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Green Aromatics: Catalytic Valorisation of bio-derived 2,5-dimethylfuran over
Zeolites and Zeotypes

CHRISTOPHER SAUER

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

This thesis discusses the use of biomass as a potentially green feedstock for the
chemical industry in the urgent shift away from fossil resources. I elaborate on
reasons why we cannot afford to burn virgin biomass for energy production,
among them a variety of ecosystem services that forests and other lands provide. In
addition, the utilisation of biomass should be focused on products that sequester
and lock away carbon for more extended periods, e.g. timber, materials and
chemicals. In particular, biomass can be used as an alternative "carbon neutral"
feedstock for the chemical industry, where we can preserve the already existing
chemical complexity in the bio-based molecules. One example is the upgrading
of furans to benzene, toluene and xylene (BTX) aromatics with the help of zeolite
catalysis. These aromatics are important commodity chemicals, where the shift to
a bio-based resource could make use of already existing knowledge, catalyst and
production infrastructure. However, research is necessary to understand these
new feedstock molecules and their interaction with the catalysts and to enable
the design of applicable catalysts.

In order to study the interaction of the furans, in particular 2,5-dimethylfuran (2,5-
dmf), I describe and discuss the development of an analytical methodology that
utilises infrared spectroscopy and mass spectrometry for the on-line identification
and quantification of product molecules during catalytic reactions.

This on-line analysis method is then applied to the catalytic conversion of 2,5-
dmf to aromatics over a range of zeolite and zeotype catalysts. In-depth studies
with ammonia as a probe molecule of the catalytic active acid sites, as well as
temperature programmed experiments with ammonia and 2,5-dmf give insights
into product distribution, selectivity changes and deactivation of the catalyst.
For example, olefins and aromatics are initially preferred products, while with
increasing time on stream, the isomerisation of 2,5-dmf becomes dominant. The
incorporation of Ga into the zeotype framework, resulting in a Ga-Silicate, shows
how targeted catalyst design can increase overall aromatics production. This
catalyst is also suitable for selective isomerisation of 2,5-dmf to 2,4-dimethylfuran,
which has a rare substitution pattern. Finally, it was found that the most valuable
of BTX, p-xylene, can be produced more selectively when 2,5-dmf is pre-adsorbed
onto zeolite ZSM-5 and then released during a temperature programmed product
desorption.

Keywords: Biomass conversion, Catalysis, Zeolite, Zeotype, BTX Aromatics,
On-line Analysis, infrared spectroscopy, 2,5-dimethylfuran
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Introduction

1.1 Global challenges

The world is facing global environmental challenges that require
drastic and immediate action. Rapidly increasing levels of green-
house gases in the atmosphere causes global warming, which
results in climate change that is an imminent danger — threatening
the extinction of many[1].

The decade-long and ever-growing use of fossil resources for fuels,
energy and chemicals has created a situation that puts millions
of people and thousands of species at risk. Our own species
has long challenged the planetary boundaries, that offer "a safe
[known] operating space for humanity", and important boundaries
have now been transgressed.[4] Humanity must instead operate
societies in a safe and just corridor for people and the planet.[5] As
of today, the amount of carbon dioxide (CO;) in the atmosphere
has increased from around 280 ppm since pre-industrial times
to more than 420 ppm at the moment of writing this thesis. This
increase can be attributed to emitting over 1.5 trillion tonnes of
CO, since 1750, from burning fossil fuels and land use change,
e.g. deforestation.[6]' As a result, the global mean temperature
has risen by 1.2 °C. In the Paris Agreement of 2015, most countries
have pledged to keep this temperature increase "well below 2 °C".
But even with today’s pledges and targets,? this goal seems out
of reach.[6-8] The increasing temperatures themselves and the
induced sea level rise and extreme weather phenomena, such as
droughts[9] put hundreds of millions, if not billions of people at
risk.3 Not only humans, but thousands of other species are also
threatened. Besides climate change, their populations and habitats
are endangered by increased human land use, such as urban
expansion[1, 10-13]. These factors reach so far that some experts
discuss if the world is heading towards a 6™ mass extinction.[14]
But this can be prevented. By changing human behaviours, our
currently highly polluting economies can be transformed into
circular and sustainable economies. This necessarily includes a
rapid phase-out of fossil resources and net zero commitments, so
that global warming could be limited to below 2 °C.[15] Besides
using renewable solar and wind for this transformation, biomass
has emerged as a praised candidate with the potential to solve
many of these problems. However, the use of biomass, especially
for energy needs has to be approached with great care, because
understanding scale and impacts on sustainability are highly
complex with both positive but also negative implications.[16]
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Figure 1.1: Carbon dioxide levels in
the atmosphere (black)[2] and emis-
sions per year (grey)[3] in the last
decades.

1: For example in 2019, 36.70 and
3.83 billion tonnes of CO, were emit-
ted from fossil fuels and land use
change respectively.[6]

2: not even policies and laws. Not
achievements either

3: Such risks are flooding, sea level
rise, droughts or wet bulb temperat-
ures above 32 °C.



2 1 Introduction

4: Immediate action is necessary if

the loss of wildlife is to be reverted.

Global wildlife populations have
plummeted by 69% on average since
1970.

1.2 Why we cannot afford to burn biomass

A growing demand for biomass to cover energy needs in form
of wood chips, food waste for biogas, as well as biofuels has
emerged. But biomass also faces increasing demand for materials
needs such as timber for building materials, cellulose for bio-based
materials, bio-based plastics and bio-based value-added chemicals.
This shift of feedstock, from fossil to biomass-based is also known
as biorefinery.[17] The International Energy Agency predicts a
growing demand for biofuels of 28% within the next five years.
Before addressing what one can do with bio-derived molecules,
one first needs to discuss what one should do with biomass. In the
following, I, therefore, go through different demands on biomass
utilisation such as GHG mitigation, energy, food, conservation,
and bioeconomy products.[18]

The first questions that come to mind, might ask if there is enough
biomass in the world to fulfil the demands[19, 20] and how biomass
sustainability should be defined[21]. A large part of biomass is
obtained from forests in form of wood.[22] Utilising this source
for energy and materials is not competing with food production
in contrast to most biomass from agriculture. In fact, it might be
necessary to restore agricultural land to forests, natural grazing
lands and swamps, which are considered carbon sinks themselves,
but even these efforts are at risk in a warming climate [23]. Besides
storing carbon, forests and other natural lands provide many
ecosystem services.[24] For instance, they provide a home to
many species and are thus central biodiversity hubs. In fact, these
ecosystems need to be better protected from human intervention
to prevent further habitat loss and to meet our sustainability goals
for biodiversity.[10, 25]

The second question relates to indigenous people, who have used
these natural landscapes for centuries and whose way of living
depends on intact ecosystems, which industrial forestry threatens.
One such example is Sémi communities in northern Europe and
their reindeer husbandry.[26, 27]

These combined considerations lead to calls for the conservation of
at least 30% of our land (and seas) in a "global deal for nature".[28]
This is also the aim of the European Commission in perspective of
the upcoming 15" meeting of the Conference of the Parties to the
Convention on Biological Diversity (CBD COP 15)[29].%

Moreover, it needs to be ensured, that the remaining land is used in
a sustainable way. This is unfortunately not the case today. Biomass
production is suspect to a lot of problems. Deforestation[30] and
illegal logging in protected areas even within the EU, where ancient
forests are sacrificed to make wood pellets for energy conversion[31]
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are among these problems. Such forests, and the ecosystem they
host, cannot just be regrown and are hence not renewable on a
short timescale. Ineffective law enforcement and controls, as well
as required ecological assessments rarely being carried out dilute
sustainability efforts that are made on paper. But even when such
assessments are made and companies gain sustainability certific-
ates, for example from the Forest Stewardship Council (FSC), they
cannot always guarantee that sustainability promises are kept.[32]
Industrialised forest-agriculture for intensified production also
leads to biodiversity loss and reduced ecosystem services, because
large areas resemble tree plantages of same-aged monocultures
rather than natural forests.[24] This is a result of clear-cutting
vast areas with heavy machinery because it is economically more
attractive. Such practices are common worldwide[33] and within
Europe, Estonia,[34] Romania,[31] and Sweden[35] (see Figure 1.2).
In the latter, progress has been made since the 1970 and 80s, but
environmental goals are still far from reached.’

Most importantly, one needs to clearly understand if bioenergy
is carbon neutral at all. Many interest groups, especially those in
the forest and bioenergy sector advocate the use of bio-derived
energy as carbon neutral because the emitted carbon stems from
biomass that has previously absorbed CO, from the atmosphere.
This assumption might hold in a macro perspective over centuries,
but it is questionable, in a time scale that matters for urgent climate
change mitigation within the next years and decades. Although
the use of bioenergy could reduce overall CO, emissions in certain
cases, if compared to fossil fuels, they are not carbon neutral.[37,
38] This is partly because it takes time until the emitted CO; is
absorbed again and greenhouse gas potential is dependent on the
sequestration cycle and its time scale. One metric is the global
warming potential of biogenic CO, (GWPy,;,). Some examples:
"GWPp, factors ranged from 0.13-0.32, indicating that biomass
could be an attractive energy resource when compared with fossil
fuels." However, "By considering the GWPy,, factors and the forest
carbon change, the production of ethanol and bio-power appeared
to have higher GHG emissions than petroleum-derived diesel
at the highest GWPp,."[39] The International Council on Clean
Transportation finds in their carbon assessment that accounts for
GWPy,, that "Category III, including bioenergy from whole trees
via forest thinning, RIL, and short-rotation temperate forestry,
offers no GHG savings over 30 years." and "Category I, which
includes bioenergy from agricultural residues and energy crops, is
expected to deliver at least 50% carbon savings with a maximum 10-
year payback period. Category II consists of bioenergy from forest
residues, offering some GHG savings depending on the choice of
bioenergy production pathway, with payback periods up to 25
years. Provided that soil carbon loss is minimised, slash can deliver

