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Abstract

Anno 2023, mankind must strive towards a more sustainable chemical industry;
one that does not solely rely on fossil fuels but also utilises renewable feedstocks
such as biomass. Biomass can be catalytically converted into commodity chemicals
such as aromatics, through intermediates like furans. Aromatics serve as building
blocks for everyday materials.

In this work, the conversion of one type of furans, 2,5-dimethylfuran, was studied
at elevated temperatures in a flow reactor by using a selection of microporous,
acidic catalysts. The effluent gas stream was analysed with Fourier-transform
infrared spectroscopy and mass spectrometry. Zeolitic catalysts with the MFI-
framework were synthesised bottom-up through hydrothermal synthesis, with
aluminium or gallium substituted in their framework. Structural analysis was
performed comprising X-ray fluorescence, X-ray diffraction, physisorption, ther-
mogravimetric analysis, scanning electron microscopy, and acidity analysis by
NH;3-TPD.

Both aluminium and gallium-substituted zeolites were active for converting
2,5-dimethylfuran into aromatics, of which Ga-MFI displayed superior benzene
production and catalyst lifetime. Catalyst deactivation was caused by the loss
of strong and extra-framework acid sites due to the coking. After deactivation
towards aromatics, the intermediate products formed on weak acid sites such as
2,4-dimethylfuran, were detected as the main products.

It was found that an increase in gallium content increases catalytic activity until a
limit of Si/Ga=13 was reached, at which the synthesis of the catalyst also yielded
an inactive, amorphous phase. Increasing the crystallisation duration enabled
approaching this limit and forming phase-pure MFI zeolite with a Si/Ga ratio of
Si/Ga=17.

Mesopores were introduced to the catalyst to improve the mass transfer of reactants
and products. Even though the total production of aromatics and the catalyst
lifetime remained unchanged, its number of acid sites was halved implying that
each acid site was able to produce twice as many aromatics.

Keywords: biomass conversion, catalysis, gallium, production of aromatics,
zeolites, 2,5-dimethylfuran
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Introduction

At this moment, more than 8 billion people inhabit the earth, a
number that is only predicted to rise and reach nearly 10 billion
by 2050 (figure 1.1) [1, 2]. Simultaneously, an increasing amount
of people are growing accustomed to a luxurious lifestyle, rich
in bulging refrigerators, carefree travels around the globe, and
easy access to numerous services and commodities with only a
few clicks on a smartphone or computer. Human development,
whether it be social, economic or technical, related to welfare or
health, requires two main ingredients: energy and materials. . . and
lots of it [3].

Humanity has always found ways to use the earth’s resources for
survival and prosperity, but several defining eras have played a
major role in shaping today’s world: the four Industrial Revolu-
tions [5]. Starting in the 1800s, the first and most well-known
Industrial Revolution is characterised by the transition towards
steam-powered production and processes, fuelled by burning the
most abundant fossil fuel: coal [6]. The Second Industrial Revolu-
tion, also known as the Technological Revolution, is characterised
by the large-scale use of steel, electricity, chemicals, and fossil fuels
like oil and gas, leading to mass production. The Third Industrial
Revolution, or Digital Revolution, refers to electronics, internet,
and nuclear energy, [7, 8] whereas the Fourth Industrial Revolu-
tion, although less defined, refers to cyber-physical systems and
renewable energy [9]. Throughout all these eras, fossil fuels like
coal, oil, and gas, have literally skyrocketed mankind forwards in
numerous fields, acting as an energy source for heat and electricity,
as well as a feedstock for chemicals and fuels.

Alas, the use of fossil fuels is not without disadvantages: extracting
them induces land degradation while consuming or burning them
emits harmful pollutants into the earth’s water reserves and atmo-
sphere. These emissions consist of air pollutants such as organic,
metal, and particulate matter, as well as toxic greenhouse gases
such as sulphur, nitrogen, and carbon oxides. Air pollutants cause
serious harm to the environment and human health, [11] whereas
greenhouse gases contribute to the warming of the earth’s atmo-
sphere, [11-13] resulting in rising sea levels and floods, increased
droughts and extreme weather, and mass extinction [14-17]. Unfor-
tunately, today the world is still largely dependent on fossil fuels
for energy and the synthesis of chemicals (figure 1.2).

These effects are not new as researchers in 1968 [18] already pre-
dicted a rise in atmospheric carbon dioxide (CO;) levels to 400 ppm

114Billion -

5 2023 -
8.0 billion ,*

3
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Figure 1.1: Predicted growth of man-
kind [1, 2]. Adapted from [4].

Fossil fuels
77%

-
Renewable
4

Wind + Solar 7 Biofuels+Waste
3% 14%
Figure 1.2: Gross world energy con-
sumption (2020) per fuel includ-
ing fossil fuels (coal, oil, and gas),
biofuels and waste, and renewable
sources (nuclear, hydro, wind, solar)

[10].
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Figure 1.3: Complex molecules
present in biomass including cellu-
lose (a), hemicellulose (b), and lignin
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1: Conditions for sustainable burn-
ing of biomass:

» New biomass must be replen-
ished at a higher rate than or
similar rate as its use.

» Biodiversity must be main-
tained.

» Biomass may not compete
with food supply.

by the year 2000, accompanied by an increase in global temperat-
ure. Currently, CO; levels have passed 420 ppm and mean global
temperature has risen by 1.08 °C since 1968, [19, 20] or by 0.8°C
compared to the 20th-century average [21].

