the XRD results in Figure 6.5a show that fully
crystalline samples can be obtained in 24 h via a rapid crystal growth process after an
induction period of 18 h. On the other hand, adding the OSDA into the same gel significantly
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prolongs the induction period to 36 h. Nevertheless, the crystal growth times for MOR-Con
and MOR-Nano are comparable (~6 h). Highly crystalline EU-1-Nano was obtained after 96
h (Figure 6.5¢), while full crystallization of ZSM-12-Nano took 144 h due to the much slower
crystal growth rate.

Figure 6.6. SEM images of solid products obtained at different crystallization times of MOR-
Con.
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()48 h

Figure 6.7. TEM (a) and SEM (b-f) images of solid products obtained at different
crystallization times of MOR-Nano.

Figure 6.8. TEM (a) and SEM (b-f) images of solid products obtained at different
crystallization times of ZSM-12-Nano.
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The evolution of the morphology of the solid samples was analyzed by electron microscopy.
For MOR-Con, irregular particles in the micrometer size were obtained throughout the whole
crystallization process, resulting in the final bulk zeolite crystals with a size of 100-600 nm
(Figure 6.6). In contrast, significantly smaller particles were already formed in the initial
stages of hydrothermal synthesis of MOR-Nano (Figure 6.7). For EU-1-Nano, amorphous
particles formed with sizes smaller than 50 nm, which were later still observed in aggregated
form in the final crystalline EU-1-Nano (Figure E6). For ZSM-12-Nano, small particles (<
50 nm) were obtained after 24 h of hydrothermal synthesis. Prolonging the crystallization
time to 72 h led to the formation of an additional phase consisting of rugby-ball-like particles.
Only slight changes in the morphology were observed after further crystallization up to 120
h. Prolonging hydrothermal treatment from 120 h to 144 h resulted in the formation of loose
nanoparticles with sizes smaller than 30 nm through the consumption of micron-sized
particles with only a slight increase in the crystallinity (Figure 6.8).

TGA measurements were performed to investigate the interaction between the solid
intermediates and the OSDA. The TG curves of all samples in Figure E7 show a major
weight-loss feature between 250-700 °C due to the combustion of the OSDA. We assign the
weight loss between 250-350 °C and 350-460 °C to respectively combustion of the OSDA
balancing silanol defects and Si-O™-Al sites. Notably, already during the induction period all
the solid phases contain a substantial amount of OSDA (Tables E1-3), which is comparable
to the amount contained in the final crystalline zeolites. This indicates the early strong
interaction between the OSDA and the aluminosilicate precursor species, which can explain
that the size of the solid precursors particles and the final zeolite are smaller than 50 nm.
With ongoing crystallization, the weight-loss feature above 500 °C becomes stronger and
shifts to higher temperature at the expense of the features at lower temperature, demonstrating
the occlusion of the OSDA in the micropores.
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6.3.3 Acidity
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Figure 6.9. Al NMR spectra of calcined zeolites.

Next, ZSM-12-Nano and EU-1-Nano and their reference counterparts were chosen for further
study. The Si/Al ratios of calcined zeolites determined by ICP elemental analysis are listed
in Table 6.3. EU-1-Con and EU-1-Nano exhibit comparable Si/Al ratios (19.6 and 17.8,
respectively). The Si/Al ratio of ZSM-12-Nano is 23.4, which is close to the initial gel ratio
of 25. Compared to ZSM-12-Nano, ZSM-12-Con has a higher Si/Al ratio of 30.5. It should
be noted that it is difficult to synthesize phase-pure ZSM-12 with a Si/Al ratio lower than 30
with MTEACI*® # 2Z7Al NMR spectroscopy was used to investigate the chemical
environment of the Al atoms in the zeolite samples. The corresponding spectra in Figure 6.9
are dominated by a main peak at 53 ppm and 56 ppm for EU-1 and ZSM-12 zeolites,
respectively, corresponding to tetrahedrally coordinated framework Al (Al'Y). The weak peak
around O ppm is due to octahedrally coordinated non-framework Al (AIV").4547
Deconvolution of these spectra shows that ~80 % of Al atoms are incorporated into the
framework of EU-1-Con and EU-1-Nano, while more than 90% of Al is incorporated into
the framework of ZSM-12-Con and ZSM-12-Nano. The acidity of the zeolites was
characterized by IR spectroscopy after pyridine adsorption and subsequent evacuation at
150 °C, 300 °C and 500 °C. The bands at 1455 cm™ and 1545 cm™ are associated with
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pyridine adsorbed on Lewis acid sites (LAS) and Brgnsted acid sites (BAS), respectively
(Figure E8).*® The total density of BAS and LAS after evacuation of pyridine at 150 °C are
given in Table 6.3. Both EU-1-Nano and ZSM-12-Nano display higher BAS densities than
their bulk counterparts, in keeping with the differences in Al content.