5: For example, only 9% of Swedish
forests are formally protected with
another 5.6% of voluntary contribu-
tions.[36]

Figure 1.2: A recently clear-cut area
in southern Sweden. In the back-
ground a field of mono-aged trees.
Own courtesy.
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6: For example: 11gcopeq/kW/h
for wind, 24gcozeq/kW/h for
hydro, 38gcoeq/kW/h for geo-
thermal and 45 gcozeq/kW/h for
solar respectively.[38]
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Figure 1.3: Direct CO emissions for
primary chemicals in the IEA net-
zero scenario.[43]

7: that means removing all carbon
energy carriers, such as coal, oil, gas
and biomass and switching to elec-
tricity or hydrogen.

greater than 50% GHG savings for ethanol pathways."[40] The
International Panel on Climate Change estimates GHG emissions
of biomass for energy use to be 230 gcozeq/kW /h, which is far
above that of other renewables.®[38]

If biomass for energy use is not a good alternative, how can it be
utilised to mitigate climate change instead? Besides the already
mentioned increased dedication of land to habitat restoration, and
natural carbon sequestration, the remaining use of biomass, must
store the already absorbed carbon long term to be most effective.
This means it must not be allowed back into the atmosphere.
For example, forest biomass can be used increasingly to produce
timber and logs as building materials. Whole timber cities could
store huge amounts of CO,.[41] Residues from timber production
should however not be burned. They could be utilised, besides
agriculture residues from food production for other materials, such
as paper, bio-based plastics and chemicals. However, even for those
materials, circularity must be ensured, so that at the end of their
life cycle these products are preferably reused, up- or recycled[42]
and not incinerated for energy recovery (see also Figure 2.3).

In summary, there are various demands on biomass that limit
its use. These demands include ecosystem services for increased
conservation, local communities and climate change mitigation.[37]
The latter makes the most effective use of biomass if it ensures
long-term sequestration, which excludes or at least strictly limits
the use of biomass for fuel and energy. Instead, the sustainably
available biomass should be used for the production of timber,
bio-based materials and chemicals. In other words, if one can make
high-value chemicals instead of fuels, that is a good incentive not
to burn biomass.

1.3 This thesis in perspective of the global
challenges: sustainable feedstocks for the
chemical industry

With the hindsight of a net zero emission goal in 2050, the de-
mand for primary chemical production is expected to increase
significantly.[43] At the same time, also the chemical industry must
reduce its emissions (compare Figure 1.3). In contrast to the energy
sector which can be decarbonised, the chemical industry cannot
be decarbonised.” This is because many chemicals are in itself
carbon-based, such as plastics and solvents. The chemical industry
thus needs renewable feedstocks that are carbon-based. For this,
three main sources are available. Carbon dioxide, plastic waste
and biomass.
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Ultimately, humanity needs to remove CO, from the atmosphere
and sequester it for a long time. A good way to use CO, would be
to transform it into highly valuable chemicals. However, carbon
capture utilisation is not yet practically feasible at a large scale and
its future growth is highly uncertain[44]. Even though there have
been many ideas on how to utilise CO, for organic synthesis[45],
these rely on carbon capture from concentrated CO, sources.[46]

Plastic waste is another main source of pollution and its increased
use as source material for future up- and recycling is highly
desirable.[42, 47] Thanks to increased pollution awareness [48] and
strong research interest, this field has attained a lot of attention and
is now quickly moving forward,[49-53] with large recycling plants
planned for future operation[54]. In fact, plastic waste should
be prioritised as the main source for making new plastics and
chemicals encouraging a circular economy, before using alternative
virgin feedstocks.

Biomass is the third available feedstock and its use for the chemical
industry makes sense where demand cannot be fulfilled by existing
waste, or where recycling is yet not possible. With respect to the
overall growing demand for commodity chemicals, another virgin
source might anyway be necessary. Here, biomass can play an
important role to reduce the use of fossil resources quickly. It also
offers the potential to reuse already existing production plants and
avoid stranded assets.[55] Lastly, the chemical complexity already
existing in biomass molecules can be preserved when making
chemicals. This can be an advantage over using C; building blocks,
where it is necessary to transform CO, to methanol and then
methanol to olefins and aromatics[56] (MTO/MTA) or Fischer-
Tropsch synthesis.[57] Simple molecules can be easier obtained
from CO, and used as fuels instead, whereas complex biomass
molecules should be made into complex chemicals and materials.

1.4 Motivation of the thesis: Utilising renewable
bio-derived feedstocks for the production of
commodity chemicals

The utilisation of biomass for the production of commodity chemic-
als has been identified as a way to replace fossil feedstock. However,
biomass requires some pre-treatments before high-purity chem-
icals can be obtained. These treatments include the extraction of
bio-derived molecules, transformations and refining. They can
be physical, in form of drying, milling, chipping, pelleting etc.,
chemical, in form of hydrolysis, solvation etc. or biological, in

today CO; emissions from fossil re-
sources or biomass
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1 Introduction

form of biochemical and enzymatic processes.[58, 59] These pre-
treatments are not an easy undertaking and are the subject of
many studies, which go beyond the scope of this thesis. In the
following, I narrow the scope on how a certain type of bio-derived
molecules called furans, can be utilised for the catalytic production
of only certain types of commodity chemicals: the aromatic target
molecules benzene, toluene and xylene (BTX). The molecules of
interest are introduced in the next chapter. I then discuss how they
can be efficiently obtained.



Chemicals of interest and how to
produce them

BTX aromatics are important platform molecules and commodity
chemicals. In the following, I discuss their importance in the
chemical industry and how they can be produced from bio-derived
furan molecules. I introduce furans and briefly describe how they
are obtained from cellulosic biomass. I give a short perspective on
the techno-economic analysis of BTX production. Then I explain
what role catalysis plays in the efficient production of aromatics
from furans. Finally, I define the research problem and the objective
of this thesis.

2.1 The chemicals of interest

2.1.1 Target products: Aromatics

To make an effective impact on the chemical industry, it is important
to ask which molecules should be targeted. Benzene, toluene and xy-
lene aromatics have been chosen as target molecules for this thesis
because they are one of the most important commodity chemicals.
Together they make up more than one-quarter of primary petro-
chemical consumption, after ethene, propene and methanol.[60]
Nowadays, BTX are almost exclusively produced from fossil fuels
via petroleum refining and catalytic reforming.[61]More than 12 Mt
per year are produced in Europe alone [62]. The estimated market
value in 2018 was $186 billion with growing future demand.[63,
64] Table 2.1 shows market volumes and commodity prices for
BTX, of which p-xylene is often named the most valuable.

Their huge production output is because BTX are used as solvents
and fuel additives as well as precursors and building blocks
for fine chemicals and many polymers like polystyrene, nylon,
polyurethane and polyethene terephthalate (PET).[69] Some of
the most important products derived from BTX are shown in
Figure 2.1.

2.1.2 Model platform feedstock: Furans

Using biomass for research purposes can be challenging because
of its complex nature. To understand the behaviour of individual
molecules, one might initially rely on simplified systems. Furans
and furfural, which are 5-membered cyclic carbohydrates, are great
candidates for several reasons:

2.1 The chemicals of
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matics . . ... ... 7
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2.3.2 The need for better
catalysts . ........ 12
2.3.3 The need for analytical
methodology ... ... 13

2.4 Objective of the thesis 13

Table 2.1: Prices and global market
volume (MV) of BTX as of September
2022.[65-68]

Price MV
/$/t /Mt
Benzene 828  60.2
Toluene 1067  30.7
Xylenes 1082  61.0
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benzene

ethylbenzene styrene
polystyrene
cumene phenol, acetone bisphenol A ph enolic resins,
polycarbonate
cyclohexane cyclohexanone caprolactam
Nylon-6
toluene diisocyanate p olyurethane

terephtalic acid
p-xylene

polyester (PET) fiber and resins

iso-terephtalic acid
m-xylene

C

©/ toluene L
gasoline component
| X
p

copolymerizing monomer for PET

o-xylene —- phtalic anhydride

Figure 2.1: Illustration of benzene, toluene, p-, m- and o-xylene and some of their main derived products.

cellulose
H* l -H-O
glucose

Sn-beta

fructose

cat. H* l -HO
O
OWOH
5-hydroxymethylfurfural

Ho l PtCo@HCS

HO/\Q/\ OH

2,5-dihydroxymethylfuran
Ho l PtCo@HCS
O
\@/
2,5-dimethylfuran

Figure 2.2: Established pathway to
2,5-dimethylfuran. [70-73]

First, they have been identified as important platform molecules,
from which many other compounds can be obtained and incorpor-
ated into the existing production processes.[74, 75] They can be
obtained from (ligno)cellulose biomass. They can further work as
model compounds to represent a simplified biomass feedstock. Fi-
nally, they offer the potential to be converted to aromatics via Diels-
Alder cycloaddition reactions highly selective way.[76] Another
reason to study furans is the potential use of furan dicarboxylic
acid, which is a very promising candidate to replace xylene-based
polyethene terephthalate (PET) to make furan-based poly ethylene
furanoate (PEF) instead.[77] This would potentially eliminate the
necessity to make p-xylene for PET production in the first place. For
now, PET is the state of the art and xylene demand is growing, but
this might change quickly in favour of PEF in the search for even
more sustainable pathways.[78] The inevitable chemical recycling
of PEF requires also knowledge of the furan building blocks and
their interactions with the catalyst.