Following these predictions, albeit several years later in 1987, the
first global efforts were made to introduce sustainable energy
development on the global, political agenda [22]. Since then, there
have been both gradual and rapid approaches to increase political,
economic and technological interest in renewable energy sources
such as solar, wind, marine, hydro, geothermal, and biomass-
derived energy [23-25]. This process is stimulated by international
agreements like the Paris Agreement in 2015 and the more recent
Glasgow climate pact in 2021 [26, 27]. Renewable energy comes
from natural, abundant sources which are generally replenished
quicker than they are consumed [28]. By contrast, fossil fuels are
formed by the slow, geological compression of prehistoric organic
matter, a process that takes millions of years, and are therefore
exhaustible on a human timescale [29, 30]. Moreover, renewable
energy sources result in the emission of fewer harmful pollutants,
reducing global warming and other negative effects associated
with fossil fuels, such as smog, acid precipitation, and stratospheric
ozone depletion [23].

Besides using renewable sources, such as biomass or recycled
plastics, for energy in the form of electricity or heat, they can also
be used to produce chemicals and materials sustainably. When
referring to biomass, all biological matter on earth is included, such
as plants, trees, and food crops, as well as agricultural and muni-
cipal waste. During its lifetime, the organic matter has sequestered
carbon from the air as CO; through photosynthesis, which can
subsequently be used as feedstock for chemicals. When burning
biomass as fuel, this carbon is released similarly to when burning
fossil fuels, which means that it can only be sustainable if a few
conditions are met.! In contrast, if biomass is used as a feedstock
for chemicals, its carbon atoms are captured and reused instead of
emitted as pollutants.

Over the last few decades, new processes have been developed
in which biomass is converted either via new synthesis routes or
via existing routes that are currently used to convert fossil fuels.
However, these processes are not always net-zero or net-negative
regarding CO, emissions, nor are they compatible with existing
technical and economical infrastructure. That is why continued
funding, efforts, and research into this field are essential.

As for this licentiate thesis, one route of converting biomass will
be explored in more detail. Biomass is not simply one molecule
but has many different components, built up of complex molecules



such as cellulose, hemicellulose and lignin (figure 1.3). As a result,
their conversion into chemicals is also complex and often requires
an external component to enhance the reaction rate and selectivity,
such as a catalyst (section 2.3). A catalyst is an additional material
or molecule that enhances the reaction rate by allowing for a
different pathway to occur which requires less activation energy.

Studying the role of the catalyst is vital to understand the reaction
mechanisms and design the ideal catalyst: one that maximises
conversion of reactants or selectivity towards products, or both.
Unfortunately, the heterogeneous composition of biomass, as well
as the presence of water, make it difficult to investigate the catalyst.
Linking the observed catalytic performance to the properties of
the catalyst may be hindered. This issue is solved by using pure,
model compounds instead of raw biomass.

The model compounds used in this thesis are furans (figure 1.4)
which can be derived from biomass in a few steps, as further
described in section 2.2. Furans can subsequently be converted
into more valuable, commodity chemicals, such as the aromatics
benzene, toluene, and xylenes (BTX, figure 1.5).

These aromatics are chemical building blocks and can in turn
be used in the synthesis of solvents, plastics, resins, dyes and
pharmaceuticals [31, 32]. This reaction has been studied before
using different experimental set-ups, such as batch or flow reactors,
and using a multitude of different catalysts, often zeolites (section
2.4). Here, the conversion of one type of furans, 2,5-dimethylfuran
(2,5-DMF), into aromatics is studied.

To elaborate, this licentiate thesis aims to contribute to the design
and development of new catalysts for the conversion of 2,5-DMF,
as well as contribute to a better understanding of the reaction
pathways.

O
N U
Q/ 2,5-dimethylfuran
methylfuran a

J

furan

Figure 1.4: Furan-based molecules
used as model compounds.

toluene O xylene

benzene

Figure 1.5: Benzene-based mo-
lecules as desired products.






Background

This section elaborates on the need for chemicals and the available
feedstocks that can be used. Then the concept of catalysis is in-
troduced, and the class of catalyst used in this study, zeolites, is
described. Finally, the research objective and aiding questions of
this thesis are stated.

2.1 Benzene, toluene, and xylenes

To demonstrate the demand for aromatics, its market size was
valued at roughly 212 billion USD in 2023 and it is expected to
grow by 5.6 % annually during the next ten years, up to a value of
328 billion by 2032 [33]. As mentioned before, BTX has applications
varying from solvents, plastics, resins, dyes, paints, coatings, and
rubbers, to pharmaceuticals. For example, benzene is involved in
the manufacturing of e.g., polystyrene (PS) through ethylbenzene
(figure 2.1), whereas para-xylene! is converted into terephthalic
acid and further into polyethylene terephthalate (PET, figure 2.2).

Nowadays, over 95 % of BTX derives from crude oil, and is pro-
duced through steam cracking and catalytic reforming of naphtha,
a liquid hydrocarbon mixture [34-36]. Research into the use of
other sources to produce BTX, such as biomass, is emerging [32].
For example, biomass can be converted into syngas (CO + H,)
through gasification? which subsequently can be converted into
fuels or BTX [37]. Moreover, catalytic pyrolysis® can convert bio-
mass selectively into aromatics when using zeolites as catalysts
[38, 39]. Although these processes have not been developed to
the same degree as the fossil-fuel industry yet, they can offer a
promising alternative to fossil fuels as a feedstock for chemicals.

Especially in the Nordic countries, which are rich in biomass, there
is an uncovered potential for the conversion of biomass into—
not only aromatics—but also fuels, fertiliser and gas [40, 41]. To
illustrate, Sweden has the largest forest area in the EU, with nearly
17 % of all European forests in 2020, followed by Finland with
more than 13 % [42].

-O-->0<- o<

para-xylene terephthalic acid polyethylene terephthalate

21 BTX ........... 5
22 Furans .......... 6
2.3 Catalysis ........ 6
24 Zeolites . ........ 8
241 Acidity . . . ... ... 8
2.4.2 Framework . ... ... 9
2.5 Objective thesis . . .. 11

S
henzene
\ o

ethylbenzene

S

styrene CH—CH;

polystyrene

Figure 2.1: Schematic of the step-
wise conversion of benzene to poly-
styrene

1: the two methyl groups in xylene
can be bound to different carbon
atoms of the ring, resulting in meta-,
ortho-, and para-xylene.