Table 6.3. Si/Al ratios, fractions of framework Al, and acidity of the calcined zeolites.

Zeolite Si/AIR Al (%)° (::;Sg]]:) (:;ﬁlsg];_jl)
EU-1-Con 19.6 77.2 592 255
EU-1-Nano 17.8 82.5 759 207

ZSM-12-Con 30.5 91.0 488 113
ZSM-12-Nano 234 91.3 663 135

aSi/Al ratio determined by ICP.
b Fraction of framework Al determined by 2’Al NMR.

¢ Density of BAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at
150 °C.

4 Density of LAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at
150 °C.

6.3.4 Catalytic activity

6.3.4.1 Methanol to hydrocarbons
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Figure 6.10. MTH performance of EU-1 zeolites: (a) methanol conversion as a function of
reaction time and (b) product selectivity after 0.25 h time on stream.
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The potential of nanocrystalline EU-1-Nano in acid catalysis was evaluated by determining
its catalytic performance in the MTH reaction. The MTH process is a promising industrial
chemical process for obtaining chemical building blocks and fuels from methanol, which can
be obtained from conventional as well as renewable resources such as carbon dioxide (with
green hydrogen) and biomass.*® %° Figure 6.10a shows the conversion of methanol as a
function of time on stream at a temperature of 350 °C. At the start of the reaction, both
catalysts can convert the methanol feed completely. The methanol conversion of EU-1-Con
decreased rapidly with the methanol conversion decreasing to 50% in about 1 h. For EU-1-
Nano, methanol conversion only started to decline after 3 h and it took 19 h to obtain a
methanol conversion of 50%. As EU-1 zeolite possesses one-dimensional 10-membered ring
(10-MR) channels (0.54 nm x 0.41 nm) along the a-axis with 12-membered ring (12-MR)
side pockets (0.68 nm x 0.58 nm, 0.8 nm depth) along the c-axis, single-file diffusion can
limit the performance of this zeolite.5! This may not only result in rapid formation of coking
of the zeolite micropore space, but also easily render the acid sites inaccessible.®> The TG
results in Figure E9 show that the coke content in used EU-1-Nano (8.1%) is substantially
higher than in used EU-1-Con (4.9%), whereas the average coke formation rate of EU-1-
Nano (4.7 mg gt h') is much lower than that of EU-1-Con (29.2 mg gt ht). The coke content
of EU-1-Nano is higher, because this sample converts more methanol. Considering the small
difference in acidity between these two samples, the fact that EU-1-Nano containing more
coke is still more active can be attributed to the improved accessibility of acid sites as a
consequence of the reduced crystal size. Therefore, it can be concluded that the longer
lifetime of EU-1-Nano is due to a higher accessibility of acid sites and a lower coke formation
rate, thus resulting in a better utilization of micropores. The product distribution given in
Figure 6.10b shows that EU-1 zeolite produces a wide range of hydrocarbons including light
olefins and paraffins and gasoline-range products with a relatively small contribution of
aromatics. As such, EU-1 can be compared with ZSM-22, in which the elliptical channels
(0.57 nm x 0.46 nm) without side-pockets limit the amount of aromatics.%? The presence of
side-pockets in EU-1 provides less constraints to aromatics formation.3% 53 As such, it is likely
that the shortened diffusion pathways in nanosized EU-1 crystals leads to a higher rate of
aromatics desorption, resulting in a larger contribution of aromatics to the product mixture.
The shorter residence time of such coke precursors also lowers the rate of coking deactivation.

