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Abstract

Abstract

Zeolite ZSM-5 with an MFI framework, consisting of sinusoidal (a-axis) and straight (b-axis)
channels, is a heavily utilised catalysts. This drives continuous research on understanding
the structure-performance relationships. However, the role of each single zeolite channel
orientation during chemical reactions has yet to be understood, due to the complex
structures of the conventional zeolites. In this thesis, by rationally synthesising oriented
crystals and thin-films with high (only) accessibility to sinusoidal or straight channels, the
channel-performance relationships during oligomerisation reactions and alcohol-to-
hydrocarbons processes was studied using a series of advanced characterisation
techniques, e.g. operando UV-Vis Spectroscopy, Confocal Fluorescence Microscopy
(CFM), X-ray Diffraction and NHs-TPD. Firstly, a- and b-oriented zeolite ZSM-5 crystals,
with high accessibility to sinusoidal and straight channels, respectively, were studied to
decipher the product distribution and deactivating behaviours of the catalysts, showing
faster deactivation of a-oriented crystals and a more pronounced aromatic cycle in b-
oriented crystals. Furthermore, the knowledge obtained from the oriented crystals was
confirmed on oriented zeolite ZSM-5 thin-films. First, larger molecules: 4-methoxystyrene
and thiophene, that are also catalysed by zeolite ZSM-5 were studied, demonstrating that
the a-oriented channel favours the formation of small molecules, while b-oriented channels
promote the formation of extended molecules. Using operando UV-Vis diffuse-reflectance
spectroscopy coupled with mass spectrometry the methanol-to-hydrocarbons process was
monitored. It was demonstrated that small coke species are primarily formed in straight
channels, while large coke species mainly cover the a-oriented surface. Meanwhile,
toluene was observed in the effluent from the a-oriented channel, while MS data shows the
absence of toluene in the effluent from the b-oriented channels. We speculate that, due to
their tortuous structure, the formation of small coke species in the a-oriented channel is
suppressed and toluene can diffuse out and further conjugates to large coke species on
the external surface. We believe this work opens a new research approach to study
heterogenous catalysts.
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Chapter 1. Introduction

1. Introduction
1.1 Zeolites

Zeolites (aluminosilicates) were discovered by the Swedish chemist Axel Crondstedt in
1756, who named them zeolites (to boil (zeo) and stone (lithos) in Greek) after their
apparent boiling when heated!. They can either be formed naturally by volcanic activity or
be synthesised in the lab?. Up to this point, 245 different zeolite frameworks have been
recognised by the International Zeolite Association (IZA)3. They are widely applied in the
petrochemical industry for e.g. fluid catalytic cracking, alkylation and methanol to
hydrocarbons (MTH) synthesis due to their unique properties, such as angstrom scale
pores, Bransted acid sites and high stability*.

1.1.1 Zeolite structures

Zeolites consist of tetrahedrally coordinated silica and alumina. These species can form a
multitude of zeolitic building blocks, which can be combined into a vast amount of
frameworks, of which the most commonly industrially applied are the big five : FER, MFI,
MOR, BEA and FAU?. Common characteristics among these materials are high stability,
micro porosity and Bransted acidity*, which makes them suitable for catalysis?.

Brognsted acidity is obtained when a tetravalent silicon atom is exchanged for a trivalent
aluminium atom®. This exchange results in a negative framework charge, which can be
compensated by a hydrogen atom, providing the desired Bragnsted acid site®. Besides their
acidity, the channel system of these zeolites is essential for catalysis. They consist mostly
of, possibly intersecting, 8, 10 or 12 membered ring (MR) channels or cages with windows.
In multi-dimensional channel systems the intersections of these channels might be
essential, as they often have a slightly larger diameter, providing space for bulkier transition
states’. The combination of the size and shape of the channels and intersections, result in
three forms of shape selectivity: product, reactant or transition state®. The product and
reactant shape selectivity are determined by the possibility of diffusion of either the reactant
or product in and out of the zeolites’ microporous channels. Whereas transition state shape
selectivity is determined by the possible accommodation of the transition state within either
the pores or intersections®, either promoting the formation of a transition state or supressing
it.

On a larger, industrial scale, zeolites are mostly used in the form of extrudates. However
they can also be grown in oriented thin-films. These membranes or thin-films are promising
for both separation'® and catalysis!!. The orientation of these thin-films can be grown, with
the help of oriented crystals, along a certain channel*?4. This can be done by synthesising
a monolayer of purely siliceous oriented crystals followed by secondary growth!®. These
oriented thin-films can also be used, as well-defined model systems for catalytic reactions.
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1.1.2 Applications

The total amount of zeolites used can be separated into two categories: natural and
synthetic. Approximately 60% of the total use are natural zeolites, they are used as feed
additives, in construction, for water treatment and for environmental uses'4. However, they
are not abundantly used in catalysis, so they will not be further discussed here. Synthetic
zeolites, on the other hand, are used in a large multitude of industrial syntheses, including
fluid catalytic cracking, hydrocracking, isomerisation and methanol-to-hydrocarbons
synthesis'®. Their main use, however, is as detergents (28% of total zeolite consumption
by weight), as well as desiccants (5% of total zeolite consumption by weight)*® with a total
of 1.817 million tons produced in 2013’ (overview in Figure 1.1). The most abundantly
used zeolite in catalysis is zeolite Y, as the main component of the fluid catalytic cracking
(FCC) catalyst?®.

Desiccants
Catalysts 5%
6%

Natural Zeolites

61%

Figure 1.1 Applications of zeolites per weight in 2013, based on data from Janshekar et al.’

The FCC catalysts are built up from a multitude of materials, with as major component
zeolite Y°, providing the acid sites as well as the desired product selectivity towards the
major components of gasoline, as well as propylene?®. Besides that, there is silica and
alumina present to produce a matrix of meso- and macroporosity, providing access and
facilitating the pre-cracking of larger molecules®. All those components are held together
in a clay. The second most important industrial process catalysed by a zeolite is
hydrocracking. The main catalyst used for this process is similar to the FCC catalyst
consisting of the identical faujasite (FAU) framework, although this zeolite Y has usually
been dealuminated?®. Besides that, another hydrogenation function is added to the zeolite,
this is either a promoted transition metal sulphide or a noble metal, such as platinum or
palladium?®. For isomerisation and alkylation, zeolites with the desired product selectivity
are chosen. Zeolite ZSM-5 (MFI) is used for the isomerisation of xylene®, ferrierite (FER)
for the isomerisation of olefins?! and mordenite (MOR) for naphtha isomerisation?!. For the
methanol-to-hydrocarbons (MTH) synthesis, both ZSM-5 (MFI) and SAPO-34 (CHA) are
used. These will be further discussed in the section concerning the MTH reaction (Chapter
1.2.3).
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1.1.3 Zeolite ZSM-5

Zeolite ZSM-5, first patented by scientists at ExxonMobil in 197222, has a 3-dimensional
MFI framework, which has an orthorhombic unit cell with: a=20.09 A, b=19.75Aand ¢ =
13.14 A 3. In Figure 1.2, two cross sections of the MFI framework are shown, one through
the (1.2a) b-oriented channel and the other through the (1.2b) a-oriented channel. In ZSM-
5 a certain amount of silicon atoms can be replaced by aluminium atoms, resulting in
Bragnsted acidity as described before.

Figure 1.2 3D ball and stick representations of the zeolite MFI framework with the grey atoms representing
silica and the red atoms representing oxygen. Viewed along the (a) b-axis and the straight channels and
along the (b) a-axis and sinusoidal channels.

The ZSM-5 zeolite has 2 accessible medium sized 10-membered ring channels: a straight
channel running through the b-axis and a sinusoidal channel running through the a-axis,
as shown in Figure 1.3. The dimensions of these channels are 0.54 x 0.56 nm? and 0.51 x
0.55 nm? for the sinusoidal and straight channels respectively?®. The intersections of the
channels, provide a slightly larger space, allowing for bulkier transition states to be
formed?*. The combination of these properties results in the shape selectivity, as induced
by the framework. Even though the ZSM-5 zeolite has been used extensively in industry
and academia, a complete understanding of the actual properties, such as the reaction
behaviours of the separate channels, has yet to be cleared up.
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Figure 1.3 Schematic image of MFI zeolite channel system with the straight b-oriented channel from top to
bottom and the sinusoidal a-oriented channel from left to right®’.
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1.2 ZSM-5 Catalysed Reactions

ZSM-5 can catalyse a multitude of reactions in industry. In this thesis we focus on the
alcohol-to-hydrocarbons reaction, because of its relevance to a more sustainable planet.
Additionally, two probe reactions with larger reactant molecules, thiophene and 4-
methoxystyrene oligomerisation, have been investigated to extend our knowledge gained
to molecules of various sizes.