Out of several furans, I have chosen 2,5-dimethylfuran as my
model compound. For one reason, it is the least toxic to work
with. For another, it has the potential to be converted to p-xylene
selectively.[79] Figure 2.2 shows one route of how 2,5-dmf can be
obtained from biomass. First, depolymerisation and hydrolysis of
(hemi)cellulose release the monomeric building blocks, such as
the monosaccharide glucose. The latter is isomerised to fructose
via enzymatic or heterogeneous catalysis e.g. using Sn-beta.[71]
Fructose is then converted to 5-hydroxymethylfurfural.[72] Finally,
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hydrodeoxygenation of the latter with platinum-cobalt bimetallic
carbon nanospheres yields 2,5-dimethylfuran with a 98% selectiv-
ity.[73]

2.1.3 The chemicals in perspective: Techno-economic
analysis

To put aromatics production further into perspective, I briefly
discuss some techno-economic analyses. I look at the greenhouse
gas (GHG) emissions of aromatics production from fossil fuels,
methanol and biomass and discuss the potential reduction in GHG
emissions. The economic viability is discussed based on product
prices and estimates and I point out what that means for the
necessary progress to succeed.

In a recent study, GHG emissions for aromatics production via
crude oil-based naphtha catalytic reforming (NACR) were found
to be 43.4 and 43.9tCOeq/t aromatics with and without car-
bon capture and storage (CCS).[80] Besides the gasification of
methanol to aromatics (GMA), several other biomass routes were
evaluated. Here, I only comment on two more: catalytic pyrolysis
(CP) and Diels-Alder of furan/furfural combined with catalytic
pyrolysis of lignin (FFCA). The GMA process produced 3.27 and
—6.08 tco,eq /t aromatics including CCS.! CP was found to have
0.82 and —3.82tco,eq/t aromatics (CCS). Finally, the evaluated
FFCA process had emissions of 6.33 and —1.07 tco,eq /t aromat-
ics (CCS).[80] Compared to fossil resources, biomass feedstocks
always show lower GHG emissions, especially when combined
with CCS. In that case, GMA has the most potential with the
highest storing capacity (negative emissions) as summarised in
Table 2.2. However, as discussed before, where readily available
and necessary, bio-based methanol could be readily used as a fuel,
while other biomass should be converted into chemically more
complex aromatics. Further, only CP showed negative emissions
in the case study without CCS. All the studied biobased routes are
for now hypothetical, except for the CP route, which has a pilot
plant running.[8]1]

Route GHG e./ tcoyeq/teTx  total GHG e.

no CCS CCs / Gtco,eq P-a-
NACR 43.4 43.9 0.67
GMA 3.27 —6.08 —0.09
FFCA 6.33 -1.07 —0.02
cp —0.82 -3.82 —0.06
difference

NACR-CP 44.22 47.72 0.72

1: Negative emissions mean, they
are net negative, in other words, they
reduce CO; in the atmosphere.

Table 2.2: GHG emissions of BTX
and saving potential if all 151.9 Mt
BTX of 2022 were made from bio-
mass via CP.[80]
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Reuse

/ Recycle \
/ Recover \
/ Disposal \

Figure 2.3: Waste hierarchy, from
top to bottom: most favoured
least favoured approach of treating
waste.[82, 83]

2: The efficient and thus cheap pro-
duction of artificial fertiliser pre-
vents us from starvation through in-
creased farming yields. But because
this fertiliser is not used effectively,
humanity has exceeded the biogeo-
chemical flow boundary of nitrogen,
with devastating consequences on
nature and ourselves.[4]

With the above-reported numbers, it is possible to calculate a
potential annual saving in GHG emissions, if all aromatics were
made from biomass. Assuming that in 2022 a total of 151.9 Mt
BTX aromatics were produced (compare Table 2.1) and these were
made from a fossil feedstock (NACR), this results in a total of 0.66
Gtco,eq of GHG emissions per year. With the use case of CP, one
could have net negative emissions of 0.058 Gtco,eq- If the total
production of aromatics from fossils is replaced by CP of biomass
and CCS is applied, that could save 0.71 Gtco,eq per year. That
is approximately 1.8% of the annual global 40 Gtcoyeq in GHG
emissions or comparable to Germany’s yearly emissions. To harvest
the full potential of long-term carbon sequestration, sustainability
efforts must also ensure that the intrinsic carbon in aromatics and
their derived products is not released back into the atmosphere,
for example by incineration and energy recovery, which is among
the least favoured in the waste hierarchy (see Figure 2.3).[82,
83] Instead, a circular economy from the end products must be
established.

As of now, none of the biomass to BTX routes was found to be
cost-competitive.[80] For example, the production of BTX from
fossils via NACR costs 1077 $/t aromatics (not considering valuable
by-products), whereas various biomass routes based on different
biomass feedstocks, had widely varying production costs, from
ca. $1500 to more than $5000, with most cases around $2000.[57,
80] One way to increase cost competitiveness for biomass routes
and thus stimulate more sustainable production is by enabling
higher BTX selectivities and yields in the production processes.
Catalysis plays an important role in increasing these parameters,
and improving the catalysts is crucial for efficient conversion
processes.

2.2 The route to efficient chemical production:
Catalysis

Approximately 80-85% of all products in the chemical industry
are made via catalytic processes.[84] In fact, the role of catalysis in
the world has been tremendous. The invention of the Haber-Bosch
process to produce ammonia from nitrogen and hydrogen to make
fertilisers, for example, was the main contributor (praise or blame —
pick your side)? to the rapid growth of the global population.[85]
Catalysis is so important because it helps reduce energy consump-
tion and the formation of undesired waste products by increasing
selectivity and overall efficiency. In that way, catalysis is a powerful
tool to contribute to rapid change. It has to be acknowledged that
this tool has contributed to rapid climate change by enabling the
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efficient large-scale use of fossil fuels. But catalysis can also be the
tool that helps cut down pollution and mitigate climate change.’

In a catalysed reaction, the catalyst is a material that accelerates
the chemical reaction. This happens by providing an alternative
path compared to the uncatalysed chemical reaction. In the latter,
the reactants have to collide with sufficient energy to overcome
an energy barrier E; as shown in the blue curve in Figure 2.4 The
change in potential energy between reactants and products is the
change in enthalpy (AH).

For heterogeneous catalysts, the catalysed reaction, on the other
hand, starts with an adsorption step of the reactant(s) on the catalyst
surface, on the so-called active site. Here, the products are formed,
again by overcoming an activation barrier which is, however,
significantly lower than that of the uncatalysed reaction. In a final
endothermic step, the product(s) separates from the catalyst. In this
whole process, the catalyst remains unaltered and is available for
catalysing the next cycle. In contrast to the uncatalysed reaction, an
alternative pathway is offered by introducing several elementary
steps. This path is more complex but energetically favourable due
to the reduced activation barrier. The overall change in free energy
is however the same. This means, that the catalyst accelerates the
reaction rate kinetically, but does not change the equilibrium of a
reaction, i.e. the thermodynamics.[84]

Even the production of BTX aromatics from biomass is a cata-
lysed process. When focusing on furans as starting materials, two
approaches are pointed out:

The first is catalytic fast pyrolysis (CFP). Here, the biomass or
furan feedstock is rapidly heated, vaporised and then directed to a
catalyst bed, where it reacts at high temperatures. The products
include the desired aromatics, but also olefins, carbon oxides, water
and coke.[88, 89] Reaction pathways and chemical mechanisms
are complex, because many different cracking, oligomerisation,
aromatisation, isomerisation, decarbonylation and dehydration
reactions are taking place.[90] This process can usually be operated
continuously in the gas phase and at low pressures, which is
advantageous for large-scale production. However, aromatic yields
are rather low.

The second approach is based on a Diels-Alder reaction followed
by a dehydration reaction. This is a thermally allowed [4+2]-
cycloaddition between a diene, such as a furan, and a dieno-
phile, such as an olefin, to form a bicyclic intermediate called
oxa-norbornene. This intermediate is dehydrated to form the six-
membered aromatic ring. It was found that the cycloaddition
reaction can be catalysed by Lewis acid sites (LAS) but not by
Brensted acid sites (BAS).[91] The dehydration reaction can be

3: Tobecome inherently sustainable,
the catalysis community needs to
consider taking a more holistic ap-
proach: by working closely together
with life cycle analysis, toxicology,
ecology and social science.[86]

A

Potential energy

Product

>

Reaction coordinate
Figure 2.4: Schematic energy dia-
gram for a catalysed and non-
catalysed reaction, where E; is the
activation energy, AH is the en-
thalpy and I a reaction intermedi-
ate.[84, 87]
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4: More about zeolites in section Sec-
tion 4.1.

catalysed by LAS but even more by BAS. Yields of more than 90%
of p-xylene have been achieved with different catalysts.[76, 79, 92]
However, reaction conditions usually require a high-pressure batch
reactor, and a solvent, such as n-heptane and take many hours to
complete, which is unfavourable for large-scale production.

In both cases, zeolites have been promising candidates as catalysts.*
It seems hence compelling to combine the advantages of the CFP
continuous process, with the selective production and high yields
of the cycloaddition and dehydration process. If and how this can
be achieved is the topic of the following sections and chapters.

2.3 Defining the research problem

2.3.1 A new feedstock

In the previous chapter, biomass was introduced as a better feed-
stock in the chemical industry to shift to a renewable and potentially
sustainable source. Furans were identified as model and platform
molecules and are the focus of this thesis, and 2,5-dimethylfuran
was chosen as the main reactant. Compared to fossil feedstocks,
which have been used for many decades and are well known, the
scientific understanding of biomass and bio-derived molecules is
not as advanced. This is a challenge when it comes to analysing the
feedstock and its reaction products, but also for designing catalysts
that suit the specific needs of the new feedstock.