6.3.4.2 Alkylation of benzene with benzyl alcohol

The alkylation of benzene with benzyl alcohol was chosen as a model reaction to evaluate
the catalytic performance of ZSM-12 zeolites. The overall reaction pathway is displayed in
Figure 6.11 left.>* The products in this reaction are diphenylmethane (DPM) and dibenzyl
ether (DBE). The conversion of BA as a function of the reaction time over nanosized and
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conventional ZSM-12 zeolites are shown in Figure 6.11 right. ZSM-12-Con shows a low
catalytic activity with a BA conversion of 13.5% at a DPM selectivity of 45% after 6 h. ZSM-
12-Nano presents a much higher catalytic activity with a BA conversion of 55% and a DPM
selectivity of 71% after the same reaction time. It has been well established that strong BAS
are needed to polarize the benzylating agent.5® 5 The one-dimensional channels (0.57 x 0.61
nm) of ZSM-12 zeolite can strongly impede the diffusion of the relatively large products
DPM (0.49 x 0.92 nm) and DPE (0.49 x 1.15 nm).%" Considering the relatively small
differences in acidity between ZSM-12-Con and ZSM-12-Nano, the significantly improved
activity of ZSM-12-Nano can be ascribed to the higher accessibility of the acid sites as a
result of the much smaller zeolite crystal size.
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Figure 6.11. (Left) Reaction pathway for alkylation of benzene with benzyl alcohol (BA)
and (right) catalytic conversion of BA over ZSM-12 zeolites.

6.4. Conclusions

In summary, this work describes the direct synthesis of nanosized MOR, EU-1 and ZSM-12
zeolites by simply modifying the synthesis, in terms of gel compositions (NaOH/Si and Si/Al
ratios) and crystallization time, using MesN-benzyl-NMejs as the sole OSDA. *3C NMR study
reveals subtle differences in host-guest interactions between the OSDA and the respective
zeolitic structures, which drives from the flexible and adaptable methyl and methylene groups
of the OSDA. TGA in combination with electron microscopy reveals that the strong
interaction between the OSDA and aluminosilicate precursors can effectively decreasing the
particle size of solid products throughout the crystallization of MOR-Nano and EU-1-Nano,
while ZSM-12-Nano exhibits a different crystallization behavior involving a slow
transformation of bulk particles to nanocrystals through the longtime crystal growth stage.
ZSM-12-Nano and EU-1-Nano display significantly improved deactivation resistance in
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MTH reaction and highly improved catalytic activity in alkylation of benzene, respectively,
as compared to their corresponding bulk counterparts. The improved catalytic performance
of nanocrystalline zeolites is attributed to the enhanced mass transfer ability and better
accessibility of acid sites. Overall, this work not only shows a facile route to synthesize
nanosized MOR, EU-1 and ZSM-12 zeolites, but also highlights how to unlock the versatility
of a simple OSDA in nanosized zeolite synthesis by means of its geometric flexibility and
synergistic effect with the inorganic component.
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Figure E2. Liquid-state 3C NMR spectrum of MesN-benzyl-NMes in D,0.
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Figure E3. XRD patterns of solid products.

Figure E4. TEM image of as-synthesized MOR-Nano.
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(d) 80 h

Figure E6. TEM (a) and SEM (b-f) images of solid products obtained at different
crystallization times of EU-1-Nano.
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Figure E7. TG (left) and DTG (right) curves of samples obtained at different crystallization
times: (a and b) MOR-Nano; (c-d) EU-1-Nano and (e and f) ZSM-12-Nano.
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Figure E9. TG profiles of spent catalysts after MTH reaction.

Table E1. The contents of OSDA occluded in solid products obtained at different
crystallization time for MOR-Nano.