1.2.1 4-methoxystyrene oligomerisation

The oligomerisation of 4-methoxystyrene is catalysed by the intrinsic Brgnsted acidity of
ZSM-5. The monomer gets protonated, after which dimers and trimers can form?®, It was
earlier reported that due to the MFI channel structure, the bulkier trimeric carbocation only
forms in the straight b-oriented channel, whereas the dimeric carbocation is observed in
both channels?® (as shown in Figure 1.4). The formed products exhibit absorption at 585
and 630 nm for dimeric and trimeric carbocations respectively?>?’. Resulting in molecules
suitable for spectroscopic analysis with UV-Vis absorption and fluorescence
measurements.

Presence in ZSM-5 channels

\ o
HsCO OCH;
+H" Dimeric carbocation
EEE—— OCH;3
CHa0H CHOH ) ‘
O ” O
OCH,3

H3CO

Trimeric carbocation

Figure 1.4 4-methoxystyrene oligomerisation products and their presence within zeolite ZSM-5 channels?.
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1.2.2 Thiophene oligomerisation

Another probe reaction applied on the acidic zeolite is thiophene oligomerisation. First, a
protonated monomer is formed, followed by consecutive oligomerisation reactions, which
occurs either by direct oligomerisation or via a ring opening pathway?®. The complete
mechanism, as proposed by G. Whiting et al. 2%, is given below (Figure 1.5). The products
formed during the reactions can be used as a probe for the zeolite pores, as the reaction
is relatively straight forward as well as highly space selective inside the zeolite. The
absorbance of UV-light by the reaction products is dependent on the length of the oligomer,
as larger carbocations, with a more delocalised 1-system, absorb at higher wavelengths.
Therefore, the UV-Vis absorption wavelength increases with oligomer growth (red-shift)*°.
: H

Figure 1.5 The mechanism of thiophene oligomerisation via two different pathways, a ring opening pathway
(black arrows) and direct oligomerisation pathway (blue arrows), in acidic zeolite. Based on G. Whiting et al®®.
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1.2.3 Methanol-to-hydrocarbons

The methanol-to-hydrocarbons (MTH) synthesis was first developed in 1977 by scientists
at Mobil®, shortly after their discovery of zeolite ZSM-5. It provides a pathway to produce
hydrocarbons from methanol, depending on the catalyst used and the reaction parameters.
In literature multiple abbreviations are used for methanol conversions with different desired
products, e.g. MTH (general), MTO (methanol-to-olefins), MTP (methanol-to-propylene)
and MTG (methanol-to-gasoline).

Due to decreasing availability of crude oil and the fight against global warming, the
industrial methanol-to-hydrocarbons synthesis has regained popularity®>. As the oil
reserves decline and the CO, concentration steadily increases, a less environmentally
harmful approach is warranted. This is possible by converting the methanol into chemical
building blocks from different feedstocks, like biomass and waste*3. When those feedstocks
are in low supply, methanol is also available from natural gas and coal. Therefore, it
provides either a green or alternative approach to produce liquid fuels, as well as plastics.
Recently the largest industrial plant to date started operating in China, with a production
capacity of 833,000 metric tons from coal as feedstock®*. They produce mainly propylene
for acrylonitrile for clothing and fabrics, high performance polymers, hard hats and several
different plastic products®-.

The synthesis is generally catalysed for industrial use by either SAPO-34 or ZSM-5
zeolites. These materials show a good olefins selectivity, combined with good stability.
Especially SAPO-34 showed an incredible selectivity towards light olefins®®, although it is
susceptible to faster deactivation®. This zeolite consists of a CHA framework with cages
of 10 x 6.7 x 6.7 A3, having windows of 3.8 x 3.8 A2,37 containing the aromatic cycle products
within those cages, while allowing reactants and products to flow in and out. Compared to
the three-dimensional channel framework of ZSM-5, with intersecting straight and
sinusoidal channels of 0.54 x 0.56 nm? and 0.51 x 0.55 nm?, respectively, allowing for
increased mobility of the HCP species. Due to mare facile diffusion in a 3-D framework, the
deactivation of ZSM-5 is much slower, compared to SAPO-34%'.

The mechanism of the MTH reaction is not universally the same and is dependent on the
zeolite in which it is catalysed. The transition state selectivity is very different for small to
big pore zeolites, as well as in cages with specific windows. The general consensus on the
reaction mechanism of MTH over ZSM-5, which is studied here, is that it operates via a
dual-cycle mechanism®. This mechanism consists of an aromatic cycle, as well as an
olefinic cycle (Figure 1.6). In the olefinic cycle mainly propylene, butylene and higher olefins
are formed, compared to majority ethylene and some propylene being produced in the
aromatic cycle®. This provides an opportunity to tune the product selectivity by promoting
one cycle over the other.
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Figure 1.6 Dual cycle mechanism of methanol conversion over ZSM-5 zeolites, showing the olefinic cycle
on the left and the aromatic cycle on the right, as well as their interconnection, based on Olsbye et al®.

The parameters influencing the propagation of a certain cycle are: silica to alumina ratio,
crystallite size, methanol space velocity, reaction temperature and co-feeding of HCP
species®. A high acid site density (low silica to alumina ratio), allows for multiple reaction
steps to happen in fast succession, contributing to the aromatisation of longer olefins. This
results in the propagation of the aromatic cycle over the olefinic cycle®. While a low
alumina content provides an ideal catalyst to promote the formation of propylene!, thus a
faster propagation of the olefinic cycle. The crystallite size influence is proposedly based
on the longer residence time of methylbenzenes inside the zeolite pore system. This allows
for multiple methylation and dealkylation reactions, producing ethylene, before exiting the
crystal, thus promoting the aromatic cycle?®. With the methanol (or DME) space velocity
decreasing, the olefinic cycle gets suppressed, while the aromatic cycle is promoted. This
is caused by the promotion of the H-transfer reaction, resulting in aromatics, due to a longer
contact time. In contrast to a decreasing contact time at a high space velocity, which
promotes the olefinic cycle*?. At increasing temperature, the aromatic cycle gets
suppressed, due to the lack of chain carriers. Also, at 450 °C higher olefins are more likely
to undergo cracking and desorption, instead of aromatisation, which decrease the amount
of aromatics, thus suppressing the aromatic cycle*®. Co-feeding of certain HCP molecules
can also influence the propagation of their respective cycle. The co-feeding of propylene
does enhance the olefinic cycle*®, however, the co-feeding of higher olefins promote
neither of the cycles. Supposedly, due to increasing both olefinic species, as well as the H-
transfer of these species towards aromatics, balancing the increased propagation of both
cycles*:. The co-feeding of aromatics does clearly promote the propagation of the aromatic
cycle and thus increases the ethylene selectivity**. Another influence on the propagation
of a certain cycle is the channel in which the reaction takes place. The ZSM-5 straight and
sinusoidal channels will influence the propagation of a specific cycle, as their size and
shape can limit both the formation and the diffusion of important HCP molecules.

Although it has been heavily debated, the deactivation of the ZSM-5 catalyst seems to be
caused by both external and internal coke species, formed as a side reaction to the HCP
mechanism*. The external coke, often large multiring aromatics or even graphene like
sheets, block the diffusion in and out of the crystal®. Thus resulting in a deactivated
catalyst. Small coke species block the channels internally, blocking the active sites, as well
as the diffusion through the channel. The hydrocarbons species build-up inside the zeolite
framework could even lead to expansion of the framework over a specific axis, which can
be observed with XRD*.
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1.2.4 Ethanol-to-hydrocarbons

As a similar reaction to methanol-to-hydrocarbons (MTH), ethanol-to-hydrocarbons (ETH)
can be further explored as a sustainable process for liquid fuels and plastics. Ethanol’s
current main use is as a blend component in regular fuels, based on fossil resources.
However, in the United States the production of ethanol is likely to rise above the blending
need and ethanol as a separate fuel is unpractical*’. This requires a process that would
use the more biofriendly ethanol to produce liquid fuels of a higher grade. This process
could be ETH, providing a green route to actual gasoline length hydrocarbon species.
Making it a reasonable addition to the MTG process, where biomass can be converted to
gasoline via methanol.

Fundamentally, ETH is less well researched compared to MTH. What is known, is that the
process provides a largely similar product distribution®®. A minor difference would be the
existence of more ethyl substituted benzenes within the zeolite channels for the ETH
process*®, The synthesis is also generally catalysed by similar zeolite materials, mainly
ZSM-5%, Mechanistically, however, the ETH process does not have a olefin cycle and
operates by a single aromatic cycle®. The olefins are produced from the homologation
reaction of carbon-carbon bond couplings. This means that the formation of ethylene is
mechanistically decoupled from the hydrocarbon pool, as shown in Figure 1.7%°.
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Figure 1.7 Mechanistic description of the production of small olefins in the Ethanol-to-Hydrocarbons process,
adapted from Chowdhury et al>°.
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1.3 Research Methodology

The aim of the thesis is to understand the specific role of single zeolite ZSM-5 channel
orientations during chemical reactions. To this end, both oriented zeolite crystals and thin-
films were synthesised and studied using a series of operando(in-situ)/ex-situ techniques
during the methanol- and ethanol-to-hydrocarbons processes, as well as oligomerisation
reactions.