2.3.2 The need for better catalysts

As discussed above, catalysis can be the solution to efficiently
use bioderived molecules for chemical production. In this specific
case, 2,5-dimethylfuran should be catalytically converted to the
target products: the aromatics BTX. To make BTX production from
renewables viable and competitive, better catalysts are necessary.
Zeolites and their derivatives are promising candidates, because
of their tunable Lewis and Brensted acidity, shape selectivity and
stability. Under continuous production, selectivity and yields of
BTX products are rather low and the catalyst experiences deac-
tivation due to coking. It can be attributed to not well enough
understanding of the underlying processes, chemical reactions and
reactant-catalyst interactions, which shall be investigated in this
thesis.



2.3.3 The need for analytical methodology

To understand the above-mentioned chemical reactions, analytical
tools and methodologies are necessary. Often these are not well
adapted for new bio-derived feedstocks. In this particular case
of catalysis research, it would be desirable to track reactants and
products of the reaction stream in high time resolutions. This will
help to understand reactant-catalyst interaction, changes in product
distribution and selectivity, and deactivation and ultimately help
make conclusions on how to design better catalysts. The focus of
this thesis is the use of Fourier Transform infrared spectroscopy
(FTIR) and mass spectrometry (MS) for the on-line analysis of the
hydrocarbon stream because they can readily be operated at high
time resolutions and are established tools in related fields.

2.4 Objective of the thesis

According to the above described research problems, the objective
and scope of the thesis can be clarified: This thesis aims to improve
the understanding of how to produce BTX aromatics from bio-
derived feedstocks catalytically by using on-line analysis. The tools
for the on-line analysis focus on FTIR and MS. The feedstock is
limited to the model compound 2,5-dimethylfuran and the catalysts
are limited to zeolites and zeotypes of the MFI and BEA framework
structure. The objective guides this thesis based on the following
three hypotheses:

Hypothesis I: IR spectroscopy in combination with mass spectro-
metry is a suitable and practical technique to monitor a complex
hydrocarbon stream.

Hypothesis II: The developed method can be applied to catalytic
conversion reactions of 2,5-dimethylfuran for a number of known
zeolite catalysts.

Hypothesis III: The method improves understanding of the reac-
tions and catalysts that is necessary to ultimately design better
catalysts.

2.4 Objective of the thesis
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Developing a Methodology:
On-line gas composition analysis
for complex hydrocarbon streams

This chapter guides the reader through the development of a
method that shall allow the continuous on-line analysis of a com-
plex hydrocarbon stream and aims to answer hypothesis I in
Section 2.4. This complex product stream stems from the catalytic
conversion of 2,5-dimethylfuran and the method presented in this
work is limited to the conditions described herein. However, the
principles that are presented are general and the analytical method
can with certain adjustments be applied and extended to a wide
range of scenarios. In the following, some concepts are described
that are necessary for understanding the instrumentation, devel-
opment process, and product analysis. Challenges, limitations,
and advantages are discussed and comparisons to other analytical
methods are made.

In perspective to my research papers, this chapter is mainly related
to Paper I, and in parts to Paper Il and V.

3.1 A short introduction to product analysis

One of the main challenges in catalysis science is the evaluation of
catalyst performance. Often, the performance of a catalyst is then
expressed in terms such as conversion, selectivity, yield, turnover
number and turnover frequency.[93] In order to assess how a cata-
lyst performes, it is necessary to analyse the reactant and reaction
products, which means identification and quantification. Useful
methods are also crucial to understand the involved chemical reac-
tions and mechanistic pathways. This knowledge in combination
with a deep comprehension of the catalyst structure is required to
rationally develop catalyst functions.

In the following, some commonly applied techniques that are
relevant to this thesis are introduced.

3.1.1 Gas Chromatography

In the specific case of converting furans to aromatics, product
analysis is commonly based on sample collection, separation and
subsequent analysis. In a continuous flow setup, light gaseous
products can for example be captured in gas bags, whereas heavier
molecules are collected in a cold trap. The collected sample is
then transferred to an analytic instrument for separation, most
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1: Usually an inert or non-reactive
gas such as He or N».

commonly a gas chromatograph coupled with a detector for spe-
cification and quantification. This procedure is often manual and
requires on-site personal.[94-96]

The gas chromatography (GC) technique is used for the separation
of compounds that can be vaporised. The principle is based on
carrying sample molecules in a mobile phase! through a stationary
phase. The latter can be a glass or metal tube with microscopic
layers of liquid or polymer fastened on a solid support. Molecular
interactions of the species in the mobile phase with the stationary
phase such as dipole and Van der Waals forces lead to a separation
of different species in the mobile space. How well the species are
separated is determined by the strength of these forces, which
depend on the physical and chemical properties of the species
and the stationary phase. This means that one type of species
is remaining longer in the stationary phase than another type
of species, which is known as the retention time. The retention
times can be used to analyse the specimen by comparing them to
calibration standards.

Another way to analyse the specimen is to couple GC with a
detector for identification and quantification. The flame ionisation
detector (FID) and the thermal conductivity detector (TCD) are
among the most common ones and are sensitive to a wide range of
compounds. GC can also be coupled to a mass spectrometer, which
is known as GC-MS, a highly effective technique that is sensitive
even to trace amounts of sample.

The detection limit is a strength of GC-based analytical methods.
Further, the separation-based operation makes GC a superior
technique when it comes to the identification of species in a mixture.
At the same time, the measurement principle is also responsible for
its limitations in many applications: the time resolution. Sample
collection and separation are inherent to making this technique
rather slow and labour-intensive. In response, on-line GC-MS has
been developed to study the conversion of furans to aromatics over
zeolites.[97-99] The on-line approach allowed automated sample
collection and an increase in sampling time. However, the time
resolution is still limited to several minutes. The rather low time
resolution is inherent to separation-based methods and it is of
particular interest to circumvent this disadvantage to enable studies
of dynamic processes, e.g., composition variations in process
streams and catalyst activity, selectivity, and fast deactivation
phenomena.[100] It would further be advantageous to automate
the on-line product stream monitoring.

Both MS and FTIR spectroscopy can conveniently operate in the
order of seconds. However, both come with their own challenges
that are discussed in the following.
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3.1.2 Mass Spectrometry

Mass spectrometry is widely applied for the identification and
monitoring of pure samples and complex mixtures. Because MS
uses a vacuum, the sample needs to be vaporised if not already in
gas form. The gaseous sample molecule is then ionised to form
charged particles. For ionisation, several techniques exist, resulting
in a parent ion and depending on the ion source, a range of
fragments. Electron ionisation (EI) applies an electron beam to
the sample. The comparably high energy of the electron beam can
break chemical bonds, leading to a high degree of fragmentation

of the sample molecules, making it a hard ionisation technique.

The generated ions are then directed through an analyser where

they are selected depending on their mass-to-charge ratio (m/z).

The mass selection is based on the interaction of the ions with
an applied electric field.? The selected ion is finally directed to a

detector, such as a Faraday cup or a secondary electron multiplier.

Here, the ions induce a charge or produce a current, so that the
intensity of each ion is recorded. The intensity of different m/z
ratios results in a mass spectrum, which can be compared to
databases for the identification of the species. This is especially
useful for pure compounds, where a high fragmentation pattern
can be utilised because the fragmentation pattern is specific for
each molecule. On the other hand, many fragments make the
analysis of mixtures extremely difficult, especially when different
specimens have the same m/z ratio resulting in complex mass
spectra with overlapping signals.[87]

When less fragmentation is desired, other ion sources, usually
referred to as soft ionisation, are available. Among these are
chemical ionisation techniques, such as ion molecule reaction
mass spectrometry (IMR-MS). In a separate chamber, a primary
atomic gas (G) is ionised via EI to form a primary ion, which is
then directed to the sample stream. Here, the primary gas ion
(G™") reacts with the sample molecule (A) to produce a sample
ion A* via a charge transfer ion-molecule reaction as described in
Equation 3.1.[101]

Since the primary ions have much lower energy compared to
El, fewer bonds in the sample molecule break upon impact with
the primary ion. The obtained fragmentation pattern is thus less
complex. Further, because the ionisation potential of the sample
molecule must be lower than the ion energy of the gas ion, different
sample molecules can be selectively ionised with different primary
gas ions. In this work, an IMR-mass spectrometer (V&F Airsense
Compact) is used for the on-line analysis of the complex HC stream
and for desorption experiments. This instrument offers Hg, Xe or
Kr as primary ions.

2: Various methods for mass se-
lection exist, among them, time-of-
flight, sector field, quadrupole, octo-
pole and ion trap mass filters.

Gt+A-=G+AT  (3))

Table 3.1: Ion potentials of different
gases used in IMR-MS compared to
EL

Ionizer ion. potential /eV

El 70

Kr  14.00
Xe 1213
Hg  10.44

Example: Krypton ions (14.0 eV) can
separate N3 (15.6 eV) against CO
(13.7 €V) on mass 28.[102]
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Table 3.2: Presentation of the 6 nor-
mal modes of vibrations for the CH»-
part of a CHpR, molecule. Repro-
duced from [87].
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Figure 3.1: Characteristic infrared frequencies of functional groups in organic molecules containing C, O, N, X and H

3.1.3 Infrared Spectroscopy

IR spectroscopy is another analytical technique that is widely used
in analytical and physical chemistry. It is readily applied for the
quantitative analysis of hydrocarbon mixtures[103, 104] and as a
process analytical tool in the chemical industry[105]. The principle
of IR spectroscopy is the measurement of the interaction of infrared
light with matter by absorption (or transmission), reflection or
emission. Molecules absorb frequencies of light that are character-
istic of their structure. Absorption occurs when the frequency of
the incident light matches the frequency of the molecular vibration
or rotation, which is called resonant frequency. Their energies
are affected by the molecular potential energy surface, the mass
of the atoms in the chemical bond, and the associated vibronic
coupling. These energies are expressed in wavenumbers® p and the
infrared spectrum is commonly divided into three regions.4 Here,
I only focus on the mid infrared region, because this is where many
functional groups have their characteristic absorption bands. These
absorption bands are a result of the vibrations in chemical bonds,
which can be described as a harmonic oscillator and have several
vibrational modes.® As an example, the six normal vibration modes
of the CH;-part of a CH,R; molecule are shown in Table 3.2. An
IR active (i.e. observable) vibrational mode must include a change
in the dipole moment.® IR spectroscopy is thus not suitable to
monitor some atoms or molecules, such as hydrogen, nitrogen,
oxygen, or argon.