Synthesis time (h) 24 h 36 h 39h 42 h 48 h

Organic content (wt%) 11.3 115 11.7 8.9 8.9

Table E2. The contents of OSDA occluded in solid products obtained at different
crystallization time for EU-1-Nano.

Synthesis time (h) 24 h 72h 80 h 88 h 96 h

Organic content (wt%) 13.2 12.8 135 135 13.2

Table E3. The contents of OSDA occluded in solid products obtained at different
crystallization time for ZSM-12-Nano.

Synthesis time (h) 24 h 72 h 96 h 120 h 144 h

Organic content (wt%) 8.3 10.2 111 9.7 9.5
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Table E4. Product selectivity of MTH reaction after 15 min time on stream over EU-1
zeolites.

Selectivity (%)

Sample
CH4 CoH4 CsHs CsHs CsHsg Cs Cs+ Aromatics

EU-1-Con 0.9 13.9 0.1 17.7 145 | 315 | 156 5.8

EU-1-Nano 0.7 9.0 <0.1 4.3 10.6 | 45.2 | 11.0 19.2
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Chapter 7

Summary and outlook

Nanosized zeolites directed by easily accessible non-surfactant
diquats: synthesis, crystallization mechanism and catalytic
applications

Zeolites are an important class of inorganic crystalline materials possessing well-defined
channels and cavities in the molecular range. They are widely used in industrial processes, in
particular as heterogeneous catalysts to speed up chemical reaction rates, owing to their
unique shape selectivity, tunable acidity and high (hydro)thermal stability. The shape
selectivity introduced by zeolite micropores are of paramount importance, while diffusion
limitations imposed by the micropores can limit the catalytic performance, particular when
reactions involve bulky molecules and consecutive steps to undesired products. Decreasing
the size of zeolite crystals below 100 nm (hanocrystals) is an effective way to overcome the
problem of slow diffusion of guest molecules in zeolites. Acidity also plays a significant role
in mediating the catalytic performance. Zeolite frameworks are constructed of corner-sharing
TO,4 atoms, where T refers to a tetrahedrally coordinated atom, most commonly Si and Al.
The incorporation of Al atoms in the zeolite framework creates Bransted acid sites (BAS),
allowing the application of zeolites as acid catalysts. Among the many relevant
physicochemical properties of zeolites, crystal size and acidity play important roles in the
final performance of these catalysts. However, preparing zeolites with well-controlled
properties is often challenging due to the complexity of zeolite crystallization. This work
focused on the use of simple organic structure-directing agents (OSDAS) for the synthesis of
nanosized zeolites of particular topologies and framework Si/Al ratios in order to optimize
the catalytic performance.

In Chapter 2, nanosized mordenite (MOR) zeolites were hydrothermally synthesized with
cetyltrimethylammonium (CTA) hydroxide as the sole organic template in comparison to a
bulk reference MOR zeolite. Moreover, the aluminum source was modified by comparing
AI(NO3)s, AICI; and AI(OH)s. All MOR zeolites prepared with CTA show a reduced crystal
size compared to the reference. The crystal dimensions are predominantly reduced in the a-
and b-direction, when AICI; and AI(OH); were used as the aluminum source. Besides a
higher external surface area, the use of CTA also leads to a more defective zeolite structure
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in which the BAS in the side-pockets are more accessible for pyridine. Nanocrystalline MOR
zeolites showed a higher activity and improved product distribution in the alkylation of
benzene with benzyl alcohol compared to their corresponding bulk counterparts. Although
the n-Ci6 hydroconversion performance of nanosized MOR zeolite is also improved, the
stronger confinement of reactants and intermediates in the more accessible side-pockets of
MOR zeolite has a negative effect on the isomer yield during hydroconversion of n-Cis.