In chapter 3, oriented crystals were synthesised and the deactivating behaviours and
product distributions of these crystals during the MTH process were investigated. The
crystal morphologies and crystallinities were measured with SEM and XRD, respectively.
The evolution of hydrocarbons in the crystals and product distributions were monitored
using operando UV-Vis coupled with GC. It should be pointed out that, due to their uniform
crystallographic orientations, a- and b-oriented crystals have high accessibility to a-
channels (sinusoidal) and b-channels (straight), respectively. After the reaction the trapped
hydrocarbon species will be studied by dissolving the crystals in HF, extracting them into
an organic layer and further analysis by GC-MS.

Furthermore, the reaction behaviours in single zeolite channel orientation were explored in
oriented thin-films in chapter 4. On these thin-films in-situ 4-methoxystyrene and thiophene
probe reactions were performed, while being characterised in-situ by an UV-Vis probe. The
oligomerisation reactions provide information on channel specific behaviour, as certain
products specifically form inside a single ZSM-5 channel?®5!, based on their respective
shape selectivity. The reactivity of the different channels in the oriented thin-films during
the industrially relevant Methanol-to-Hydrocarbons (MTH) was thoroughly explored. To this
end characterisation methods e.g. Confocal Fluorescence Microscopy (CFM) and UV-Vis
diffuse reflectance spectroscopy coupled with online MS were applied. These techniques
provide specific information on the aromatics inside channels perpendicular to the incoming
beam for the thin-films. This, combined with the orientation of the as-synthesised thin-films,
will provide information about the reaction behaviours within a single ZSM-5 channel
orientation.

By combining the insights obtained by the oriented crystals and thin-films during and after
methanol-to-hydrocarbons, as well as the probe reactions (Figure 1.8). Further insight into
the specific properties and reaction behaviours of the sinusoidal a-oriented and straight b-
oriented zeolite ZSM-5 channel will be obtained.

Figure 1.8 Full overview of the synthesized crystals and films as used in this thesis, including the
crystals and thin-film samples and the ZSM-5 pore system as studied.
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2. Experiments & Methods
2.1 Synthesis of Oriented Zeolite Thin-Films and Crystals

2.1.1 Chemicals

Branched polyethylenimine (PEI, Mw = 25000, Mn 10000, Sigma-Aldrich), sodium silicate
solution  (NaxO(SiO2)x-xH.0, ~10.6%  Na.0O, ~26.5%SiO,, Sigma-Aldrich),
tetraethylorhtosilicate (TEOS, 99%, Sigma-Aldrich), tetra-n-propylammonium hydroxide
(TPAOH, 35 w%, Alfa Aesar), bis(hexamethylene)triamine, 1-iodepropane, 2-butanone,
aluminium sulphate hexadecahydrate (Al2(SO4)3.18 H20, 98%, Sigma-Aldrich), hydrogen
peroxide (30 wt.% in water, Sigma-Aldrich), ammonium nitrate (99%+, Acros Organics),
ethanol (anhydrous, absolute, Biosolve), sodium fluoride (analytical grade, Merkx),
thiophene (GC standard, Sigma-Aldrich), methanol (99.8 %, Sigma-Aldrich), sulfuric acid
(95%, reagent grade, Fischer scientific), potassium hydroxide pellets (KOH, 85%, Alfa
Aesar), quartz plates (LSP Quartz B.V., 20 mm in diameter), glass plates (VWR, 22 mm in
diameter)

2.1.2 Trimer tC6 (SDA) Synthesis

Trimer TPA (tC6) was reported as the structure directing agent for a-oriented MFI crystals.
The synthesis was adapted from literature, described by Bonilla et al*?. Here
bis(hexamethylene)triamine was alkylated with 1-iodepropane. Typically, 450 mL of 2-
butanone, an excess of 72.6 g anhydrous potassium carbonate, HI and water scavenger,
and 27.87 g of bis(hexamethylene)triamine were added to a three neck 1L round bottom
flask. A dropping funnel and reflux condenser were connected to the flask. The round
bottom flask was in a silicone oil bath on a stirring plate, flushed with nitrogen and vented
from the top of the condenser. The solution was heated to 85 °C under nitrogen
atmosphere. Afterwards 101 mL of 1-bromopropane was added dropwise with an dropping
funnel. The reaction was conducted overnight (~15 hours), followed by filtration to remove
2-butanone. The recovered solids contain the target product, trimer-TPA3*3I-, along with
impurity salts. The solids were dissolved in 100 mL of ethanol for several hours, followed
by filtration. An off-white solid with a small amount of impurity was obtained by removing
the ethanol with a rotary evaporator. Purification was performed by dissolving in 250 mL of
cold 2-butanone again, after which an equal volume of ethyl acetate was slowly added to
precipitate the product. After 10 hours the residue was removed from the solution by
filtration. Higher purity of the target product can be obtained by repeating the washing
steps, e.g. ethanol extraction and recovery by ethyl acetate. The purity was checked by
13C NMR (figure 2.1).
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Figure 2.1 Trimer TPAOH (tC6), used as SDA for the synthesis of a-oriented seeds and crystals.

2.1.3 Synthesis of a-oriented MFI-seed crystals

For the synthesis of the a-MFI-seed crystals, t-C6, KOH, TEOS and miliQ water with a ratio
of 1:5:8:1900 were added and stirred overnight. The solution was then poured into an
autoclave through a filtration paper. The autoclave was placed in the (rotational) oven for
24 hours at 175 °C. The suspension was centrifuged for 1 minute at 4000 rpm. Washed
twice with miliQ water followed by centrifuging at 4000 rpm again. Finally, the crystals were
redispersed in acetone, after which they were centrifuged (4000 rpm, 1 minute), decanted
and dried at 80 °C.
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2.1.4 Synthesis of oriented thin-films

a-oriented monolayers were manually assembled on quartz plates after surface
modification by dip-coating in polyethylenimine (PEI). Prior to dip-coating, quartz plates (20
mm in diameter) were submerged in 30 wt.% H>O for at least 45 minutes to clean the
surface. The glass or quartz plates were placed into a 0.425 wt.% PEI solution for 2
minutes, with shaking simultaneously. Then the plates were dried by placing them into
static air for 20 minutes at 60 °C. The a-oriented crystals were adhered to the substrate by
a manual assembly method with latex gloves to prevent any contaminations®. The
monolayers were calcined at 550 °C to remove the organic layers, with a heating and
cooling ramping rate of 1.5°C/min to 550 °C, and 2 hours at 550 °C.

b-oriented thin-films were fabricated by manual assembly, directly applied to the quartz
plates (after H.O, treatment) without surface modification, after which they were placed into
static air at 175 °C for at least 1.5 hours to enhance the monolayer strength.

For secondary growth, a solution of sodium silicate solution (Na-O(SiO.)y-yH-O, ~10.6%
NazO, ~26.5%Si0), EtOH, Alx(S04)3.18H,0, H.SO. and miliQ water with a molar ratio of
1SiO; :1.5EtOH :xAl2(S04)3.18H20: 0.1825H.S04: 200 miliQ water was used, with x being
adjusted for the desired Si/Al ratio. For thin-films with Si/Al = 45 Na,SO4was added with a
molar ratio of 0.1 with respect to sodium silicate above. This solution was made in two
separate flasks, one with sodium silicate, miliQ water and EtOH and the other with
Al2(S04)3.18H,0, H2SO4 and miliQ water. These were magnetically stirred for 15 minutes,
after which they were combined. The final solution was stirred for an additional 30 minutes.
The monolayers (both a- and b-oriented) were vertically placed in a specially designed
holder inside a Teflon lined 20 mL autoclave, into which the solution was added. The
autoclaves were placed into static air for 24 hours at 175 °C. After reaction, the autoclave
was removed from the oven and quenched by immersion in tap water. The as-synthesised
zeolite thin-films were carefully removed and washed with copious amounts of miliQ water
and dried at 80 °C. The plates were then calcined with a similar program as described
above.