Some of the typical group frequencies corresponding to character-
istic functional groups are summarised in Figure 3.1.[106] The scope
is limited to organic molecules consisting of H, C and O-atoms, but
the illustration still shows the complexity of IR-spectroscopy. While
the identification of pure molecules based on their unique com-
bination of absorption bands is not always trivial but commonly
used, the analysis of a mixture of many different molecules is,
however, challenging and requires tedious selection, comparison
and deconvolution of the absorption bands.

To quantify the abundance of a molecule, one can rely on the
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relationship of absorbance A and concentration ¢ as defined in the
Beer-LamBerT law. Absorption is usually expressed as absorbance
A and is derived from the logarithm of reciprocal transmission
(or reflectance) as denoted in Equation 3.3. The transmission T
is defined as the fraction of intensity of the incident light Iy and
the transmitted (reflected) light I in Equation 3.2. The magnitude
of the absorbance is approximated by the Beer-LaMBERT law in
Equation 3.4, where € is the molecule-specific attenuation coeffi-
cient,  the sample thickness and ¢ the sample concentration. From
this equation, a linear relationship between the absorbance and
the concentration is evident. Hence, the concentration of a sample
species can be obtained by measuring its absorbance.

3.2 Developing the on-line analysis

To reach the aim of analysing the effluent stream of catalytic
conversion of 2,5-dimethylfuran on-line, several different methods
had to be combined. From the initially obtained IR spectra, many
of the species present could neither be identified nor quantified
by the IR spectra alone. The first reason is that the simultaneous
presence of many different compounds makes the corresponding
IR spectrum very complex. The second reason is that reference
spectra and calibrations for speciation and quantification for some
of the compounds are not part of the commercial compound
library or not even available as reference spectra in the open
literature. For example, in the case of 2,4-dimethylfuran and 2-
methyl-2-cyclopenten-1-one (2-mcpo), the very first mid-IR spectra
are reported, to our best knowledge, in Paper 1.[100] From previous
studies of the catalytic conversion of furans over zeolites it is known,
that a wide range of products is obtained. These include carbon
oxides, water, alkanes, and alkenes as well as aromatics including
hetero- and polycycles, such as BTX, indene and naphthalenes.[90,
94, 97] Since many of these product species are not a priori known,
they had to be produced in catalytic experiments to get a realistic
coverage of all specimens. GC-MS was then used for the initial
product identification.

3.2.1 Initial product identification by GC-MS

Catalytic experiments to create the realistic product species from
2,5-dimethylfuran were carried out in a chemical flow reactor that
is described in detail in Paper I.[100] After ca. 30 min of time on
stream (TOS), products in the effluent stream were collected on
adsorbent tubes. For this purpose, the original product stream
had to be diluted by a factor of 10, to not overload the adsorbent

I
T = o (3.2)
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trum, blue line: reference spectrum.
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tubes. The collected products were then analysed via GC-MS.
Their relative abundance was also determined as equivalents of
toluene, which is summarised in Table 3.3. In agreement with the
literature, BTX aromatics, indene and naphthalenes are identified
as products, with similar relative abundance. In addition, furan
derivatives with different methylation of the reactant 2,5-dmf are
found that are not commonly described as products. Among these,
2,4-dimethylfuran has a large proportion. Further products are
some 5-membered carbon rings, such as 2-mcpo and 3-methyl-2-
cyclopenten-1-one (3-mcpo), cyclopentene, and cyclopentadiene as
well as the 7-membered ring 1,3,5-cycloheptatriene.

However, these products do not represent the whole picture, but
rather only the "heavy" fraction of all products. Light gases such as
carbon oxides, formaldehyde, methane, olefins and water can not
be collected and analysed in this way. Instead, recorded IR spectra
were thoroughly compared and matched to reference spectra, to
identify some of the remaining species. The spectra of the sample
mixture and the matched reference spectra of ethene and methane
are for example shown in Figures 3.2 and 3.3. The full list of
identified products is summarised in Table 3.3.

3.2.2 Calibration for quantification

Besides identification, it is also of interest to quantify the products
during the dynamic catalytic experiment conditions. For this pur-
pose, the commercial FTIR spectrometer (MKS MulitGas 2030)
includes a commercial reference compound library. This library
contains reference spectra and corresponding concentrations of
many organic and inorganic species. However, many compounds
of interest for this work are not included. As a consequence,
the missing compounds’ spectra at different concentrations were
systematically recorded and calibration files were created. This
includes the tedious selection of primary analysis bands, which
has to be chosen with meticulous care so that interference of com-
pounds with similar absorbance bands does not occur or is at least
minimised.

How the spectra of liquid reference compounds of specific concen-
trations were obtained, has been described in my Licentiate thesis
previously.[87] Briefly, commercially acquired pure chemicals were
vaporised using a gasifier setup as pictured in Figure 3.4. The
concentration (C) of a vaporised liquid can be calculated from its
vapour pressure (pr) and the partial volumes (V) of the carrier
gas as described in Equation 3.5 and Equation 3.6.
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In addition, concentrations were calculated based on the mass of
liquid my, that was vaporised. Here, my, is the mass difference of
the gasifier before (my) and after (m,) the evaporation duration
(Equation 3.7). This was done to validate the vapour pressure-
based calculation and was necessary for compounds where vapour
pressures were not available. The amount of substance (1) is
derived from its molar mass M} and mass (Equation 3.8). Together
with the ideal gas law, Equation 3.9, the concentration is then
obtained from Equation 3.10.

my—ni,
nr Mp
(: = —_— .]
ng poV (3-10)
RT

To check whether or not the mass-based and vapour pressure-
based concentrations coincide, the obtained concentrations are
plotted versus the flow rate of carrier gas through the gasifier. The
plot is shown in Figure 3.5, confirming a good match between
the methods. Small deviations in the mass-based concentrations
can be explained by initial overshoots of the mass flow controller
(MFC) of the carrier gas, leading to concentrations that are slightly
higher than those based on the vapour pressure. To minimise the
impact of this overshoot, spectra were recorded every minute over
a time span of several hours. Averaging all spectra over a long time
span also helps account for short-lived fluctuations in the feed and
to obtain a good signal-to-noise ratio.

Next, the averaged obtained spectra were assigned to their cor-
responding concentrations. According to the Beer-Lambert law
(Equation 3.4) stated before, a linear correlation between the con-
centration and the absorbance (here integrated absorbance/IR
intensity) can be expected. Figure 3.6 shows the linear relationship
for four of the calibrations well. 2,5-dmf, 2-mcpo and 3-mcpo, have
a linear relation for all data points including the origin. 2,4-dmf
has a linear relation for the measured concentration, however,
the linear regression does slightly deviate from the origin. As a

mp = my — My (3.7)
_m

nr = ML (3.8)

pV =nRT 3.9)
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Figure 3.5: Validation of the feed
concentration: The mass-based con-
centration and the theoretical gas
concentration based on the vapour
pressure Py as a dependency of the
flow rate of the carrier gas show a
good match.



22 | 3 Developing a Methodology: On-line gas composition analysis for complex hydrocarbon streams

200 < 2.5-dimethylfuran
150 —
100 —
50 —
0 -
IIIIIIIIIIII
0 500 1000
2,4-dimethylfuran
30 —
20 —
10 —
=
= 0 -
§ | L DL
£ 0 100 200
x
T 2-methyl-2-cyclo-
= 150 o penten-1-one
5
=i 100 —
50 —
0 -
IIIIIIIIIIIIIIIIII
0 50 100 150
3-methyl-2-cyclo-
30 — penten-1-one
20 —
10 —

0 50 100
concentration / ppm

Figure 3.6: Absorbance vs gas con-
centration and its linear fit for 2,5-
dmf, 2,4-dmf and 2- and 3-methyl-
2-cyclopenten-1-one.[100]

consequence, the real concentrations of 2,4-dmf might be some-
what underestimated. One plausible explanation could be a small
undetected leak during the calibration procedure. Despite this,
since the linear relationship between the data points holds, the
trends describing concentration changes and comparisons between
different catalysts are still valid.

Finally, from the obtained spectra a primary analysis band has to
be defined for each species. These primary analysis bands often
resemble characteristic absorption bands in the IR spectrum. To
account for cross-talk and interference of different species in a mix-
ture and to avoid false positives, the selection of analysis bands has
to be made with care and tested against spectra from a mixture. The
concentrations of the individual species in the sample mixture are
determined from the measured absorption spectra. The software
included in the FTIR spectrometer accounts for gas temperature
and pressure variations with in-built functions. Concentrations
of individual species are calculated by a multivariate analysis
using the predefined primary IR bands and a classical least square
algorithm.

3.2.3 Matching MS and IR for robustness

Mass spectrometry is used to monitor species that cannot be
analysed by IR spectroscopy such as argon and oxygen. These
compounds are IR inactive because their vibrations do not possess
a change of dipole moment. Further, where reference spectra
or pure compounds could not be readily obtained, because of
their unstable nature, species like cycloheptatriene or 3-methylene-
cyclopentene could at least be partially analysed via MS. Table 3.3
summarises on which m/z value various species are identified,
and which ionizer (e.g. Xe or Hg) is used.