2: gasification is high-temperature
conversion under controlled atmo-
sphere, such as oxygen or steam.

3: pyrolysis is decomposition in the
absence of air.

Figure 2.2: Schematic of the step-
wise conversion of para-xylene to
polyethylene terephthalate.
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Figure 2.3: Schematic stepwise
conversion of cellulose into 2,5-
dimethylfuran.

2.2 Model compounds: furans

As mentioned in the introduction, the three main components of
lignocellulosic biomass are the polymers cellulose, hemicellulose,
and lignin, which amount to 35 to 55 %, 20 to 35 %, and 10 to 30 %
of biomass, respectively [43]. These components can be broken
down into so-called platform molecules: bio-derived chemicals
that serve as building blocks for the production of commodity
chemicals [44]. Producing these platform molecules is not easy,
since the three main biomass components should first be separated
and then pretreated in which the largest polymers are broken down
physically, chemically, or biochemically [45]. When pretreating
with an acid, cellulose and hemicellulose are rapidly hydrolysed to
glucose and xylose, respectively. Glucose can isomerise to fructose,
which can then be converted into hydroxymethylfurfural (HMF) by
an acidic catalyst. Finally, HMF can be converted into many high-
value chemicals, such as 2,5-DMF and furan derivatives (figure
2.3).

In this thesis, 2,5-DMF is used as a model compound instead of raw
biomass. This eliminates several problems that arise when using
raw biomass, relating to its heterogeneity as well as the complexity
of its composition. By using pure 2,5-DMF, the properties of the
catalyst, such as its acidity, metal content, and morphology, can
be linked to the catalytic activity. Moreover, investigation of this
reaction may lead to new insights that can be translated into
existing or developing biorefineries.

Other furanic compounds, such as furan and 2-methylfuran
(2-MF), may also be of interest, as these can successfully be con-
verted into aromatics [46-48]. However, when using 2,5-DMF
and co-reagents such as ethene, para-xylene has been selectively
synthesised in batch and flow reactors, one of the more valuable
aromatics [49, 50]. Moreover, 2,5-DMF is the safest furan to handle
since 2-MF is fatal when inhaled and furan may be carcinogenic,
mutagenic, and reprotoxic (CMR).

2.3 Catalysis

As briefly mentioned before, a catalyst is a tertiary material or
molecule that increases the reaction rate. It takes part in the reaction
and may even change in structure but it may not undergo a net
chemical change and must be regenerated at the end of the reaction
[51]. To be more precise, the overall change in Gibbs energy the
reaction is not changed, which is demonstrated in figure 2.4 [52].
In an uncatalysed reaction, reactants must overcome a large energy
barrier before being converted into products, while addition of



a catalyst enables a different pathway that requires a smaller
activation energy (E;). As can be seen, the final energy of the
products remains the same in both cases, following the second law
of thermodynamics, which demonstrates that the catalyst does not
change the net energy difference between reactants and products
(AG).

There are two main types of catalysis: homo- and heterogeneous
catalysis [52]. Homogeneous catalysis refers to a system in which
the catalyst and reactants are in the same phase, while in hetero-
geneous catalysis, the reaction takes place at or near an interface
between different phases [52-54].

To elaborate on the latter, heterogeneous systems generally contain
catalysts in their solid phase and reactants and products in their
liquid or gaseous phase. As opposed to homogeneous catalysts, not
every molecule or catalytic entity can act as an active site, making
heterogeneous catalysts intrinsically less active and selective [55].
Instead, active sites, such as metals, are often supported by a
porous supports which both allows for the stabilisation of the
active catalytic sites, and maximises the accessible surface area. As
a result, transport phenomena such as diffusion of the reagents
play a large role, and catalysts must be designed accordingly [56].

A

adsorption
Ny _
— reaction
talyst .
S desorption
&
E is_ P
catalyst P
/" catalyst
P
catalyst
-

Reaction coordinate

As displayed in figure 2.5, heterogeneous catalysis involves several
elementary steps: diffusion of reactants A and B to the catalytic
surface followed by adsorption, after which they are converted
into product P. This subsequently desorbs and diffuses away. In
practice, reactions may occur via multiple competing pathways,
potentially through several transition states, resulting in complex
mechanisms and product mixtures.

2.3 Catalysis | 7

i RN
4 uncatalysed
\-
E, {uncat})/ }
/ \

| k! \ E, (cat.)
J\‘ \
reactants e A ) R,

\.
!

Energy

| A
catalysed” |}

AG W

i\

1 LT products

Reaction coordinate

Figure 2.4: Schematic potential en-
ergy diagram of an uncatalysed and
catalysed reaction

Figure 2.5: Simple schematic conver-
sion of molecule A and B to product
P over a heterogeneous catalyst via
elementary steps.
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4: or TOy since each oxygen is bon-
ded to 2 T metals.

5: denoted with 3-letter codes, such
as MFI, FAU, and MOR

6: micropores are < 2 nm, meso-
pores are between 2 and 50 nm, and
macropores are > 50 nm [62, 63].

> “w
Figure 2.6: Schematic overview of
three different acid sites in a zeolite.
A proton in the cationic position cre-
ates a BAS while metals or empty
orbitals create a LAS.

Solid catalysts used in heterogeneous catalysis possess high robust-
ness and thermal stability, and their properties are readily tuneable
[57]. The separation between the products and catalysts is often
facile and the catalysts can be recycled. For this reason, around
80 % of all catalysts used in industry are heterogeneous catalysts,
and around 90 % of all chemical manufacturing processes involve
the use of catalysts [58, 59].