Finally, amorphous silica layer etching and ion exchange were conducted by ammonium
fluoride and ammonium nitrate respectively. First, the thin-films were submerged in 0.2 M
agueous NH4F solution for 1 hour. After which the sodium fluoride was removed, and the
plates were washed with miliQ water. For ion exchange the thin-films were submerged into
a 1M (NH4)(NOs) solution for at least 4 hours at 60 °C. After which the ammonium nitrate
was removed and the plates were washed with miliQ water. Finally, they were dried and
calcined with a similar procedure as described for a-oriented monolayers above, to obtain
the H-form thin-films.
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2.1.5 Crystal synthesis

Oriented zeolite crystals were prepared, largely based on literature methods*%2. The
synthesis solution of the a-oriented crystals consists of the ratios of 0.75 tC6, 620 MiliQ
water, 1.17 KOH, 6 TEOS , whereas for the b-oriented crystals the solution consists of the
following ratio : 0.9 TPAOH, 620 MiliQ water, 6 TEOS. The solutions were stirred for 4
hours. Consequently, Al2(S04)3.18H.0 was added, in the amount which would result in the
desired Si/Al ratio. Thereafter, the solution was stirred for another hour before being
transferred into a Teflon lined autoclave, which was then placed inside the oven at 175 °C
with constant rotation.

After a reaction time of 24 hours, the autoclaves were removed from the oven and
guenched with tap water. The formed suspensions were transferred to centrifugal tubes
and MiliQ water was added. The suspensions were centrifuged at 3500 rpm for 3 minutes,
decantated and redispersed in miliQ water. This was reproduced at least 3 times, followed
by adding acetone and centrifuging one last time. The acetone was decantated and the
crystals were dried at 80 °C. These dried crystals were then placed into the calcination
oven, in which they were calcined at 550 °C to remove the organics, with a heating and
cooling ramping rate of 2.2 °C/min to 550 °C, and at least 4 hours at 550 °C.

Finally, the obtained oriented ZSM-5 crystals were activated, by stirring overnight inside a
1 M ammonium nitrate solution at 80 °C to obtain the nitrate form. These crystals were
washed with just water for at least three times, following a similar centrifuge and
redispersion protocol. After drying, the calcination, following a similar program as described
above, resulted in the final H-form product.
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2.2 Characterisation Techniques

2.2.1 Scanning electron microscopy

The morphology of the as-synthesized seed layers, ZSM-5 thin-films and crystals were
examined by scanning electron microscopy (SEM, Phenom ProX, Philips), operating at an
acceleration voltage of 5 kV.

2.2.2 X-ray diffraction

X-ray diffraction (XRD) was used to study the orientation and crystallinity of the zeolite
crystals and thin-films. Diffraction patterns were collected using a Bruker 2D phaser (2"
Gen) instrument, using a Cobalt radiation source, Co ka = 1.789 A. The samples were
rotated at 15 revolutions/min.

2.2.3 Temperature programmed desorption of ammonia

Temperature programmed desorption of ammonia (NHs-TPD) was performed on a
Micromeritics Autochem Il 2920 equipped with a TCD detector. Typically, 100 mg of
oriented crystal was first degassed in He for 1 hour at 600 °C with a heating ramp of 10
°C/min. Thereafter, ammonia was absorbed at 100 °C until saturated, followed by flushing
with He for 120 min. The ammonia desorption was monitored using the TCD detector until
600 °C with a ramp of 10 °C/min, using a He flow of 25 mL/min.
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2.2.4 Reactions utilising operando/in-situ UV-Vis with online MS or GC.

To probe the reaction behaviour of these reactions, in-situ and operando spectroscopic
techniques were utilised. The advantage of these techniques is that the information
obtained is time-resolved®. For operando spectroscopy, this information is obtained from
both a spectroscopic technique, as well as GC or MS to study the effluent. So, that the
formation of molecular intermediates inside the catalyst, can be combined with the product
distribution in real-time?’. In-situ spectroscopy, on the other hand, probes a reaction by just
a spectroscopic technique, in this case UV-Vis diffuse reflectance spectroscopy.

2.2.5 Spectroscopic techniques on thin-films

These previously described principles of in-situ and operando spectroscopy can also be
applied on oriented thin-films. An additional tool, is the polarisation of the incoming UV-Vis
light, not exciting molecules that have a dipole moment perpendicular to the polarisation of
light>. Combined with the orientation of the pores in the as-synthesised thin-films, only
channels parallel to the polarisation of light will show absorption. For the ZSM-5 thin-films
that is the channel that is perpendicular to the orientation of the thin-film, so the b-oriented
straight channels are probed in a-oriented thin-films and vice versa, as shown in red in
Figure 2.2.This allows for channel specific information, inside the channel structure of
zeolite thin-films, if the light absorbing molecules are aligned with the pore. So aromatic
hydrocarbon pool species, as well as larger aromatics/coke species, formed inside a
unigue channel, can be successfully detected by this technique, which is essential for
studying the channel specific reaction behaviour of zeolites. However, products from the
olefin based cycle cannot be detected, as they are not aligned to a pore and do not absorb
in the UV-Vis wavelength region.
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Figure 2.2 Schematic image of the probed channels (red) in oriented ZSM-5 thin-films by x/y polarised light.
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For thiophene oligomerisation the probe was focused on the as-prepared thin-film while
heated to 130 °C in an open Linkham cell. A single drop (a few pL) of thiophene was put
on the oriented thin-film on the focused spot from the probe with a needle. After which it
reacted for approximately 60 minutes, with spectra being taken every 15 seconds.

For the 4-methoxystyrene oligomerisation reaction an open Linkham cell was used
together with the UV-Vis probe. The thin-films were placed in the Linkham cell, which was
heated to 90 °C. A small droplet of 4-methoxystyrene was then placed on top of the thin-
film on the UV-Vis probe’s focus spot, with a needle. After which the reaction ran for 1 hour,
while spectra were taken every 15 seconds. The reaction was, also performed with a 4-
methoxystyrene flow. Using a bubble and a bypass system, 4-methoxystyrene was brought
into the gas phase and lead over the oriented thin-films, while monitored in-situ by an UV-
Vis probe.

For UV-Vis diffuse reflectance microscopy on MTH synthesis, a calcined thin-film after
synthesis, secondary growth, etching and ion-exchange was used. The reaction was
performed in a Linkham cell exclusively used for MTH reactions. Consisting of a gas inlet
connected to a bypass system on a nitrogen line and an outlet connected to MS (Figure
2.3), with a heating stage on which the thin-film was placed. The cell was cleaned prior to
reaction with SiO; catalyst grains at 500 °C under nitrogen flow (15 mL/min) for at least 30
minutes (checked for contaminations in MS). After cleaning, the thin-films were placed on
the heating stage and heated to 350 °C. The probe was focused on the thin-film with a
small tilt, and a reference and dark spectrum were taken prior to the synthesis. The reaction
was initiated when the oxygen peak was stable (only the oxygen still present within the
nitrogen flow). After which the direction of the flow was changed from the bypass through
the methanol saturator. The MTH reactions were run for 90 minutes, while UV-Vis and MS
spectra were measured continuously.
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Figure 2.3 Bypass setup for operando MTH on thin-films, containing an UV-vis probe and on-line MS.

For UV-Vis during MTH a microscopy setup was used as well. Then the thin-film was
placed in the cell facing the microscope (15x reflectance lens). The setup for MTH remains
the same for probe to the microscope setup, but higher resolution in the UV region could
be reached with the probe compared to the UV-diffuse reflectance microscope.
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For the methanol-to-hydrocarbons operando reactions on crystals, a different and more
advanced setup was used. It consists of a water bath to keep the methanol at a constant
temperature, a quartz fixed bed reactor with 100 mg of catalyst, an oven around the reactor,
an UV-Vis probe focused on the catalyst and a GC to analyse the effluent (Figure 2.4). The
crystals were placed inside and calcined in cell at 550 °C under oxygen flow, with a heating
ramp of 5 °C/min was used. The reaction was performed with a helium flow, with a WHSV
of 5g*at 350 °C.

He/MeOH flow
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Figure 2.4 Fixed bed operando setup for MTH synthesis with an UV-vis probe and on-line GC used for
oriented crystals.

From the GC data obtained, the conversion was calculated as follows:

. 0 — [MeOH |- [MeOHyy¢]
Conversion (%) Moo ] (1)

The selectivity to hydrocarbons was calculated as a fraction of the consumed methanol, as
follows:

n[CnHm]
[MeOHn]-[MeOH ]

Selectivity (%) = (2
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2.4.5 Confocal fluorescence microscopy (CFM)

For CFM probe reactions were performed ex-situ. Here 15 pL of 4-methoxystyrene was
put on small pieces of thin-film. They reacted for 1 hour at 80 °C inside a sample vial. The
samples were measured after the reaction was completed. The images were taken while
being focussed either on the bottom or the top of the sample, showing both intensity over
the entire image as well as a spectrum within a certain spot.