In Chapter 3, we developed the direct synthesis of nanosized MOR and BEA zeolites by use
of non-surfactant diquaternary ammonium compounds. We also considered the properties
(size, shape and rigidity) of the organic molecules, because these aspects strongly impact the
structure-directing ability of OSDAs. A total of 6 organic compounds, i.e. hexane- and p-
xylene-bridged bis-methylpyrrolidinium, -methylpiperidinium and -DABCO diquats, were
employed in this chapter. These organic molecules were synthesized form commercially
available chemicals via a one-step procedure. The formation of either MOR or BEA zeolite
depends strongly on the size, geometry and structural rigidity of the OSDA. Optimization of
the recipes led to the successful synthesis of nanosized MOR (20-50 nm) and BEA (15-30
nm) zeolites. By investigating the solid products obtained during the crystallization process,
the formation of nanocrystals could be linked to the strong interaction between diquat
templates and aluminosilicate species during induction, which limits the amorphous
precursor particles to a size below 50 nm. Specific strong framework stabilization by the
pore-filling OSDA controls the formation of either zeolite topology. Nanosized MOR and
BEA zeolites outperform their bulk counterparts in Friedel-Craft reactions. In
hydroconversion of n-Cis, nanosized Pt/BEA shows a substantially higher isomer yield than
bulk Pt/BEA limiting consecutive reactions due to the shorter residence time of reaction
intermediates in the smaller zeolite domains. The n-Cis hydroconversion over three-
dimensional BEA is not limited by mass transport under the given reaction conditions, while
this is not the case for the one-dimensional MOR (Chapter 2) and ZSM-12 (Chapter 5)
zeolites.

Considering that the highly acidic (Si/Al < 15) ZSM-5 zeolites in nanocrystalline form can
bring distinct advantages in their use as catalysts for obtaining useful chemicals from easily
accessible C1 compounds such as methane and methanol, we developed the direct synthesis
of Al-rich ZSM-5 nanocrystals by a conventional hydrothermal synthesis approach using p-
phenylenedimethylene-bis(tripropylammonium) dichloride as the OSDA in Chapter 4.
Nanosized ZSM-5 crystals (20-50 nm) with high acidity (Si/Al = 11) and excellent yield
(99%) were obtained (denoted as ZSM-5-11). A high NaOH/Si molar ratio of 0.6 is essential.
The crystallization process of ZSM-5-11 shows a long induction period (~5 days) and a fast
crystal growth step (~1 day) involving a solid-state transformation. An in-depth NMR study
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combined with TGA measurements reveals that, after early electrostatic interaction between
condensed aluminosilicate and the head groups of OSDA, ZSM-5 crystallizes around the
OSDA. ZSM-5-11 was tested as such in methanol-to-hydrocarbons (MTH) and, following
impregnation with 2 wt.% Mo, in methane dehydroaromatization (MDA). ZSM-5-11
displayed significantly improved aromatics productivity in both reactions in comparison to a
commercial bulk ZSM-5 (Si/Al = 12.9), mainly due to the better utilization of the micropore
space of the nanocrystalline zeolite.

Chapter 5 was dedicated to the synthesis of nanosized ZSM-12 with a wider range of Si/Al
ratios than the normal 35-100 range, especially at the acidic end (Si/Al < 30). As shown in
Chapters 3 and 4, simple non-surfactant diquaternary compounds can be effective for the
synthesis of nanosized zeolites. Our starting point was to employ diquaternary ammonium
compounds that are more rigid than those used before in ZSM-12 synthesis, since a more
rigid organic molecule can result in a higher selectivity for a particular structure. This led to
the identification of three organic compounds (p-xylene- bridged bis-methylpyrrolidinium, -
methylpiperidinium and -1,2-dimethylimidazolium).By use of these organic molecules as the
OSDA, we investigated synthesis of ZSM-12 zeolites in a wide range of Si/Al ratios from 20
to +oo by one-step hydrothermal synthesis. Nanosized ZSM-12 zeolites were obtained from
aluminosilicate gels (Si/Al = 20, 50, 100), while bulk ZSM-12 could be obtained from an all-
silica gel. NMR and TGA characterizations reveal the strong interaction between the OSDA
and the zeolite framework. Due to the better acid site accessibility and shorter residence times
of reaction intermediates in the smaller crystals, nanocrystalline ZSM-12 zeolites exhibit
improved activity and enhanced isomer yields in the hydroconversion of n-Cae in comparison
to reference bulk ZSM-12 zeolite. In the MTH reaction, ZSM-12 nanocrystals display
significantly improved lifetime over bulk ZSM-12 due to the lower coke formation rate and
improved accessibility of acid sites. A high propylene selectivity (51.6%) and remarkably
high Cs-/C.- ratio (23.4) were obtained over nanosized ZSM-12 with Si/Al ratio of 70.