2.4 Zeolites

One class of solid catalysts that has been extensively used and
studied comprises zeolites. Zeolites are porous, crystalline materi-
als that possess high surface areas, typically ranging from 500 to
800 m? g'1 [60]. They consist of silicon, oxygen, and aluminium,
which can form tetrahedrons (TO4 with T=Si or Al).* These tetra-
hedrons can combine into rings of different sizes, that subsequently
form complex, three-dimensional structures. At the time of writing,
264 unique framework structures® exist [61], each with different
morphologies and pore sizes® optimised for applications ranging
from molecular sieves to acidic catalysts. For example, zeolites are
used in the cracking of crude oil in fluid catalytic cracking (FCC)
processes, in the conversion of methanol-to-hydrocarbons, and the
direct conversion of methane-to-methanol [64-66].

They possess high thermal stability up to 700 °C, demonstrate shape
selectivity due to their micropores, and have readily modifiable
properties and acid sites.

2.4.1 Acidity

Zeolite acidity is introduced through the isomorphous substitution
of a tetravalent silicon atom by a trivalent aluminium atom. Con-
sequently, a negatively charged aluminium tetrahedron, [AlO4] ",
is formed. In order to compensate for this negative charge, a posit-
ively charged counterion coordinates to the framework to maintain
total framework electroneutrality. Examples include metal cations
such as Na* and Cu”, extra-framework aluminium species such as
[AIO]* and [AI(OH),]", or protons, H* [67]. This proton creates a
Brensted acid site (BAS) and extra-framework metal species create
Lewis acid sites (LAS), shown in figure 2.6. When framework
defects are present or dehydration occurs, framework silicon or
aluminium is not fully saturated and will have empty orbitals
instead [68]. These coordinately unsaturated sites are able to accept
electron pairs and thus function as Lewis acid sites.



The acidity of a zeolite plays an important role in their catalytic
performance, and it is relatively easy to substitute framework
silicon atoms with metals such as aluminium, or to induce acidity
by adding promotors inside the pores of the zeolite through ion
exchange or impregnation.

Increasing the number of acid sites can be done by increasing the
amount of added metals. However, the strength of each acid site
does not change if the same metal is used.” Fortunately, zeolites
can also be made by substituting silicon with different trivalent or
tetravalent metals, such as gallium, boron, iron, and titanium.® The
degree of substitution and the success of the synthesis depends on
factors such as the valency of the metal, its electronegativity, and
its size (table 2.1).

Both LAS and BAS play an important role in catalysis, promoting
reactions like cracking, decarbonylation and dehydration; all in-
volved in the conversion of furans to aromatics. When there are too
many acid sites, or when the acid sites are too strong, unwanted
reactions may take place. In biomass conversion, the formation
of carbonaceous, polyaromatic, or graphite-like species can occur,
named coke. These species can block acid sites, block active sites,
or inhibit the reaction in general, leading to catalyst deactivation.
Therefore, the acidity of the catalyst must be tuned accordingly.

2.4.2 Framework

The neutral [SiO4] and charged [AlO4]” tetrahedrons are the
primary building units (PBU) of a zeolite structure and can con-
nect by sharing the oxygen atom. This leads to the formation of
secondary building units (SBU) which can resemble both single or
double 4- and 6-membered rings, as well as more complex shapes
such as the pentasil unit (figure 2.7, B). The SBU can bond and
form three-dimensional structures with large pores and cages at
the intersection point of channels. Typical pore diameters are 3.8 A
for 6-membered rings in CHA-zeolite, 5.5 A for 10-membered rings
in MFI, or 7.4 A for larger 12-membered rings in FAU [61]. The
framework of the zeolite plays an important role since it controls
which reactants are able to enter the porous structure and reach
the active sites. Additionally, it puts constraints on the size of the
formed products and can promote reactivity due to close proximity
of the surface.

For the conversion of furans into monoaromatics, like BTX, zeolites
with the MFI-framework are a suitable choice; commonly known
as ZSM-5 if aluminium is in its framework.

The structure of the MFI-framework is shown in figure 2.7. The
pentasil units orient in such a way that the MFI-framework is

2.4 Zeolites 9

7: at high contents or loading of
aluminium, acid sites will be close
enough to one another that they can
interact and change the strength of
the acid sites.

8: the term zeolite is officially re-
served for materials containing sil-
icon and aluminium and the term
zeotype is used when no aluminium
is present. For clarity, this thesis will
refer to zeolites for each catalyst.

Table 2.1: Overview the different ef-
fective ionic radii of metal cations at
a certain oxidation state and hexa-
coordinated [69]. For Fe(Ill), the
value in brackets is high-spin.

Metal Ionic radius/
pm

Si(IvV) 40

Al(IIT) 54

Ga(Ill) 62

BII) 27

Fe(IlT) 55 (65)
Ti(IV) 75
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Figure 2.7: Schematic overview of
the different building blocks of
MFI-framework zeolite. Tetrahed-
rons (A), combing to form pentasil
units (B), chains, and sheets with 10-
membered rings. These combine to
form a three-dimensional MFI struc-
ture with straight and sinusoidal
pores. Adapted from [70].

9: when aluminium is in the frame-
work, the zeolite is commonly
known as ZSM-5. Here, the term
Al-MFI is used.

Table 2.2: Kinetic diameters of fur-
ans and BTX, demonstrating their
narrow fit in the MFI-framework
zeolite [71-73].

Molecule Kinetic
diameter/
A
Furan 5.10
2-MF 5.30
2,5-DMF 5.70
Benzene 5.85
Toluene 5.85
Para-xylene 5.85
Meta-xylene 6.80
Ortho-xylene 6.80

d ? C
o
b
—
straight
5.6 x 5.3 A
sinusoidal -
55x5.14

formed with two 10-membered pores: straight channels of 5.6 by
5.3 A and sinusoidal channels of 5.5 by 5.1 A. As these dimensions
are close to the kinetic diameters of furans and monoaromatics,
table 2.2, MFI zeolite is able to selectively convert furans into
BTX.”