For CFM studying MTH, the thin-films were reacted 1.5 hours at 350 °C with a 15 mL/min
N2 flow through a saturator, which is the same reaction as monitored by operando UV-Vis
and MS as described before. These reacted samples were kept in a centrifugal tube
wrapped with parafilm and were measured ex-situ.

The second setup is on a substrate, where the thin-film can be applied either under a 30-,
45- or 60-degree tilt. Here, tilt series were also recorded where the focus was changed to
include the entire screen, in focus by changing the height of the sample. This technique
allows to observe the channel, which is normally invisible under a perpendicular angle.

2.2.6 Analysis of retained hydrocarbons with GC-MS

Hydrocarbons trapped inside the post-reacted crystals after MTH reaction were analysed
by dissolving the material in hydrofluoric acid, followed by extracting the hydrocarbons
using CH.CL.. Typically, 50 mg of spent oriented ZSM-5 crystals was dissolved in 2 mL of
hydrofluoric acid (45%) in a Teflon container with cap stirring for 1 hour. Then the organic
compounds were extracted two times from the water phase by dropwise addition of 3 mL
of CH,CL.. After 30 minutes, the organic phase containing the hydrocarbons was extracted
from the bottom. Finally,3 mL of saturated boric acid was added to the extracted organic
solution to remove the HF residue. The solutions were separated again before filtering into
GC-vials. Analysis of the extracted phase was performed on a Shimadzu GCMS-QP2010
GC/MS system, equipped with an Agilent VF-5 ms column as well as ESI-MS (Agilent,
1100 Series LC/MSD Trap).
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3. Reaction Behaviours Studied on Oriented
Zeolite Crystals

The crystal morphologies and crystallinities were measured with SEM and XRD,
respectively. The evolution of hydrocarbons in the crystals and the product distribution
were monitored using operando UV-Vis coupled with GC. It should be pointed out that, due
to their uniform crystallographic orientations, a- and b-oriented crystals have high
accessibility to a-channels (sinusoidal) and b-channels (straight), respectively.

3.1 Physiochemical Properties

The oriented crystals were synthesised as described in the experimental section. To
confirm if the properties of the as-synthesised crystals correlate to the envisaged model
systems: scanning electron microscopy (SEM), ammonium temperature programmed
desorption (NH3.TPD) were applied. These techniques provide information about the a-
and b-orientation, morphology, crystallite size and acid site density.

The Phenom ProX, Philips SEM was used to image the oriented crystals. From these
images the crystal length and morphology can be observed. As well as the presence of
crystal intergrowths, defects and amorphous materials. The as-synthesised a- and b-
oriented crystals with Si/Al ratio 125 are shown in Figure 3.1. Besides that, the XRD spectra
of both crystals are given, in addition to their size, as measured from the SEM images (50
counts each).

a _ b c

1,8 2,0 22 24 26
20(%) Particle size (umj)

30
20(%)
Figure 3.1 SEM images of (a) a- and (b) b-oriented ZSM-5 crystals, with Si/Al ratio = 125 and their respective
(b, €) XRD pattern and (c, f) particle sizes.
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The sizes over all their axes are given in Table 3.1 with their respective standard deviation.
Table 3.1 Particle size distributions as measured from the SEM image.

Sample a-axis (um) b-axis (um) c-axis (um)
a-oriented ZSM-5 0.55 +0.07 1.42 +0.11 2.36 +0.18
b-oriented ZSM-5 1.43 +0.08 0.66 +0.05 2.13+£0.10

To probe the acidity of the a- and b-oriented crystals ammonia TPD was performed on the
crystals with Si/Al = 125. As can be observed from Figure 3.2, the ratio of acid sites
between the two different crystals are vastly similar. Making it reasonable to compare the
result the two samples on a basis of the accessibility of the channels rather than a
difference in acidity.
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Figure 3.2 NHs-TPD profile of (a) a-oriented 125 and (b) b-oriented ZSM-5 crystals with Si/Al = 125

By converting the area below the graph to the quantity in mL NH3 per gram of catalyst, the
acid site density can be calculated by using the ideal gas law (3). With the assumption that
a single ammonium molecule binds to a single acid site, the number of moles of ammonia
desorbed per gram of catalysts directly corresponds to the amount of moles of acid sites
per gram of sample.

PV = nRT (3)

Table 3.2 Acid site density of a- and b-oriented ZSM-5 as calculated by NH3; temperature
programmed desorption

Si/Al ratio a-ZSM-5 acid density b-ZSM-5-125 acid density
125 172 pmol/g 145 ymol/g

The acidity as calculated from ammonia TPD is reasonably comparable, between a- and
b-oriented crystals. Showing that the differences in their catalytic properties will largely be
caused by the orientation in which they are grown and not their acidity, resulting in good
model systems for the methanol-to-hydrocarbon synthesis.
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3.2 Operando UV-Vis spectroscopic Studies of the Methanol-to-
Hydrocarbons Process

The a- and b-oriented crystals with a Si/Al ratio of 125:1, as characterised in the previous
paragraphs were employed in the industrial methanol-to-hydrocarbons reaction, while
operando UV-Vis was measured with on-line GC. The spectra are plotted within the first
few minutes, as those are dominated by the orientation of the crystals.

3.2.1 Deactivation behaviours and product distributions

a- and b-oriented zeolite ZSM-5 crystals were prepared with roughly identical sizes of
approximately 2.0 um with a Si/Al ratio of 125, according to the synthesis conditions. a-
oriented zeolite ZSM-5 crystals have leaf-shaped plate-like shape with the sinusoidal
channel dominating the surface, consistent with the morphology reported in the literature®®.
b-oriented crystals exhibit a coffin-like shape, with straight channels primarily open to the
surface®. Samples of each catalyst exhibit discernible facets and a relatively
monodisperse crystal size. According to the NH3-TPD analysis, the catalysts show roughly
similar acid site densities of approximately 155 umol/g.

We first compare the deactivating rate of a- and b-oriented zeolite ZSM-5 crystals, where
the difference in channel distribution have a marked influence on the deactivation
behaviours. As shown in Figure 3.3, the deactivation of the a-oriented crystals is constant,
while the deactivation of b-oriented ZSM-5 crystals happens in 3 stages. After a, relative
to a-oriented crystals, slow deactivation rate for approximately 30 hours there is a steep
drop in conversion observed, after which it follows a similar deactivating profile compared
to a-oriented crystals.
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Figure 3.3 The conversion (a, ¢) of a- and b-oriented ZSM-5 in MTH synthesis at 350 °C with a WHSV of 5 h,
in ¢ the graphs are shifted based on the data point with the highest conversion, to compare the deactivation
slope. The (b) ethylene/C5 olefins and (d) ethylene/propylene are given, showing the relative propagation of the
olefin and aromatic cycle and the ratio of the essential MTO products respectively.
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Interestingly, the ratio between ethylene and 5C olefins (e.g. 2-methyl-2-butylene) is
different throughout the entire reaction, with a higher ethylene/5C olefins ratio for b-oriented
crystals. Ethylene/2MB ratio is often used as a descriptor for the propagation of the
aromatic and olefin based cycles of the HCP mechanism. It is known that the aromatic
cycle produces mainly ethylene and some propylene, while the olefin based cycle produces
mainly propylene and higher olefins®®. Therefore the difference in the Ethylene/5C olefins
ratio, shows the enhanced propagation of the aromatic cycle within the b-oriented
channels, whereas a-oriented channels show a more pronounced propagation of the olefin
based cycle.

3.2.2. Evolution of hydrocarbons studied with operando UV-vis spectroscopy

To explain the differences in life-time and product distribution, operando UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS) was employed, as it is an insightful technique for
the detection of HCP and coke species formed in zeolites during the MTH process. In the
first minutes, small aromatics (<300 nm) are promoted within the a-oriented channels
(highly accessible for a-oriented crystals) and larger HCP species (300-400 nm) are formed
earlier in the b-oriented channels (highly accessible for b-oriented crystals). This difference
vanishes after longer reaction times, as internal diffusion reaches throughout the entire
crystal, resulting in similarly looking UV-Vis absorption spectra for both orientations.
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Figure 3.4 Operando UV-vis of (a) a- and (b) b-oriented ZSM-5 Crystals in their first 1.5 minutes of MTH
reaction at 350 °C with a WHSV of 5 h-1,

3.2.3. Study of retained hydrocarbons in the first reaction stage

To study trapped organics inside the oriented crystals, a setup with a Linkham cell was
used. The crystals were placed on the stage, heated to 350 °C for 1 hour before reaction.
The reactions was run for either 3 or 10 minutes, with a 15 mL/min N flow through a
saturator containing methanol, after which the cell was cooled down and the reacted
crystals were recovered. After reaction the trapped hydrocarbons were studied ex-situ, by
UV-Vis spectroscopy, taken with an UV-Vis probe, wherein fresh oriented crystals were
used as a reference. After reference, the samples were placed under the probe, showing
the hydrocarbon species present inside the zeolite crystals after 3 and 10 minutes of
reaction.
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Clearly, after 3 minutes the larger hydrocarbon pool species are present in b-oriented
crystals, that have a higher accessibility for b-oriented channels. After 10 minutes the
hydrocarbon pool species are vastly similar within both crystals, although a higher
absorption is observed for a-oriented ZSM-5 for either coke precursors or external coke
species.
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Figure 3.5 Ex-situ UV-vis of a- and b-oriented ZSM-5 crystals after (a) 3 and after (b) 10 minutes respectively.