The simultaneous use of MS also increases the robustness of the
product stream analysis by combination with IR spectroscopy, since
both analytical tools are independent of each other. For instance,
the concentration of ethene from IR is shown in Figure 3.7 together
with its corresponding MS intensity signal (m/z = 27). Both signals
match very well, which tells us two important things:

1. The correct compound is analysed.
2. The analysed compound shows the correct trend of concen-
tration changes.

In the same way, the IR signal of 1,3-butadiene matches very well
with the m/z signal 39 (Hg ionizer), a fragment of 1,3-butadiene
as shown in Figure 3.8. Looking at 2,5-dimethylfuran in Figure 3.7,
the situation is a bit more complex. At first, the IR and MS signal
matches well in relative intensity. Both follow the same increasing
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Figure 3.7: Comparison of FTIR and MS: Signal match of IR and MS for a) ethene (m/z 27) and b) 2,5-dimethylfuran

(m/z 96).[100]

trend and show the same fluctuations in the signal. The fact that
these fluctuations are recognised by both instruments, indicates
that this is not an instrumental issue, but rather originates from
the reactant or carrier gas feed. However, some deviation can be
observed at later TOS. A closer look at Table 3.3 reveals that besides
2,5-dmf, also 2,4-dmf, 2-mcpo and 3-mcpo are detected at m/z
96. This is because all four molecules have the same number of
atoms of the same type, which means they are structural isomers.
However, since these atoms are arranged in different ways, their IR
spectra are different and can easily be distinguished. It seems that
during the catalytic reaction studied here, the reactant 2,5-dmf is
increasingly isomerised with TOS. This phenomenon is discussed
in more detail in section 4.3.3.

Besides IR spectroscopy, also MS has the potential to distinguish
the isomers. This distinction can be made by either using different
ionisers or by exploiting the different fragmentation patterns of
these isomers as it is reported in Paper L[100]. The principle
is exemplified on 2,5-dmf and 2,4-dmf in Figure 3.9. Here, the
mass spectra of both compounds are shown with Xe and Hg as
ionizers. The first observation is that the spectra show a higher
fragmentation when using Xe as the primary ion as compared to
Hg. This result is expected because Xe has a higher ion potential, the
ion-molecule reaction transfers thus more energy during impact
and more fragments are obtained. The second observation is a

fragmentation pattern, that is distinct for both 2,5-dmf and 2,4-dmf.

For example, when using Hg, both compounds show the fragment
m/z 81, which is attributed to the loss of one methyl group. Only
2,4-dmf creates the fragment m/z 68, attributed to the loss of two
methyl groups. This means that 2,4-dmf can be distinguished from
2,5-dmf by monitoring m/z 68. However, other compounds in the
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Figure 3.8: Comparison of FTIR and
MS: Signal match for 1,3-butadiene
and m/z 39.
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Figure 3.9: Mass spectra of 2,5-dmf and 2,4-dmf using ion-molecule reaction ionisation with Hg and Xe.[100]

mixture such as 2-methylfuran could result in the fragment m/z
68 as well, making this approach dependent on carefully ruling
out all other possibilities.

3.2.4 Orientation and critical assessment

To put the method into perspective and make a critical assessment
itis also necessary to point out limitations. As stated above, the sole
detection of a certain m/z is no guarantee of the signal relating to
only one species when using MS, so isomer distinction is difficult.
In a similar way, the automated processing of the IR spectra can lead
to false positives or negatives, when IR bands are overlapping.[104,
108] One example here is the olefin signal during the presence
of ammonia. Ammonia is a strong absorber between 900 cm™
to 970cm™!, the same region where olefins have some of their
characteristic IR bands, which means signal overlapping.[107] This
leads to interference during the spectra processing. As a result,
the calculated concentrations of olefins can be negative. The issue
is exemplified in Figure 3.10 with butadiene and ammonia. The
measured sample spectra and the prediction based on the reference
spectra show a small difference, which is shown as the residue.
Butadiene has its primary absorption band at 909 cm™!, exactly
where the residual shows a spike. The software algorithm fits the
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Table 3.3: Information about the analysed molecules of the hydrocarbon gas stream. The m/z values are those used in the
MS analysis with Xe =12.13 eV (for CO, CO2, Oy, Ar) or Hg =10.44 €V (rest) as ionizers. Based on a previously described
method [100] with additions and adaptions.

Compound Formula M GCMS MS IR band
miol /% m/z /em™!

Cz+-rings and polycyclic compounds

1,5-dimethylnaphthalene C1pHyp 156 0.1 156
2-methylnaphthalene CnHyo 142 142 785.38 - 831.18
1-methylnaphthalene CnHyo 142 0.1 142
Naphthalene CioHg 128 0.1 128 758.62 - 807.32
Indene CyHg 116 0.2 116  2811.26 - 3176.23
1,3,5-cycloheptatriene C7Hg 92 1.0 92
Cs-rings
3-methylene-cyclopentene CeHsg 80 0.2 80
5-methylcyclopenta-1,3-diene  CgHg 80 1.0 80
2-methyl-cpo CgHsO 96 0.7 (96),68 1668.88 - 1809.90
3-methyl-cpo CgHgO 96 0.2 (96),68 170142 - 1811.83
Furans
2,3,5-trimethylfuran C-H;pO 110 0.1 110
2,5-dimethylfuran C¢HgO 9% 75 96,(81) 1168.43 - 1282.69
2,4-dimethylfuran CeHsO 9% 14 (96),68 1074.17 - 1174.70
2-methylfuran CsHqO 81 0.7 81 1117.57 - 1176.87
BTX
Benzene CeHg 78 6.0 78 606.51 - 726.80
Toluene CyHg 92 0.9 92 68944 - 769.95
o-xylene CgHyp 106 0.2 106 70245 - 779.59
p-xylene CgHjyp 106 ' 106 73532 - 867.92
Olefins
Ethene CyHy 28 (28),27  900.12 - 1000.16
Propene C3Hg 42 42, (41) 900.61 - 1019.69
1,3-butadiene C4Hg 54 (54),39 82226 - 977.02
G
Methane CHy4 16 - 3000.25 - 3176.23
Carbonmonoxide CcO 28 28 2146.16 - 2159.90
Carbondioxide CO, 44 44 222357 - 2280.94
Formaldehyde CH,0 30 2698.93 - 2822.36
Water H,O 18 18 141697 - 1502.31
Ammonia NH; 17 16 90398 - 977.27
Oxygen )] 32 33

Argon Ar 40 40
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Figure 3.10: Measured, predicted
and residual spectra showing false
negative predicted spectra during
the quantification of the butadiene
signal due to interference with the
ammonia band around 908 cm™~!.
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butadiene reference spectra into the residual to predict a butadiene
concentration of —4 ppm. A separate check of the goodness of fit
reveals that the presence of butadiene is unlikely, however, this
must be done manually. A likely origin of the difference between
the measured sample and reference spectra could be attributed
to noise, which could be tackled by improving the quality of
reference spectra or signal-to-noise ratio by averaging several
measured sample spectra.

In a similar way;, false positive concentrations are of concern. If an
IR band of an unidentified species is similar to that of a reference
compound, it might be falsely fitted into the remaining residual.
Such an unidentified species is for example present in the residual
of Figure 3.11 with a peak at 926 cm™!. This is tackled by screening
the measured spectra and manually checking them against the full
absorption spectra of reference compounds, but also by utilising
the corresponding MS signal.

Post-processing of recorded IR spectra is possible to identify pre-
viously unknown species or obtain more accurate concentrations
once the method is refined and updated. While IR is better suited
for the distinction of isomers, MS allows analysing of non-IR active
molecules. Both instruments offer highly automated data collection
and high time resolutions, however, the MS signal can show a
certain "drag" of the signal, especially with sticky molecules, such
as ammonia or 2,5-dimethylfuran (compare Figure 3.7b). Since no
manual sample collection and physical separation of individual
species is necessary, the time resolution that can be obtained,” is
much higher than that of separation based methods such as GC,
even when applied in on-line mode (typically 0.05min™! and up
to 0.16 min™")[90, 97]. This allows for example the detection of
fluctuations in the feed gas as observed in Figure 3.7b and the
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Table 3.4: Summary of advantages and limitations of some analytical methods.

Method Advantages Limitations
GC+ - separation - time resolution
detector - identification - sampling is averaging

- manual and labour-intensive sampling
- light species are not readily analysed

IR - time resolution - time consuming calibration procedure
- fast, no "drag" - complex spectra
- automated data collection - some reference compound/spectra not available
- post-processing of spectra - difficult to find suitable primary analysis band
- isomer distinction - false positives and negatives
MS - non-IR active compounds - complex without separation technique
- fast, but "drag" - isomer distinction difficult
- automated data collection - m/z can correspond to several species

- time resolution

IR +MS - increased robustness - two instruments needed

- almost all species analysed

observation of transient phenomena.?

The here developed on-line analysis method is suitable to analyse
the complex product stream stemming from the catalytic conver-
sion of bio-derived 2,5-dmf to answer hypothesis I. The method
is thus a case study that shows the potential but also the need
for future development of analytical methodology for catalysis,
which is experiencing a shift to bio-based feedstocks. Certain lim-
itations remain, which is an opportunity from the perspective
of future research and development. Some recent examples that
show ongoing improvements are new modelling methods, such
as "Adaptive Step Sliding Partial Least Squares",[109] the use of
deep learning[110, 111] and machine learning for next-generation
chemometrics[112-114].

In summary, both IR spectroscopy and MS have their strengths and
limitations, which are collected in Table 3.4. Their combined use for
on-line composition analysis increases robustness and allows for
the analysis of most species in the product stream. For most catalytic
experiments of this thesis work, the carbon mass balance is typically
around 90% or higher, which is comparable to GC-MS analyses
of similar CP processes[90]. Since the method is on-line, catalytic
experiments can be combined with temperature programmed
experiments, such as temperature programmed oxidation (TPO),
which is necessary for the analysis of coke and to calculate a carbon
mass balance. Moreover, temperature programmed desorption
experiments (TPD) with a continuous heating rate are possible,
which are discussed in Section 3.3.