Although it might seem that the reactants and products do not fit
the MFI pores, their presence inside the pores has been experiment-
ally observed [74,75]. This can be explained by the erroneous use of
atomic radii to calculate the pores, which actually underestimates
their size [76]. At elevated reaction temperatures, such as 500 °C,
the pores are dilated and their effective size is better described
with the Norman radii of 6.2 and 6.3 A [73, 77]. Pore flexibility has
also been observed before for specific molecules [78, 79].

In this thesis, only MFI-framework catalysts will be discussed due
to their superior selectivity towards BTX.



2.5 Objective of this thesis

Now that the topic has been introduced and the background has
been provided, the objective of this thesis can be defined as the
following;:

To understand the relationship between the properties of the catalyst, such
as acidity, and its catalytic performance, regarding activity, selectivity,
and stability in the conversion of 2,5-dimethylfuran into aromatics.

This objective will be explored by means of the following research
questions:

1. What is the influence of metal substitution in MFI-framework
catalysts, concerning aluminium and gallium?

2. What is the influence of changing the reaction conditions,
such as the temperature?

3. What is the influence of changing the gallium content in
MFI-framework catalysts?

4. How can the pore structure of the catalyst be influenced to
enhance catalytic performance?

2.5 Objective of this thesis
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Methodology

This section starts by describing the synthesis methods of different
catalysts. This is followed by a description of the characterisation

3.1 Catalyst synthesis. .. 13
3.1.1 Synthesis protocol . . . 13

methods and the catalytic experiments. 3.1.2 Sol-gel reaction . . . . . 16
3.2 Reactionset-up ....18
321IMS . ... 19
3.1 Catalyst synthesis 322FTIR ... ........ 20
3.3 Structural analysis .. 21
331XRD ........... 21
The catalysts that have been studied for the conversion of 2,5-DMF ~ 332 XRF............ 23
into aromatics can be divided into four sets, each focusing on  3.3.3 Physisorption . . ... 23
a specific part of the objective of this thesis. All sets consist of =~ 3.3.4SEMand EDX ... .. 25
MFI-framework zeolites, either purely siliceous or substituted with ~ 3-3-5 TGAand DSC ... ... 26
. . , L 33.6NH3TPD . ....... 27
gallium or aluminium. An overview of the catalysts is given in
table 3.1.
Table 3.1: Overview sets of catalysts
Set 1 Set 2 Set 3 Set 4
Aim Effect metal Effect gallium Limit gallium Effect mesopores
Catalysts | Si-MFI Ga-MFI(238)  Ga-MFI(17) Ga-MFI(95)-meso
Al-MFI(11)*  Ga-MFI(95) Ga-MFI(8) Ga-MFI(34)-meso
Al-MFI(41)  Ga-MFI(34) Ga-MFI(7)
Ga-MFI(33) Ga-MFI(13)

* H-ZSM-5 (AkzoNobel, Si/ Al=11)

The catalysts are named X-Y(Z)-W, in which X signifies the iso-
morphously substituted metal in the framework position, like
gallium, aluminium, silicon, Y signifies the three-letter zeolite
framework code which is MFI for all catalysts, Z signifies the Si/M
ratio of the catalyst, determined experimentally.! W indicates any
post-synthesis modification performed, such as the addition of
mesopores in set 4, e.g., Ga-MFI(34)-meso.> Most of the catalysts
reported in this thesis are in their protic form, H-Ga-MFI, and this
prefix is omitted for clarity. Except for TPA-Ga-MFI, which still
contains the template cations, tetrapropylammonium (TPA).

3.1.1 Synthesis protocol

For the bottom-up synthesis of MFI-framework zeolites (set 1 to 3),
a method by Creci et al. [80] was followed, which was based on
an earlier method from Szostak et al. [81] to incorporate iron into
MFI-framework zeolites.

1: Example: Ga-MFI(17) is an MFI
framework zeolite with gallium
substituted in the framework, and
Si/Ga=17.

2: in set 4, the Si/M ratio of the
parent catalyst is used for clarity,
even though slight differences were
measured with elemental analysis.
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3: silicon source (tetraethyl ortho-
silicate, TEOS), aluminium or gal-
lium source, structure directing
agent (SDA, such as TPA), a miner-
aliser or pH control agent (NaOH),
and a solvent (Mili-Q, H,O)

4: 5t010 days at 170°C

5: 5hat500°C or550°C (1to 5°C

min~! ramp)

6: stirring in a 1M NH4NO3 solu-
tion for 24 h

7: 5 h at 550°C (1 to 4°C min~!
ramp)

In short, the synthesis consists of several steps, as illustrated in
figure 3.1 and described below:

1. Mixing of precursors.® Through a sol-gel process, the pre-

cursors form a three-dimensional matrix (Si—-M—-SDA, with
M=Al or Ga), which is the basis of the zeolite.

. Crystallisation* of the precursor gel into the zeolite under

high temperature and pressure. This is followed by filtration
under vacuum over a Biichner funnel and washing with
demineralised water to separate the formed zeolite from
unreacted precursor material. A freeze-drying step removes
the water from the pores without damaging the framework.
The formed zeolite, structure A, contains (TPA™) cations in
the pores, as well as gallium or aluminium in the framework
position, e.g., TPA-Ga-MFI.

. Calcination® of the as-synthesized zeolite in air to remove

the SDA present in the zeolite pores by oxidation. The negat-
ive framework charge induced by gallium or aluminium is
compensated by other cations present, such as Na*, which
originate from the pH control agent, sodium hydroxide.
Structure B, e.g., Na-Ga-MFIL.

. Ion exchange6 of the zeolite was followed by filtration, wash-

ing with water and another cycle of ion exchange. Here, the
Na® cations are replaced by NH,"+ cations, as shown in
structure C, e.g., NH4-Ga-MFI. Followed by freeze-drying
overnight.