To identify the actual trapped carbons within these a- and b-oriented channels after 3
minutes of reaction the crystals were dissolved in 45% HF, after which the organics were
extracted by CHCl. This organic layer was studied using GC-MS (Figure 3.5). A coupled
13C NMR measurement was taken as well, as a non-destructive method to investigate
trapped aromatic species. Unfortunately no significant signal was obtained during the *C
NMR experiments. Probably, because of the relatively low carbon content in the sample,
after such a short reaction time.

In the GC-MS samples a mostly similar chromatogram is observed, however, there are
some very telling differences. The most important peaks are highlighted in Figure 3.5,
showing that the methylated HCP aromatic is more pronounced in the a-oriented channels,
promoting small aromatics (m/z = 135), whereas b-oriented channels already show large
conjugated coke species (m/z = 191) (the MS spectra of the assigned species in the GC-
MS measurement are shown in the supporting information in Figure s1). This is another
confirmation that the a-oriented channels enhance the formation of small HCP species and
that the b-oriented channels promote the formation of internal coke species. It has to be
noticed, however, that while the conjugated coke species are more pronounced in the b-
oriented crystals, they are present in the a-oriented ZSM-5 crystals as well. This can be
explained due to the contribution of hydrocarbon species not being exclusively from a
single channel. The accessibility to a certain channel within those first few minutes is the
major reason for the difference in intensity, while contributions of both channels can still be
observed in either sample. Many peaks are not assigned, as they do not belong to a carbon
species, but are leftovers of the zeolite framework.
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Figure 3.6 GC results of the products extracted from (a) a-oriented ZSM-5 and (b) b-oriented ZSM-5

crystals after 3 minutes of MTH synthesis.
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4. Reaction Behaviours studied on Oriented
Thin-Films

To extend the insights obtained from the previous chapter on oriented crystals, oriented
ZSM-5 thin-films were synthesised and studied as model systems in thiophene and 4-
methoxystyrene oligomerisation reactions, as well as the methanol and ethanol-to-
hydrocarbons synthesis.

4.1 Fabrication of Oriented Zeolite Thin-Films
4.1.1 Synthesis of oriented zeolite seed crystals

After the synthesis of the a- and b-oriented purely siliceous MFI (silicalite-1), the seed
crystals were checked for their orientation, size and the presence of intergrowths. As seen
in Figure 4.1 the a- and b-oriented seed crystals, while having some intergrowths, are
mostly uniform in orientation as well as in size (~2 um). So, they are suitable for the
formation of an MFI monolayer.

3 p | 1\." 4 '. m— i N i
Figure 4.1 SEM image of purely siliceous (a) a- and (b) b-oriented MFI crystals, used as seed crystals for
monolayers synthesis.
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4.1.2 Attachment of oriented zeolite monolayers

Different procedures have been used to synthesise uniformly a-oriented monolayers.
These methods consist of spin-coating and chemical functionalisation of the substrate
followed by refluxing, sonification or manual assembly to adhere the a-oriented seed
crystals. For spin-coating, a polymer (glue, e.g. PEI) is applied on the substrate, after which
the seeds were attached by manual assembly®®. Another applied technique is chemical
deposition, in which the substrate was refluxed in an organic binder molecule (e.g. 3CP-
TMS) followed by either sonification®® or refluxing of the seed crystals and the substrate in
toluene®’. It is also possible to first apply a silica layer on a substrate by dip-coating, after
which the surface is functionalised and the crystals were applied as described before®. An
overview of all techniques described here is given in Table 4.1.

Table 4.1 a-oriented monolayer synthesis techniques used in literature.

Method of substrate Attachment of seed Reference
treatment crystals

Spin coating (PEI in Manual assembly Tung et al.>®
ethanol)

Chemical deposition with | Sonification Choi et al.%12
3CP-TMS

Chemical deposition with | Refluxing of crystals in Choi et al.*’
3-amino-propylsilyl Chemical deposition with 3-

amino-propylsilyl followed by
refluxing in toluene
Dip-coating in silica layer, | Both reflux and sonification | Kim et al.®®

followed by chemical techniques were used

deposition

- Sonification of seeds in Kim et al.®®
toluene on bare a-alumina
disks

There were 2 methods used here: spin-coating and dip coating, after which manual
assembly was applied to attach the seed crystals. Generally, polyethylenimine (PEI) in
ethanol solution was made, in which the concentration was varied from 0.3 to 1 wt.%.
Besides that, epoxy and polyethylene glycol (PEO) were tried as a glue, but they were
ineffective and were discarded early on.

For the spin-coating method the spin-coating speed, the PEI concentration, as well as the
amount of polymer solution added were varied. The quality of the monolayer was examined
for 2 properties, which is both the coverage (amount of area covered by a monolayer,
visible by eye) and the packing (the amount of empty space and the orientation of the
crystals, visible by SEM). The spin-coating speed at low rpm, resulted in a poor coverage
of a-oriented MFI seeds after manual assembly. Presumably, because the polymer did not
disperse well over the quartz plate, leaving entire spaces open, with no ‘glue’ present to
attach the seeds. It has also been tried to repeat the spin-coating after the first manual
assembly, however, this resulted into even more out of plane crystals and did not improve
the monolayer quality at all. At higher speeds and amount, speed 2 2500 rpm and amount
= 200 pL, there was polymer present all over the quartz plate, resulting in fully covered
quartz plates. However, when those synthesised monolayers were examined with SEM
(Figure 4.2), the packing of the seed crystals was poor. Showing plenty of empty space,
combined with misdirected, out of plane, crystals at different spots. Possibly, this was
caused by an abundance of polymer, limiting the mobility of the seed crystals, sticking only
to the place where they were attached. In addition to that the crystals that were applied out
of plane did not disperse and remained misdirected. Unfortunately, while this method does
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show a fully covered quartz plate by eye, no acceptable middle ground has been found, as
shown in Figure 4.2. It has to be mentioned that in contrast to the spin-coating method
reported by Pham et al.®®> no PDMS was applied on the substrate before spin-coating with
PEI. A method that provides both a good coverage over the entire quartz plate, as well as
a good micrometre lever packing is desired here.

b

Figure 4.2 (a) Monolayers containing plenty of empty space after spin coating, (b) monolayer spin-coated with
epoxy with a poor packing, (c) high amount of out of plane crystals after spin coating, (d) high amount of out of
plane crystals after double spin-coating.

Therefore, a dip-coating method was tried, wherein the quartz plate was submerged within
the PEI in ethanol solution. The time submerged was varied, as well as the PEI
concentration of the solution. In these experiments similar trends were observed,
compared to spin-coating. At low PEI concentration (0.3 wt.%) poor coverage of the
polymer on the quartz plate was observed, which resulted in poorly covered monolayers.
On the other hand, at higher PEI concentration (1 wt.%), full coverage was observed, but
it was not well packed. For dip-coating, however, a decent balance was found at 0.5 wt.%
PEI concentration, showing reasonable coverage, combined with a reasonable packing.
Further optimisation resulted in the PEI concentration of 0.425 wt.%, while the substrate
was submerged for 2 minutes. The attempted parameters for spin- and dip-coating are
summarised in table 4.2.

Insights into Reaction Behaviours in Single Zeolite ZSM-5 Channel Orientations as Studied with
Operando UV-Vis Spectroscopy 32



Chapter 4. Reaction Behaviours studied over Oriented Thin-Films

Table 4.2 Attempted parameters for coating of polymer (PEI) on top of a glass/quartz
substrate.

Method PEI concentration Time | Result
(wt.%), amount (ul) | (s)
rpm
Spin 1500 0.5, 200 15 Poor coverage
coating

2500 0.3, 200 15 Poor coverage

2500 0.5, 200 15 Fully covered on the quartz
plate, not densely packed
under SEM.

2500 1, 200 15 Fully covered on the quartz
plate, not densely packed
under SEM.

3500 0.5, 200 15 Fully covered on the quartz
plate, not densely packed
under SEM.

Dip coating 0.3 120 | Poor coverage

0.425 120 | Best result so far

0.5 120 | Reasonable result

0.75 60 Fully covered on the quartz
plate, not densely packed
under SEM.