In Chapter 6, we explored the direct synthesis of nanosized zeolites using (p-
phenylenedimethylene-bis(trimethylammonium) dichloride as the OSDA. By modifying the
gel compositions (NaOH/Si and Si/Al ratios) and crystallization time, nanosized MOR, EU-
1 and ZSM-12 were obtained. **C NMR characterization reveals the difference in host-guest
interaction between the OSDA and the respective zeolite structures and emphasizes the
flexibility endowed by the presence of methyl and methylene groups. TGA in combination
with electron microscopy reveals that the strong interaction between the OSDA and
aluminosilicate precursors can effectively limit the particle size of solid products throughout
the crystallization of nanosized MOR and EU-1 zeolites. In contrast, nanosized ZSM-12
exhibits a different crystallization behavior involving a slow transformation of bulk particles
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to nanocrystals during the longtime crystal growth stage. Nanosized EU-1 and ZSM-12
exhibit improved deactivation resistance in MTH reaction and improved catalytic activity in
alkylation of benzene with benzyl alcohol reaction, respectively, as compared to their
corresponding bulk counterparts. The improve catalytic performance for these two one-
dimensional zeolites is due to the shortened diffusion pathways and better accessibility of
acid sites as a result of much smaller zeolite crystal size.

The main findings in this thesis are direct synthesis of nanosized zeolites with improved
catalytic performance in hydrocarbon conversion reactions. Using non-surfactant
diquaternary ammoniums as the sole organic template is an effective strategy for the direct
synthesis of nanosized zeolites. We emphasized how to take advantage of several properties,
i.e. rigidity, flexibility, size and shape, of the non-surfactant diquaternary ammonium OSDAS
and also its synergistic effect with the inorganic precursor species during hydrothermal
zeolite synthesis with targeted physicochemical properties. In this context, we have
synthesized highly acidic ZSM-5 (Si/Al = 11) and ZSM-12 (Si/Al = 18.3) zeolites in
nanocrystalline form. Zeolite crystallization is a complex process involving numerous solid-
liquid equilibria and silica condensation steps, some of which are kinetically and other
thermodynamically controlled. The interplay of these aspects determines the final suitability
of the organic molecule as an effective OSDA, while it remains challenging to predict the
outcome in terms of zeolite topology and yield. We expect that the present work will
contribute to inspiring more studies to tackle the ongoing challenges on the way to the
rational design of zeolite synthesis. Further in-depth studies are necessary to reveal the host-
guest interactions in detail during the nucleation and crystal growth processes. Molecular
modelling methods, combined with X-ray diffraction techniques and other supplementary
characterization techniques such as NMR will enable the identification of the specific
locations of the OSDAs in zeolites, which will undoubtedly provide new guidance for the
rational design of OSDAs towards the synthesis of a target zeolite material. To identify and
decouple the different types of forces, i.e. H-bond, Van der Waals and electrostatic
interactions, in the host-guest systems of the OSDA and the zeolite framework is also
essential to interpret the role of OSDAs in zeolite synthesis and the location of the final acid
sites.

212



Acknowledgement

Being a PhD at the IMC group for almost 5 years is a really priceless experience for me. This
long journey not only provided me the chance to learn a lot of scientific knowledge but also
inspired me how to make a real scientific story. Obviously, this thesis would not be finished
without the help from many people.

Firstly, I would like to thank my first promotor prof. Emiel Hensen. Emiel, thank you for
providing me the opportunity to study in IMC group. | appreciate your great patience
especially at the beginning of my PhD. You give me the freedom to choose my research
directions. Your critical and constructive comments on my research are always strong
motivating forces for me to move forward to finishing my PhD. Your enthusiasm about
science impressed me a lot. Your help in writing not only made the paper publishable but
also inspired me how to be a real scientist. This precious experience of working closely with
you will be a good memory for me.