. Calcination’ converts the ammonium cation into a proton at

the cationic position, releasing ammonia (NH3). Structure D,
e.g., H-Ga-MFI. Direct ion exchange of Na-Ga-MFI with a
strong acid can also form protons but this treatment would
degrade the zeolite framework by inducing defects and
leaching of aluminium and gallium.

An overview of the chemicals used and their origins is shown in
Appendix A (table A.1)
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Figure 3.1: Schematic overview of the bottom-up synthesis of metal substituted MFI-framework zeolite. First, all precursors
are mixed (1) and heated in an autoclave for 5 to 10 days (2). The formed TPA-MFI zeolite (A) is calcined (3) to remove the
TPA™ cations and replace them with sodium cations (B). ion exchange (4) replaces Na* by NH4* (C) after which final
calcination (5) results in the synthesis of the acidic, protic form of the zeolite, H-MFI (D). MFI framework (Si, O) was
experimentally measured with single-crystal X-ray diffraction (scXRD) and visualised with Mercury. Other atoms are
manually added, sizes not to scale.
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8: 50 g/L Ga(NO3)3 - H20 in H,O
at 20 °C equals pH=2

Table 3.2: Molar compositions of
synthesis gels

9: or silinals

The molar ratios between the precursors in the synthesis gels are
given in table 3.2, and a full overview of the synthesis conditions is
given in Appendix A (table A.2). There are some slight variations
in synthesis gel compositions between and within sets, as well
as differences in calcination and ion exchange procedures due to
synthesis optimisations. Calcination temperatures were increased
based on thermogravimetric analysis (TGA) and the temperature
ramp was reduced to minimise metal migration and damage to the
framework due to exothermic SDA oxidation. Variation in water
and sodium content is caused by the different amount of acidic
gallium precursor used.? A higher amount of sodium hydroxide
was added at high Ga contents to ensure the basic conditions
needed for crystallisation were met.

Set Si M (Al or Ga) TPA™* H,O

1 1 0.02 0.3 25

2 1 0.006 to 0.1 0.3 25to 37
3 1 0.05 to 0.08 0.3 20 to 37

The catalysts of set 4 were prepared according to a method from
Zhang et al. [82] in which they introduced mesopores and mac-
ropores in Fe-MFI zeolite through a post-synthesis treatment
consisting of a secondary dissolution-crystallisation step. Here, 1 g
of parent zeolite (Ga-MFI(34) or Ga-MFI(95) from set 2) was mixed
with Milli-Q water and TPAOH (0.2 M TPA*) for 2 hours. Then
the mixture was transferred to a Teflon-lined autoclave and heated
to 170 °C for 24 hours. Afterwards, the mixture was filtered and
washed with Milli-Q, followed by freeze-drying overnight and a
final calcination step in air at 550 °C for 3 hours (2 °C/min).

3.1.2 Sol-gel reaction

The first step in the synthesis of the catalysts is the formation of the
silicon-metal matrix. When using an organic silicate as a silicon
source, such as TEOS, the zeolite precursor is formed through
hydrolysis followed by condensation (figure 3.2). This results in a
network of cross-linked silica material, with the metal homo- or
heterogeneously dispersed throughout. TEOS hydrolysis can be
catalysed by acid (pH<2) and basic (pH>2) conditions since the
isoelectric points of silica compounds lie around pH=2 [83, 84].

In acidic medium, protonation of TEOS is followed by nucleophilic
attack of water from the rear, forming an Sy2-type transition state
(figure 3.2) [85-88]. The alcohol group, C,H50H, gains a positive
charge and becomes a better leaving group, resulting in the trans-
formation of an alkoxysilyl group (Si—OR) into a hydroxylsilyl
group, also named silanols’ (Si—-OH). Afterwards, condensation
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Figure 3.2: General mechanism of the hydrolysis and condensation of silicon alkoxides, both acid and base catalysed. For
TEOS, R=C;Hs. Condensation can release both alcohol and water when the monomer is hydrolysed, the latter shown
here. Hashed lines indicate partial bonds and bond lengths and angles are schematically displayed. Adapted from [84].

occurs via two different Sx1-type pathways: Si—O-Si bond form-
ation under the release of alcohol, —ROH named alkoxolation,
or under the release of water when R=H, named oxolation. Be-
cause of the tetracoordinated silicon atom in TEOS, hydrolysis and
condensation can occur at each of the equivalent ethoxy groups,
leading to polymerisation into a heavily interconnected network
of monomers that have each been hydrolysed to a different degree.
This stable, three-dimensional matrix is the basis for the zeolitic
building blocks that can crystallise later into a zeolite.

In a basic medium, a similar penta-coordinated silicon alkoxide
is formed during hydrolysis, releasing C,HsO™ which can sub-
sequently form an alcohol and a hydroxide ion in an aqueous
medium. Consecutive condensation of fully, partially, or unhydro-
lysed monomers results in the release of water or alcohol. Alcohols
are known to affect zeolite crystallinity or even lead to different
frameworks when using some ionic-liquid templates [89, 90], and
are therefore often evaporated before crystallisation. However, this
effect is beyond the scope of this thesis and thus the formed ethanol
was kept as part of the synthesis mixture.

The extent and characteristics of the formed silica network depend
on several factors including temperature, concentrations, pH, and
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Figure 3.3: Reaction rates of the hy-
drolysis (orange curve) and condens-
ation (blue curve) of TEOS as a func-
tion of pH. At pH > 12, rapid hydro-
lysis leads to depolymerisation and
silica network collapse [92].

the presence of other metals or nucleophilic catalysts like fluoride
(F7) [91]. Figure 3.3 shows the influence of pH on the reaction rates
of the hydrolysis and condensation of TEOS, displaying the high
hydrolysis rate at low pH (pH=2) and high condensation rate at
high pH (pH=11).