1 60 Fully covered on the quartz
plate, not densely packed
under SEM.

As described before, the dip-coating method was the most successful in providing both
good packing as well as orientation. This resulted, in general, in good monolayers as shown
in Figure 4.3. Although the a-oriented monolayers were not always as homogeneously
covered over the quartz plate and many attempts were still needed to get an excellent
result.

Figure 4.3 SEM images of a- and b-oriented monolayers MFI seed crystals on a (PEI coated) quartz substrate,
with the accordingly measured XRD.

For b-oriented monolayers the crystals were applied directly on the surface of the cleaned
quartz plate by a manual assembly method, described in earlier work by D. Fu®. Due to
the electrostatic interactions of the crystals and the surface, these hexagonal crystals can
be applied after careful rubbing, resulting in well covered monolayers over the entire quartz
plate.
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4.1.3 Growth of continuous zeolite thin-films

From the oriented monolayers studied in the previous paragraph, thin-films were grown in
a secondary growth medium (SGM) with Si/Al = 45 and 125. These were then studied with
SEM and XRD to determine their orientation and quality, which refers to either the
coverage, intergrowth and presence of amorphous silica. In Figure 4.4, the a-oriented thin-
films with different Si/Al ratios are shown. Here, it can be observed that for SGMs with Si/Al
= 125 and 45 highly a- and b-oriented ZSM-5 films were obtained, although the a-oriented
thin-films are not completely covered and show a small amount of out of plane crystals.
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Figure 4.4 SEM images of (a, b) a- and (d, e) b-oriented thin-films after secondary growth in a SGM with Si/Al
ratios of(a, d) 125 and (b, e) 45 with a representative XRD spectrum of (c) a-oriented ZSM-5 and (f) b-oriented
ZSM-5 respectively.

However, the a-oriented thin-films, as produced here, can be used for MTH reaction,
wherein the channels perpendicular to the orientation are probed. The b-oriented thin-films,
however, are very continuous and well grown over the entire thin-film. Besides that, the
position of the Brgnsted acid sites are determined by the aluminium siting within the
framework. By conducting the secondary growth, with a non-SDA route, containing sodium
ions, the acid sites are not exclusively present within the channel intersections, but more
widely dispersed, predominantly throughout both channels, but also present in the
intersection®. This provides good model systems, with uniformly oriented channels and
uniformly dispersed acid sites. In the X-ray diffractogram can be observed that the these
thin-films are solely crystalline ZSM-5 and oriented correctly*?6!, showing only a couple
of ZSM-5 peaks, as the thin-film is oriented and only certain planes can show constructive
interference.
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4.2 Oligomerisation Reactions

Insight into the difference in the contribution of channel specific behaviour to product
formation in simplified reactions was obtained. Firstly, 4-methoxystyrene oligomerisation
products consist of two well defined structures, giving information about the channel
specific properties. These are the dimeric and trimeric carbocation, which is present in both
channels and just in b-oriented channels respectively (Table 4.3). The presence of these
bulkier species inside the straight channels is also observed in the as-prepared oriented
thin-films (Figure 4.5).

Table 4.3 Assignment of the UV-Vis absorption peaks for 4-methoxystyrene
oligomerisation.

Wavelength (nm) Assighment Channel Reference

630 Trimeric carbocation b-oriented Ristanovic et al.
25

580 Dimeric carbocation Both Ristanovic et al.
25

340 Protonated monomer Both Cozens et al. &2

This same trend is observed in the thiophene oligomerisation reaction. In Figure 4.5 (c, d),
it is shown that larger oligomers are formed in the b-oriented channel. The molecules up
to 553 nm are quite well assigned (Table 4.4), as either a thiophene oligomer formed from
direct oligomerisation or as a result of the ring opening mechanism. Due to the relatively
large amount of absorbance at larger wavelengths than 553 nm it can be stated that even
larger oligomers form inside the straight channels. As larger oligomers, due to an increased
delocalised 11 system, are more stabilised, resulting in a red-shift in the UV-Vis absorption
wavelength®.
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Figure 4.5 UV-Vis spectra of (a, b) 4-methoxystyrene and (c, d) thiophene oligomerisation on oriented thin-films,
showing the (a) presence of the trimeric carbocation in green and its (b) absence in red.
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Table 4.4 Assignment of the UV-Vis absorption peaks for thiophene oligomerisation.

Wavelength (hm) Assighment Reference

298 Monomer+ D. Valencia et al.®®
340 Dimer+ D. Valencia et al.®®
404 Trimer+ D. Valencia et al.®®
440 Ring opening product+ G. Whiting et al.?®
553 Tetramer+ D. Valencia et al.®®
579 Larger oligomer -

Therefore, it can be concluded from both of these probe reactions that the b-oriented
channels promote the formation of extended molecules, whereas the formation of larger
molecules is supressed in the a-oriented channels. This is found throughout the multitude
of different reactions performed and can be used in comparison to how the hydrocarbon
pool molecules in the industrial methanol- and ethanol-to-hydrocarbons synthesis.

To validate these differences on the ex-situ sample, an UV-Vis probe spectrum was taken
(Figure 4.6b) of a 4-methoxystyrene sample, proving the consistency of the existence of
the molecules inside the assigned channel as described above. Another validation of the
methodology, showing that the difference in the spectrum are based on the channel and
not on other differences between the thin-films, is a tilt series of an a-oriented thin-film after
4-methoxystyrene oligomerisation with CFM.
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Figure 4.6 (a) Tilt series of a-oriented zeolite ZSM-5 thin-film with Si/Al = 125 after 4-methoxystyrene
oligomerisation. (b) Ex-situ UV-Vis of b-oriented ZSM-5 and a-oriented ZSM-5 thin-films after 4-methoxystyrene
oligomerisation.

As mentioned before, the orientation of channels that can be probed are those that are
perpendicular to the orientation of the thin-films (chapter 1.2). This constitutes that the peak
that is only present in the a-oriented thin-film, will largely disappear when the sample is
tilted under a certain angle. This is done by applying the ex-situ sample to a stage with 3
facets. Cut at angles of 30°, 45° and 60°, to which sticky tape is present on which the
sample can be applied. This disappearance of the 650 nm peak is exactly what can be
observed in Figure 4.6, for the emission data, the peak at 595 nm is assigned to the dimeric
carbocation, whereas the peak at 650 nm is assigned to the trimeric carbocation. That the
signal assigned to the trimeric carbocation disappears with the tilt series, proves that the
trimeric carbocation is not just a feature of the a-oriented thin-film sample, but is exclusively
present within the b-oriented channel.
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4.3 Alcohol-to-Hydrocarbons Processes on Zeolite ZSM-5 Thin-
Films

The observations from the probe reactions show the difference in the shape selectivity
inside the different channels of the zeolite ZSM-5 framework. Showing that the formation
of bulkier molecules is promoted inside b-oriented channels, and suppressed in the a-
oriented channels. Using UV-Vis diffuse reflectance spectroscopy, the same methodology
was further applied for the industrial MTH reaction.

4.3.1 Operando UV-Vis on oriented ZSM-5 thin-films

It is known that the absorption by compounds aligned within a channel, does not occur when
the dipole moment of the molecule is perpendicular to the polarisation of light®t. This
provides the ability to decouple the two different MFI channels, as shown alongside the UV-
Vis spectra (Figure 4.7). The evolution of protonated HCP and small coke species (e.g.
naphthalene) inside the a-oriented channels can therefore be monitored in b-oriented thin-
films and vice versa. It has been generally acknowledged that methylbenzenium ions (up to
4 methyl groups) with absorption at 350 nm are the active species for MTH reactions in
ZSM-5 catalysts®. In Figure 4.7, a much higher intensity ratio of naphthalene carbocations
(420 nm) to methylbenzenes (350 nm) was observed inside b-oriented channels and their
accumulation may lead to pore blockage. Moreover, external coke species (four/ five-ring
at 550-635 nm and poly-condensed aromatics > 675 nm), were more pronounced on the
surface of a-oriented thin-films, illustrated by a much higher intensity ratio of external cokes
to HCP species (Figure 4.7). A complete summary of the assigned UV-Vis active species is
given in Table 4.5

Table 4.5 Assignment of the UV-Vis absorption peaks in methanol-to-hydrocarbons
reactions.