8: see also pre-oxidation of Cu in
Paper II.
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Figure 3.12: An illustration of a tem-
perature programmed experiment.

9: For example via TCD, MS or IR.

10: More info about the catalysts in
Sections 4.1 and 4.2

3.3 Temperature programmed experiments

Temperature is a good discriminator for chemical processes and
thus temperature programmed (TP) experiments are a great way
to learn about the interaction of molecules with the catalyst. TP
experiments can reveal specific characteristics about a material,
for example, NH3-TPD is a well-established method to determ-
ine the total acid site density of zeolite catalysts.[115] For such a
measurement, the principle is straightforward: a probe molecule,
such as NH3 is pre-adsorbed onto the catalyst at a certain temper-
ature (e.g. 100 °C) as simplified in Figure 3.12. Physisorbed species
are usually flushed out during a purging period. The reactor is
then heated continuously (e.g. 10°C min~!) until it reaches the
target temperature (e.g. 600 °C). During this temperature ramp, the
chemisorbed species desorb when reaching a certain temperature
and thus overcoming the energy barrier. The desorbed species
are then detected and quantified.” Thanks to the on-line method,
NH;3-TPD could be carried out before, between and after catalytic
conversion reactions with 2,5-dmf, all in the same reactor, with the
same instrumentation. This is of advantage from several aspects:
the catalyst sample does not have to be manually transferred which
is a risk for sample loss, contamination or moisture adsorption.
But also the speciation and quantification of products during
TPD of pre-adsorbed 2,5-dmf are possible. Finally, the coke can
be removed, analysed and quantified by TPO to regenerate the
catalyst.

3.3.1 NH;-TPD

In this thesis work, NH3-TPD is used to determine the acid site
density of various fresh zeolite and zeotype catalysts.!” The acid
sites in zeolites play an important role in catalytic reactions and
are hence also the active sites. NH3-TPD profiles can show several
peaks, which are a result of different types of acid sites. These
types are distinguished by their strength, and show up as peaks
in the TPD profile at different desorption temperatures. In this
work, TPD profiles were analysed by fitting Gaussian functions
to identify desorption temperatures and quantify the acid site
density of different sites, which are commonly grouped into weak
and strong, and sometimes additionally into medium and extra
framework acid sites. This principle is illustrated in Figure 3.13

During catalytic reactions with hydrocarbons, these active sites
in zeolite catalysts are often prone to deactivation by coking. It is
thus not only of interest, how many active sites are available in the
fresh catalyst, but also how their abundance and nature changes
over the reaction time.
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A prerequisite to perform NH3-TPD on a coked catalyst sample,11 11: that means, the access to active
is that the NH3 molecule does not strongly interact or even react  sites is blocked by carbonaceous de-
with the coke. In fact, it was previously reported that coke mainly posits

reduces the number of acid sites rather than affecting their strength

and distribution.[116] Also in this work, no reaction products

between coke and NH3 were detected with the on-line analysis.

Only after almost all NH3 had desorbed, some carbon oxides

were released, which is attributed to the pyrolysis of coke at high

temperatures (>500 °C).

NH;3-TPDis used to determine the acid site density of fresh catalysts Residual

in Paper II, and for both fresh and coked catalysts in Paper III
and IV. It is found that available acid site density is significantly

measured -

reduced after the catalytic conversion experiments. However, some
catalysts, especially those with high initial acid site density, such as
high aluminium containing zeolite (ZSM-5(22)) were completely

NH, concentration /ppm

deactivated after conversion experiments, while a major portion
of acid sites can still be detected via NH3-TPD. This could be e e LI B o
attributed to some of these acid sites being accessible to the small 200 400

NHj3 molecule, but not the bigger 2,5-dmf molecule. Future studies Temperature / °C

Figure 3.13: Example of fitting an

. . . . Ty NH3-TPD signal obtained from a H-
are bulkier and thus allow to distinguish different acid sites. ZSM-5(38) catalyst sample.

could thus make use of other probe molecules like pyridine that

In Paper V, NH3-TPD is used extensively to track the amount of
acid site density in between catalytic conversion periods, which
aimed to understand which type of acid sites are responsible for
which type of reactions. This is discussed in more detail in section
Section 4.4.

3.3.2 TPD of pre-adsorbed 2,5-dmf

The speciation of desorption products during TPD of pre-adsorbed ~ Table 3.5: Temperatures of max-
imum desorption from TPD of pre-

adsorbed 2,5-dmf from a H-ZSM-
V, but this technique has also been used in Paper II. 2,5-dmf  5(38) catalyst.

is pre-adsorbed on the catalyst at a relatively low temperature,

2,5-dmf is carried out with several catalysts as described in Paper

L .- . Speci T/°C

e.g. 100 °C which is above the boiling point of 2,5-dmf (93 °C). pecies /
The reactor is then flushed with Ar for at least 20 min to remove gg‘er ;;(7)

. . , . 2

physisorbed species. It’s noteworthy that after adsorption and 332,374
upon increasing the temperature, almost no 2,5-dmf desorbs from . xylene 353
the zeolite H-ZSM-5 as shown in Figure 4.15. For zeolite beta,  toluene 356
some desorption of 2,5-dmf at low temperatures is detected as ~ benzene 358
described in Paper II (SI). Since the pore size of zeolite beta is ;tr}:g;e gg;
larger than that of ZSM-5 (compare Table 4.1), some 2,5-dmf naphthalene 371
molecules might be trapped between two occupied acid sites,  indene 392
without themselves being chemisorbed. The trapped ones mightbe ~ 2-methylnaphthalene 394
methane 482

released upon heating, while those 2,5-dmf molecules occupying
acid sites do not desorb. The chemisorbed 2,5-dmf molecules

are in fact adsorbed so strongly, that they rather react to other
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Figure 3.14: Temperature pro-
grammed desorption from pre-
adsorbed 2,5-dmf using a H-ZSM-
5(38) catalyst (particle size 300 ym
to 355 um). The signal has been
smoothed for visual clarity with
a Savitzky-Golay (17 points) al-
gorithm.
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species when increasing the temperature. This is indicated by
first detecting water and CO, at 270 and 277 °C respectively as
shown in Figure 3.14 and summarised in Table 3.5, suggesting early
dehydration and decarbonylation reactions. Besides some CO, no
other species desorb before reaching 350 °C. At this point, BTX
desorb in the order xylene, toluene and finally benzene. Similarly,
propene desorbs before ethene at slightly higher temperatures.
No desorption of 1,3-butadiene is detected. In Paper II, a species
with m/z 58, which is assigned to butene, desorbs before propene
(m/z 42) when using H-BEA(37). In the same work, I also pointed
out the desorption correlation between certain olefins and BTX
aromatics. However, such a correlation does not necessarily mean
causation. For example, while the benzene signal and desorption
temperature often correlate with ethene, benzene is not produced
from ethene itself as discussed in section 4.5.2.

At around 400 °C, the desorption of heavier polycyclic aromatics,
such as indene and naphthalenes is detected Finally, methane is
detected at the highest temperature (482 °C), which might be attrib-
uted to the formation and pyrolysis of coke, breaking apart methyl
groups and release them in form of methane. It is noteworthy, that
no desorption of isomer products such as 2,4-dmf is detected.

3.3.3 Temperature programmed oxidation

The last temperature programmed experiment using the on-line
analysis, is temperature programmed oxidation (TPO). During
continuous catalytic and adsorption experiments with hydrocar-
bons, some carbonaceous deposits remain on the catalyst surface.
These deposits are often the reason for the deactivation of active
sites and are referred to as coke. The deposits can be removed from
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the catalyst surface through an oxidative treatment (combustion)
at elevated temperatures to regenerate the catalyst.

Studying coke on the catalyst can give many insights. It might be
interesting to know where coke is formed, for example inside the
channels or on the external surface in the case of zeolites. The coke
can be of different compositions and be more or less condensed.
The coke can be active or inactive at promoting reactions and
can be analysed in situ for instance with IR spectroscopy.[117, 118]
However, the analyses of the TPO results are dependent on many
factors, for example, the heating rate, the oxygen concentration,
how the coke is formed ef cetera.[119]

One important function TPO plays in this work, is to determine
how much coke is deposited on the catalyst. Thanks to the online
analysis, the amount of coke can readily be determined by the
detection and quantification of carbon-containing products of the
TPO. The majority of species are CO and CO;, but also formal-
dehyde, ethene and aromatics are detected, although to a lesser
extent. Compared to other analysis methods, the here developed
on-line analysis allows the use of the same instruments and reactor
and thus sequential experiments. It also allows for the detailed
analysis of oxidation products, for example, compared to thermo
gravimetric analysis (TGA), which only determines the mass loss.
The carbon deposited on the catalyst can be a relevant fraction of
the total reactant feed and its quantification is hence necessary
to calculate a carbon mass balance.'? The carbon mass balance is
an important measurement to put conversions or selectivities into
perspective. In Paper I, carbon mass balances for experiments at
different temperatures closed at 89, 93 and 97 % at 500, 400 and
300 °C, respectively. Of the total amount of detected carbon up to
20% is stored as coke on the catalyst.

In Paper III, three catalyst samples were compared with respect
to how much coke they had accumulated in a 10h conversion
experiment. A Ga-silicate sample had stored 7.7 wt% worth of
coke (assumed as carbon only, not considering hydrogens) of the
total catalyst mass, whereas an H-ZSM-5(22) sample accumulated
6.7 wt%. A silicalite-1 did not store any significant amount of
coke. The first two samples show also differences in their release
of CO and CO; during the TPO of the coke depositions. The
Ga-silicate released more CO (1.67 mmol/gc,t) compared to the
H-ZSM-5 sample (0.65 mmol/gcat) but less CO; (3.14 mmol/gcat
vs 4.08 mmol/g.,¢) during the TPO. Finally, the peak maxima
for the CO and CO; release for the Ga-silicate sample are lower
than those of the ZSM-5 sample (559 and 553 vs 587 and 578 °C
respectively).