In this work, initial hydrolysis (and partial condensation) was
performed at low pH, after which the pH was raised to basic
conditions by adding NaOH to increase the rate of condensation,
as well as provide the basic conditions necessary to promote
crystallisation. The hydroxide ions are mineralising agents that
enable the formation of hydroxidic or oxidic species of Si, Al and
Ga, allowing for their dissolution and transport to the zeolite
nuclei during crystallisation [93]. This enables the Al and Ga
to isomorphously substitute Si in the framework position of the
zeolite. Moreover, the now negatively charged precursor species
coordinate around the positively charged SDA, e.g., TPA™ cations
[94].

In this thesis, the catalysts of set 1 were synthesised by first adding
a dilute oxalic acid solution during the hydrolysis of TEOS (pH=2),
followed by the addition of a concentrated NaOH solution (pH=12)
to accelerate condensation. The addition of oxalic acid was initially
developed to prevent precipitation of iron hydroxide species in
other work [80] and was therefore omitted in later syntheses of
catalyst sets 2 and 3. The acidic gallium precursor was sufficient to
promote rapid hydrolysis.

3.2 Reaction set-up

The conversion reaction of 2,5-dimethylfuran to aromatics was
performed and studied in a flow reactor, as shown in figure 3.4.

First, the catalyst powder was pressed into a pellet (5 tonnes, 1
min) using a manual hydraulic press (Specac). Then the pellet was
crushed with a mortar and pestle and sieved to a fraction between
300 to 355 pm or 355 to 450 yum to promote gas flow and prevent a
pressure drop. Between 50 and 100 mg of sample was loaded in a
quartz glass tube (ID = 4 mm) and held in place by 50 mg glass
fibre (silanized, VWR) on each side. The tube was surrounded by
a metal coil and rock wool insulation for resistive heating. Two
K-type thermocouples were inserted to measure the temperature:
one in front of the catalyst bed to control the heating using a PID
regulator (Eurotherm, Worthing, UK), and the other inside the
catalyst bed to measure the actual, local temperature.

Heating of the connecting tubes was also regulated by thermo-
couples and set to a temperature of 191 °C to prevent condensation
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Figure 3.4: Schematic overview of the flow reactor set-up used in the catalytic study of 2,5-DMF into aromatics at high
temperatures. The quartz tube is actually oriented vertically to promote equal flow over the catalyst bed. Adapted from

[95].

in the lines. Inlet of gas was controlled via mass flow controllers
(MFC, Bronkhorst Hi-TECH, Low-AA-flow), and gases used in-
clude argon (100 %), oxygen (100 %), and ammonia (4 % in Ar).
The carrier gas argon was flown through a glass bubbler (Sigma
Aldrich, 4 mL) which was filled halfway with liquid 2,5-DMF
(Apollo scientific, 99 %) at room temperature, resulting in a satur-
ated 2,5-DMF stream which was further diluted with Ar down to
300 to 1000 ppm [96].

Control of the MFCs and reactor temperatures was automated by
Labview, and reactions were typically performed in 300 mL/min
Ar flow (300 to 600 ppm 2,5-DMF) for 1 h up to 10 h. The reaction
was performed at temperatures ranging from 200 to 600 °C but
commonly at 500 °C. Before reaction, the catalyst was heated to
550 °C (20 °C min~') in 20% oxygen to remove any adsorbed species
such as water. During the reaction, carbonaceous species (coke)
are formed and deposited on the catalyst’s surface. Therefore, the
catalyst was reactivated after the reaction in 20 % O, (625°C, 1 to
2 h). The effluent product stream was analysed and products were
quantified using online ion-molecule-reaction mass spectrometry
(IMR-MS) and Fourier transform infrared (FTIR) spectroscopy.

3.2.1 Mass spectrometry

Mass spectrometry (MS) is a useful tool to analyse complex streams
and mixtures of gases. In conventional electron impact (EI) MS,
an ionisation source such as an electron beam hits the analytes
and this leads to dissociative ionisation by forming a radical cation
(equation 3.1). This further fragments by elimination of a neutral
radical (equation 3.2) or a molecule (equation 3.3), resulting in

M+ e — M®*" + 2e
M*t — AT + B*

M** — C** + D

(3.1)

(3.2)
(3.3)
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Table 3.3: Ionisation potentials of
different gases used in IMR-MS com-
pared to electron impact (EI) ionisa-

tion [95].
Ioniser ion. potential/eV
EI 70
Kr 14.00
Xe 12.12
Hg 10.44
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Figure 3.5: Schematic of vibrational
modes for —CHj partin CHR, mo-
lecule. Adapted from [95].

complex fragmentation patterns which are hard to deconvolute
when dealing with a stream of many different analytes. One
method to solve this issue is by using softer ionisation sources of
lower energy, which is done in IMR-MS [97-99]. Primary atomic
gases, such as xenon and mercury, are ionised by El in a separate
chamber, and subsequently directed onto the gas mixture (table
3.3). This leads to ionisation of the intact molecule and minimal
fragmentation of the analytes, as shown in equation 3.4, allowing
for quantitative measurements of e.g., benzene and toluene, of
which the latter would fragment into benzene* when using EL

Here, a quadrupole IMR-MS has been used (Airsense Compact,
V&F) using EI, Hg (10.44 eV) and Xe (12.12 eV) as ionisation sources.
Software version V&F analyser 1.4 was used and the method was
previously developed by Sauer et al. [96]. An overview of the used
m/z values, in which m=mass and z=charge of the fragment, is
given in Appendix table A.3.

3.2.2 Fourier-transform infrared spectroscopy

Besides IMR-MS, another valuable technique to analyse the product
stream makes use of FTIR spectroscopy. When a sample is illumin-
ated with infrared (IR) radiation, some radiation is absorbed, and
some is transmitted. If the frequency is equal to the vibrational
frequency of the bonds in a molecule, the molecule can absorb
the IR and start vibrating, stretching, bending, and more (figure
3.5).