Wavelength (nm) Assignment Reference

260 Neutral methylbenzenes Waulfers et al. ®*

295 Cyclopentadienium ions Waulfers et al. ®*

350 (4-5) Methylbenzenium Waulfers et al. ®*

410 Two- three-ring aromatics D. Mores et al.

>550 nm Larger aromatics species/cokes E. C. Nordvang et al.**

To generalise these findings, ethanol-to-hydrocarbons was also studied with the same
approach. Analogues to MTH, a higher external surface to smaller coke species ratio was
observed on a-oriented thin-films. Also, the relative ratio of HCP to small coke species is
higher for a-oriented channels, showing the suppression of small coke species inside the
sinusoidal channels. Interestingly, for both orientations a higher external to internal coke
ratio was observed in comparison to MTH, as shown by a higher ratio of internal (420 nm)
to external (> 550 nm) cokes (Figure 4.7).
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Figure 4.7 (a, b) Methanol-to-hydrocarbons and (c, d) ethanol-to-hydrocarbons on oriented thin-films during
the first 3 minutes of reaction with the probed channel being depicted on the left and the assigned molecules
depicted inside the spectra, which are active HCP species, coke precursors and external coke.

Meanwhile with on-line MS, as shown in Figure 4.8a, toluene was observed in the effluent
of a-oriented thin-films. b-oriented thin-films on the other hand did not show toluene in a
significant manner at all. Therefore we speculate that, due to their tortuous structure, the
formation of small coke species is suppressed within the a-oriented channel, allowing
toluene to diffuse out and conjugate to large coke species on the external surface, as
shown in Figure 4.8b. The b-oriented channel, on the other hand, will get blocked by the
formation of small coke species. For ETH, however, no toluene was found in the effluent
of either oriented thin-film. The effluent of toluene over the entire reaction of both MTH and
ETH is shown in the supporting information in Figure s5.
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Figure 4.8 (a) MS spectrum after 1200 seconds showing toluene present in the effluent of a-oriented thin-
films, but not in the effluent of b-oriented channels. (b) The proposed model based on the presence of toluene
in the effluent of a- and absence from b-thin films.

It has been reported for ETH on SAPO-34, that external coke species formed first®®. The
first detectable coke species for ETH were external, with the small coke species following
up. However, for MTH the internal coke species dominate at the start of the reaction, with
a gradual build-up of coke species over time. This is in accordance with the claim that
external coke species form first in the ETH reaction, regardless of the facets. Therefore,
we speculate that the formation of external coke species consumed the aromatics that
could effluent out from the a-oriented channel, attributed to the absence of aromatics in the
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MS spectra. Collectively, these results suggest that deactivation in ETH starts from the
surface of the thin-films, followed by pore blockage.

4.3.2 Ex-situ assessment of the location of the coke species

In addition to the information obtained by UV-Vis, CFM was applied to visualise the large
external coke species by using a 561 nm excitation laser. The emission of external coke
molecules, similar to the one shown in the red box (Figure 4.9), can be observed®. In
Figure 4.9, it is shown that the surface of the a-oriented thin-films has a much stronger
emission, compared to the b-oriented thin-films. Similar trends were observed for oriented
zeolite thin-films with a Si/Al ratio of 45. The reconstructed 3D image is obtained by
applying the thin-films to a stage, and then shifting its focus point by adjusting the height
of the stage, showing how the external coke is positioned on the zeolite thin-films..

T . . T

1
Large (external) coke
species

g

Stage

Figure 4.9 Confocal fluorescence microscopy image of oriented thin-films with Si/Al = 125 excited by a
561 nm laser (top), as a flat substrate and with a 30° tilt on a stage (bottom). In the red box an example
of the kind of coke species probed by the 561 nm laser is given.
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For the analysis of the trapped species within the oriented thin-films after reaction the probe
was used ex-situ. Used samples, were applied on a stage at a certain tilt, similar to CFM,
and the probe was used to take an absorbance spectrum (Figure 4.10), with a fresh thin-
film as reference. It can be observed that inside the b-oriented channel (flat a-oriented thin
film) the absorbance is exclusively in the higher wavelength regions, showing both the
external coke formation that is on the surface of the a-oriented thin-films (>550 nm), as well
as the smaller coke species trapped inside the straight channel (>410 nm). The external
coke formation is more pronounced on the surface of the (Figure 4.10a, c) flat a-oriented
thin-films compared to the (Figure 4.10b, d) b-oriented surface, only showing a relatively
small amount of absorption at wavelengths larger than 500 nm32, When tilted, however, it
shows the contribution of the species in the a-oriented channel, which consists of smaller,
possibly HCP active, aromatic species between 300-400 nm (Table 4.5). When analysing
the (Figure 4.10b, d) a-oriented channel ex-situ, it shows strong absorbance of HCP
aromatics, which indicates that these species are truly present in the channel and do not
form because of other sample difference. Further confirming the proposed mechanism as
shown in Figure 4.8, as well as the enhanced formation of larger coke precursors inside
the straight b-oriented channels and smaller HCP aromatics inside the sinusoidal a-

oriented channels.
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Figure 4.10 Ex-situ comparison of oriented thin-films as flat substrates compared to a 30- and 45-degree
angle. The images next to the spectra, show the orientation of the thin-film when the substrate is flat.
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5. Conclusions & Outlook

5.1 Conclusions

In this thesis, oriented zeolite ZSM-5 crystals and thin-films were synthesised and applied
as reaction platforms to study the reaction behaviours in single zeolite channel orientations
using a spectroscopic approach.

In the first part, the deactivation behaviours and product distributions during the MTH
process on oriented crystals were investigated. The crystal morphologies and crystallinities
were measured with SEM and XRD, respectively. The evolution of hydrocarbons in the
crystals and product distributions were monitored using operando UV-Vis coupled with GC.
The product distribution showed that crystals with a higher accessibility to a-channels have
a more pronounced olefin based cycle, relative to the b-oriented crystals. Multiple
deactivation stages were observed in b-oriented ZSM-5 crystals, while a-oriented crystals
showed a constant deactivating rate during reaction. To study this deactivation, the formed
species within the crystals were monitored with operando UV-Vis, showing the earlier
formation of more conjugated species in b-channels. The retained hydrocarbons, as
analysed by GC-MS, also show small coke species within the higher accessible b-
channels.

Secondly, due to the uniform crystallographic orientations of oriented zeolite thin-films,
evolution of hydrocarbons and products in each channel orientations can be exclusively
followed with operando/in-situ UV-Vis spectroscopy coupled with mass spectrometry. The
results from the in-situ oligomerisation reactions demonstrate that extended hydrocarbons
are preferentially formed in b-oriented channels (straight), while they were supressed in
the a-oriented channels (sinusoidal). For the MTH process it was found that, similar to
oriented crystals, more conjugated species were formed inside the b-oriented channels.
Interestingly, toluene was observed in the effluent from the a-oriented channels during
MTH, as measured by MS. This, combined with the more pronounced external coke on the
surface of the a-oriented thin-films, has led us to speculate that the b-oriented channels
gets blocked by small, internal coke species, while the tortuous a-oriented channels
supress their formation. These small aromatic species, in a-oriented channels, can
therefore diffuse to the external surface, followed by conjugation forming large external
coke species. The gained insight on the channel specific reaction behaviours, show that
the deactivation of the crystals is largely dominated by external coke, as highly a-oriented
crystals deactivated faster. At a later stage, both internal and external coke contribute in a
major way and the deactivation slope becomes comparable.

To summarise, using both oriented crystals and thin-films, a panoramic picture has been
built for the reaction behaviours in single zeolite channel orientations. We believe that the
knowledge obtained from this thesis could benefit the chemical industry in designing new
zeolite materials for targeted products, and that the research approach innovated in this
thesis opens a new way for studying structure-performance relationships of zeolite
catalysts during chemical reactions at a single zeolite channel orientation level.
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5.2 Outlook

Improvements to the a-oriented thin-films could be achieved, by improving either the
monolayer quality or the secondary growth method. Especially the density of crystals in
monolayers dictates the thin-film quality. Other methods, including chemical attachment,
could also be tried. These improved thin-films would operate as superior model systems,
and in an ideal case, might even be usable as molecule separation membranes.

Pyridine-IR could be applied on the oriented crystals, to give additional information besides
NHs-TPD on the acid site nature, such as the Lewis to Brgnsted acid site ratio. To study
the trapped species inside the zeolite channels with 3C NMR, 3C labelled methanol could
be used for MTH on oriented crystals after short time reaction, that will lead to the
entrapment of hydrocarbons primarily in corresponding channels. However, the crystals
with a Si/Al ratio of 125 did not show enough NMR signal after 3 minutes of reaction.
Therefore, oriented crystals with lower Si/Al ratio, e.g. 20, can be synthesised for the NMR
measurement.

Confocal fluorescence microscopy might be employed during the MTH reaction. This will
provide additional insight into the reactivity and kinetics of the two distinct channels in the
ZSM-5 MFI framework, as well as the build-up of external cokes. Additionally, UV-Raman
could be used to analyse the formation of external coked on the oriented thin-films, as it
gives insight into the aromaticity (graphene like structure) of the formed coke. This could
both be performed ex-situ as well as, preferably, in-situ.
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