Secondly, | would like to thank my copromotor, dr. Nikolay Kosinov. You are always open
to answer my questions whenever | came to your office. It was lucky to be your office
neighbor, since I can always feel your passion in science. Thanks a lot for sharing the typical
and latest publications relevant to zeolite synthesis which are indeed useful for my writing.
Thanks a lot for your daily supervision in many ways. Your endless energy in work is always
admired.

I would like to thank the committee members — prof. J. van der Schaaf, prof. J. Yu, prof. P.P.
Pescarmona, prof. J.A.M. Kuipers and dr. M. Dusselier, who took time to read and evaluate
my thesis. Your feedbacks helped me a lot to improve it.

The financial support from China Scholarship Council (CSC) is also highly appreciated.

Many thanks to our technical team in IMC group. Brahim, thanks a lot for your help,
especially in NMR measurements and the data analysis. These NMR measurements are
definitely helpful for my research. | appreciate that you responded to my questions even
during your holiday. Tiny, thank you very much for helping to solve various issues in our
lab. 1 admire your knowledge and high efficiency in solving these technical problems.
Adelheid, thank you for the ICP measurements. Your kind remind about how to work
properly in the lab is also appreciated. Thijs, thanks for your help during I was finalizing the
experiment of my PhD research. Ingeborg and Rick from physical chemistry group, thanks
for your help in electron microscopy.

213



Dear Emma, | am very grateful for your warm help to solve administrative and personal
problems during the past years. Each time | asked you for help, you were always a good
listener with much patience and then helped me efficiently. Best wish for your retirement.
Sue, as a relay, you already do your job very well in my opinion. Thanks a lot for your help
during my graduation phase.

Jiachun and Xianxuan, thank you very much for being my paranymphs. Jiachun, you joined
IMC group only few days earlier than me. How time files! I still remember the moment you
took me to pick my own computer from ICT, which was almost five years ago. During my
PhD, besides a good listener, you also helped me a lot in both my research and normal life.
Although our research projects are totally different, we can always spend a long time to talk
about some reactions in a general way (go to the periodic table). Best wishes to you!
Xianxuan, | appreciate your willing to be involved in my Chapter 4. Your DFT calculations
is indeed a necessary part to support my experimental results. During our discussion, | learned
a lot from you about theoretical calculations. You are diligent and smart. Wish you the best
luck with your research!

I would also like to thank the members who have been involved in my research. Linggian,
you taught me many skills about zeolite synthesis and characterization when | started my
PhD. Your help is highly appreciated. Douglas, thank you for teaching me the bifunctional
catalyst preparation and the hydroconversion test. | really appreciate your help and patience.
Aleksei, thanks a lot for helping me in many ways. You were always willing to help me even
when you were busy with your own things. Tan, you are a very friendly person. Thank you
for the fruitful discussions we had. Hanglong from bio-organic chemistry group, thank you
for ADF-STEM measurements and also for sharing knowledge of electron microscopy with
me. Rim and Alexandra, thank you for the TEM measurements. Anna, thanks for your help
in performing MTH reaction and the data processing. Yujie, thank you for performing the
activity tests of my samples in MDA reaction. Pepe, we talked and shared a lot of our own
insights about zeolite synthesis research in an open way.

I also would like to thank my other colleague and friends. Younes, my dear friend, you were
always helping me throughout my PhD study. Yanan, we studied in the same group during
both master and PhD study. Since you came to the Netherlands two years before me, you
really helped me a lot in both research and life. Yue, my easygoing friend, | appreciate your
patience to me. Best wishes for your thesis. Xiaofeng, we joined the IMC group at the same
time and we helped each other a lot when we just started our PhD. Miao, thank you very
much for your always kind help. Xianhong, your smile and humor always make our talks
enjoyable. Hao, my bachelor classmate, wish you all the best for you PhD. Liang, thanks for