Each specific bond or functional group in a molecule absorbs IR of
a different frequency, resulting in a spectrum that functions as a
molecular fingerprint of each compound [100]. However, not all
species can be measured with IR, as the molecule will not absorb
IR if it does not undergo a net change in dipole moment during
vibration or rotation [101]. A full description of FTIR is provided
in literature [50, 100, 101].

Here, the product, gas stream was analysed using an FTIR gas
analyzer (MKS MultiGas 2030) operating at 191 °C. IR spectra were
recorded every 3.75 s (4 scans) or 15 s (16 scans) between 4000 cm™!
to 600 cm™! with a resolution of 0.5 cm™. Analysis was performed
with MKS software suite MF2000 v.10.2 and FTIR-library v.R3, and
a background spectrum was taken in Ar before measurements.
The quantification of the different compounds was performed
according to a method previously developed by Sauer et al. [96].

In short, the IR spectra of the complex, hydrocarbon product
stream are compared to IR spectra of pure compounds, either from
the FTIR library or from in-house calibrations. According to the



Beer-Lambert law, equation 3.5, the absorption of IR is linearly
correlated to the concentration of the compound, which can be
used to calculate the concentrations of the different compounds.
Subsequently, the concentrations are used to calculate the carbon
balance, conversion, and selectivity (see Appendix).

Both detection techniques, FTIR and MS, complement one another
in two ways: Firstly, more species can be detected since IR-inactive
species are measured with MS, whereas FTIR is able to detect
isomers that have the same m/z. Secondly, the robustness is
increased as observed trends and concentrations can be confirmed
by two methods. When comparing to other analysis techniques such
as online gas chromatography (GC)-MS [46, 102], the used FTIR-MS
set-up might have limitations in the number of species detected,
since this depends on the available library and predetermined m/z
values. However, similar carbon balances of around 90 % were
found. One advantage of this technique is its high data acquisition,
typically ranging from 15 min™! to 4 min™!, up to 1 spectrum per
second;’® much faster than once every few minutes in GC. An
overview of the detected species and the settings used is shown in
the Appendix, table A.3.

3.3 Structural analysis

After synthesis of the catalyst, it is vital to perform a comprehensive
structural analysis in order to understand and predict its catalytic
performance. Below is a description of the techniques used in
this thesis, the theory behind them and the used experimental
parameters.

3.3.1 X-ray diffraction

One powerful method to study the catalyst structure is the use of
X-ray diffraction (XRD). When a material is bombarded with X-rays,
these incident X-rays undergo elastic scattering. Because they have
wavelengths of molecular dimensions (Angstrdms, A), they can
either be cancelled out due to destructive interference or amplified
due to constructive interference. For crystalline materials, the
coherent X-rays from ordered planes of atoms, result in diffraction
at well-defined angles. The geometry of these diffraction events
can be described using Bragg’s law, equation 3.6 and figure 3.6
[103].

2dsin@ = nA (3.6)

In which d = distance between two crystal planes, 6 = diffraction
angle (20 is the angle between the incident and reflecting ray),
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A =¢€lc (3.5)
with A=absorbance, e=molar ab-
sorptivity, I=optical path length
c=concentration

10: at the expense of a low signal-to-
noise ratio (SNR)

e dsind

Figure 3.6: Schematic representation
of Bragg’s law [103], equation 3.6.
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11: total illuminated area was held
constant by varying the slit size, res-
ulting in a low intensity at low in-
cident 20 angles as well as a low
background signal.

12: total illuminated volume was
held constant, resulting in a high
intensity at low incident 20 angles,
as well as a high background signal.

n = order of interference and A = wavelength. The left-hand side
of the equation is the path difference between two X-rays that
undergo constructive interference and can be used to determine
the crystal structure, including the unit cell parameters.

When plotting the angle between the incident and reflecting rays
versus the intensity of scattered rays, peaks appear for angles
corresponding to crystal lattice planes that show constructive
interference, containing information in their position, size and
shape. By comparing the peak positions to a database of well-
known crystal structures, known crystalline phases present in
the material, such as zeolite frameworks, can be identified. The
intensity is mainly influenced by structure parameters such as
crystal symmetry as well as the amount and absorption of the
material, whereas the peak shape depends on lattice distortions
caused by e.g., crystallite sizes. However, it must be noted that
instrumental settings as well as experimental factors, such as
sample preparation, can also influence peak position, intensity,
and shape [104].

Other types of X-ray scattering techniques include single-crystal
XRD (scXRD) and small-angle X-ray scattering (SAXS). scXRD
measures discrete diffraction peaks of a single crystal, allowing
for the determination of the atomic arrangement in unit cells
which can be used to characterise new materials. SAXS measures
diffraction of X-rays through a material and is not limited to
crystalline, microscale materials. This allows for the measuring of
scattering effects at very low angles which, according to equation
3.6, correspond to large crystalline spacing. Therefore, it provides
the ability to measure mesopores, which are undetectable with
powder XRD. Both techniques can offer valuable insights and will
be explored in future research, but will not further be discussed in
this thesis.

Here, powder XRD was measured on a Bruker AXS D8 Discover
diffractometer with monochromatic Cu-Ka radiation (1.5406A)
from 5 to 50°. Sample holders include a plastic puck and a single sil-
icon crystal background flat puck. Measurements were performed
with a fixed sample illumination! or a fixed slit size.!? Since the
overall signal-to-noise ratio (SNR) was higher for fixed sample
illumination, this was used for most XRD diffractograms. The air
scatter knife was located 1 to 5 mm from the sample, with no
rotation, increments of 0.01 to 0.02°, and acquisition times of 1 to
2 s were used. Diffractograms were plotted using DIFFRAC.EVA
V6.0 software and normalised to their maximum intensity.














































































































































