214



sharing your research with me, which broadened my knowledge in catalysis. Yu, you are
young but seems already knowledgeable. Shiyue, thanks for your kind help in the lab. I also
want to thank other current and former IMC members: Aleksei, Angelina, Arno, Bart, Biance,
Dimitra, Ferdy, Floriane, Freddy, Gabriela, Jan, Jan Philipp, Jason, Jérdbme, Jiadong, Jinxun,
Kaituo, Longfei, Long, Lu, Luke, Lulu, Marco, Marta, Mengyan, Michel, Panos, Qiangian,
Robert, Sasha, Sidhanth, Tim, Tobias, Valentin, Valerii, Victor, Wilbert, Wei, Xiaoming,
Yagiong, Yvette, Zhaochun, Zhicheng...

Finally, my deepest appreciation goes to my family. /& if 52 B — B 5 R 22 A= JE Y L fi Al
SCRE, AR CA AR 45 7 7 3RAEE IR KB 1), AR 2 LA R REAE K AT A IR
N 18] () B TR R IR o BRI BT BF /D A — B FRAE AR v AN 2% 5 7 TH AN 250,
SR EIE RN TR AE TUle L% A, R0 AETERASBEME S —ERA KT
BIRERE o 181 SIS WA B N FRATHI R K BE ,  RXT AR T BRI 74 52 % A T AT »
X FRAE T b R BRI, R — BRI BRI A A AR, I ZIR S
MR SR L5, FRAKIRAEAT 22, I8 KBS R 2O OR 8 T RATI 3248

N

Shaojie Li
07/2022, Eindhoven

215


https://research.tue.nl/en/persons/j%C3%A9r%C3%B4me-fm-simons

List of publications

S. Li, H. Wu, R.C.J. van de Poll, R.R.M. Joosten, N. Kosinov and E.J.M. Hensen, Synthesis
of nanocrystalline mordenite zeolite with improved performance in benzene alkylation and
n-paraffins hydroconversion, ChemCatChem, 2022, 14, e202101852.

S. Li, R.C.J. van de Poll, N. Kosinov and E.J.M. Hensen, Facile synthesis of nanosized
mordenite and beta zeolites with improved catalytic performance: non-surfactant
diquaternary ammonium compounds as structure-directing agents, Inorganic Chemistry
Frontiers, 2022, 9, 3200-3216.

S. Li, X. Ren, B. Mezari, Y. Liu, P. Pornsetmetakul, A. Liutkova, N. Kosinov and E.J.M.
Hensen, Direct synthesis of Al-rich ZSM-5 nanocrystals with improved catalytic
performance in aromatics formation from methane and methanol, submitted.

S. Li, B. Mezari, H. Wu, N. Kosinov and E.J.M. Hensen, Rigid diquat structure-directing
agents for synthesis of ZSM-12 nanocrystals with improved performance in n-paraffins
hydroconversion and methanol-to-hydrocarbons reactions, submitted.

S. Li, A. Liutkova, N. Kosinov and E.J.M. Hensen, P-phenylenedimethylene-
bis(trimethylammonium) as a versatile diaquat template for synthesizing nanosized
mordenite, EU-1 and ZSM-12 zeolites, submitted.

216



Curriculum Vitae

Shaojie Li was born on the 6™ of February 1990 in Baoding, Hebei,
China. After finishing his high school degree in 2010 at Lixian
High School in Lixian, he started his bachelor study in Chemical
Engineering and Technology at China University of Petroleum
(East China) in Qingdao. After obtaining his bachelor degree in
2014, he continued his master study at the same university under
the supervision of prof. Chaohe Yang and prof. Xiaobo Chen. His
study mainly focused on catalytic cracking of coker gas oil. In
September 2017, he joined the group of Inorganic Materials and Catalysis at Eindhoven
University of Technology as a PhD student with a scholarship from the China Scholarship
Council. He worked on the synthesis of zeolite nanocrystals and their applications in
heterogeneous catalysis under the supervision of prof.dr.ir Emiel Hensen. The main results
are presented in this thesis.

217