In Figure 3.15 the product signals during TPO of coke for an H-

12: Carbon mass balance means the
number of carbon atoms from all
detected product species, such as
BTX but also coke, divided by the
number of carbon atoms that were
fed into the reactor as a reactant.
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13: Experiments from Paper V.

14: The latter is expected to have a
higher number of hydroxyl groups
due to the higher Al content.
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Figure 3.15: Temperature pro-
grammed oxidation of carbonaceous
deposits of catalysts H-ZSM5(22)
and H-ZSM5(38), showing signals
of CO, CO3 and water.

ZSM5(22) and an H-ZSM5(38) sample are shown.!® The heating
rate was 10 °C min~! and the oxygen concentration was 20%. The
desorption peaks for H-ZSM-5(38) for all TPO products, CO, CO,
and water are detected at slightly higher temperatures than for
the H-ZSM5(22) sample. The catalyst sample with a higher Al
content, H-ZSM5(22), is more selective to CO,, but less selective
to CO than H-ZSM5(38). Coke might react with surface hydroxyl
groups to carbon oxides (even in the absence of oxygen),[120]
which might explain the higher selectivity towards CO, of the
H-ZSM5(22).1 In fact, the latter sample even produces more water
than H-ZSM5(38).

Itis also observed that an H-ZSM-5(22) sample, that had stored a lot
of coke, could not be completely regenerated, even under conditions
that would regenerate another H-ZSM-5 catalyst. Catalytically act-
ive acid sites were not recovered and the sample remained mostly
inactive for conversion of 2,5-dmf. It is found that the removal of
coke sometimes needs more extreme conditions, especially when
the catalyst had a high initial content of coke.[121] This suggests,
that some coke remained mainly in the internal channels. This is
of particular concern, as extreme temperatures and oxidation con-
ditions to remove the last amount of coke could cause permanent
deactivation of the catalyst by loss of active sites.[121]



Applying the on-line analysis for
catalyst evaluation and design

In this chapter, the application of the previously described on-line
analysis is discussed. In contrast to the previous chapter which
addresses how the method was developed and can be utilised,
this chapter focuses on the observations that were made during
catalytic experiments to evaluate the catalysts. For that purpose, the
here used catalysts, zeolites and zeotypes are introduced. To make
meaningful conclusions about the interaction of the reactant with
the catalyst, also the structure and composition of the material must
be known. Important concepts are briefly introduced and summed
up, while experimental details and more thorough analyses can be
found in the corresponding Papers II-V. Since discussing all details
is beyond the scope of this thesis, the chapter focuses on combining
the results and conclusions from the papers. The reaction products
and their dynamic changes in distribution and selectivity as well as
catalyst deactivation behaviour are addressed. The understanding
of reaction phenomena and the role of the active site allows for
targeting increased aromatic production by rational experimental
and catalyst design.

4.1 Zeolites and Zeotypes

Zeolites are relevant catalyst candidates for the successful produc-
tion of aromatics from furans. These materials have been used
both in the catalytic pyrolysis and Diels-Alder cycloaddition de-
hydration pathway leading to p-xylene and other BTX.[76, 94]
But not only here, zeolites also play a crucial role as solid acid
catalysts for many industrial processes, and have been studied ex-
tensively for the traditional production of aromatics via petroleum
refining.[122] Another important aspect is that these materials are
environment-friendly.[123]

Zeolites are microporous, crystalline aluminosilicates with a three-
dimensional framework structure and are catalyst materials of
choice due to relevant favourable characteristics such as (thermal)
stability and tunable properties like acidity and shape selectiv-
ity.[124] These properties are a result of the microporous structure.
This structure is formed by an assemble of TO,-tetrahedrons,!
which are the primary units of the zeolite structure. The corner-
sharing tetrahedrons are organised to form channels, cages and
cavities, creating more than 200 types of framework structures
that are known today.[125] For a large number of structures, a
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Figure 4.1: Visualisation of the MFI

type framework structure show-

ing different channels. Reproduced

from [87].

Table 4.1: Some characteristics of
chosen zeolites.[128]

zeolite code ring size
[A]

Y FAU 12 74
ZSM-5 MFI 10 51
10 53

beta BEA 12 6.6
12 56

2: H-MFI  (133-177°)  zeolites

are stronger acids than H-FAU
(133-147°) because of the bond

angle.[123]

three-letter code assigned by the International Zeolite Association
marks the framework structure types.[125] Two of these frame-
work structures that are of relevance here are the MFI and BEA
framework structures. The latter is characterised by 10, 6, 5 and
4-membered rings (MR) as shown in Figure 4.1. Depending on
the size and shape of these rings, various pore sizes make the
zeolite shape- and size-selective to certain molecules, which is why
zeolites are also known as molecular sieves.[126]

Some of these zeolites, namely zeolite Y, ZSM-5 and zeolite beta are
shown with their corresponding three-letter code, ring and pore
size in Table 4.1. The maximum pore diameter of these materials is
especially relevant because it matches the kinetic diameter of BTX
as well as furans.[127] A study investigating the shape selectivity of
zeolite catalysts found that ZSM-5 (MFI type) is the most suitable
candidate for high aromatic yields.[127]

Besides their microporous structure, responsible for the high
surface area and shape selectivity, the materials must also host
catalytically active sites to be catalysts. These active sites are acid
sites and can be of different natures.

When T is an Al atom in the above described TO4-tetrahedron, a
net negative charge is induced, which is balanced by a counter
ion. If the counter ion is a proton, the zeolite becomes acidic.
More specifically, the species Si—O(H)—-Al is known as a Brensted
acid site (BAS). The number of acid sites then correlates with the
amount of Al in the zeolite. This means a high Al content — or
low silica to alumina ratio (SAR) corresponds to a high acid site
density. With other metals than Al in the tetrahedron, zeotypes
offer the possibility to adjust the acid site strength, but also the
microenvironment in the pore caused by the atomic radii and
electronegativity. For example, based on different T atoms in the
MFI framework the following series in acid strength was outlined:
Silicalite-1 < B-silicalite < Fe-Silicalite < Ga-silicalite < Al-silicalite
(=ZSM-5).[129, 130]

The counter ion can also be a metal, such as Na, Ga or Cu forming
Lewis acid sites (LAS). The role of Cu was studied in Paper II in
form of a Cu-ZSM-5 and is discussed in section 4.4.2. LAS can also
be formed through dehydration, the loss of an Al-bound hydroxy
group at high temperatures.

However, these are not the only parameters that impact the acid
sites. The acid site strength is for instance also dependent on the
framework structure,? and the exact location of the Al (or another
T atom) in the framework. For instance, MFI has 12 crystallograph-
ically distinct T sites while BEA has 9.[123] Hence, the catalytic
properties do not only depend on the T location, but also on its
neighbours and their distribution, e.g. in the MFI type, Al atoms
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can be in channels or intersections.[123] This complexity makes
the materials synthesis, characterisation and analysis challenging,
and further studies are needed to "achieve complete control over
tailoring the acidic properties of any zeolite material".[123]

4.2 Catalyst characterisation

This section briefly summarises the catalysts studied in this work.
Some of their physico-chemical properties, in which Papers they
were used, and where additional sample characterisation can be
found in the literature are summarised in Table 4.2. The beta
zeolite, H-BEA(37)> (Zeolyst) and ZSM-5 zeolites (AkzoNobel)
were commercial products. Ion exchanged Cu-ZSM-5(22) was
prepared by Xueting Wang.[131] Ga-silicate and Silicalite-1 samples
were provided by Simone Creci[130, 132, 133] and synthesised by a
sol-gel method followed by hydrothermal crystallisation[134] to
obtain MFI-type zeotypes where Ga is in the framework.

A detailed description of the instrumentation, experimental pro-
cedures and discussion of catalyst characterisation can be found
in the corresponding Papers. Briefly, X-ray fluorescence (XRF)
spectrometry was used for chemical analyses and to determine
the elemental composition of the materials. The SiO, /M,O3 ratio,
where M is Al or Ga, as well as the amount of ion-exchanged Cu,
was calculated from the XRF results considering the amount of
water stored on the materials. Minor impurities such as Na in
Silicalite-1 or Fe in ZSM-5 catalysts were found on a ppm level
and are summarised in the SI of the corresponding Papers. These
impurities likely stem from precursor materials during the syn-
thesis, however, due to their low concentrations no relevant effect
on catalytic conversions is expected. Thermal gravimetric analysis
(TGA) was used to evaluate the thermal stability of the materials
and derive the amount of water absorbed at room temperature.
In summary, materials with higher acid density showed an in-
creased mass loss between RT and 200 °C, readily explained by the
increased capability to store airborne moisture, which evaporates
upon heating. Upon further heating, no significant mass loss was
observed, indicating the high thermal stability of the materials.
Crystal phases were analysed by X-ray powder diffraction (XRD),
confirming the BEA and MFI framework structure of the catalysts.
The absence of other peaks suggests that no additional crystalline
phases of long-range order are present. N>-physisorption was used
to analyse porosity and determine surface areas. Isotherms are all
of class IV, typical for microporous materials. Silicalite-1 also has a
type H1 hysteresis, indicating the presence of well-defined channels
of uniform sizes and shapes.[135] H-ZSM-5(355), Cu-ZSM-5(22)
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Figure 4.2: Visualisation of zeolite
modifications, a) BAS created by
framework Al, b) BAS created by
framework Ga, c) ion exchanged Cu.

e

3: The number in brackets indicates
the SiO3 / Al O3 ratio.



36 | 4 Applying the on-line analysis for catalyst evaluation and design

and H-BEA(37) show a type II hysteresis associated with capillary
condensation. In addition, Silicalite-1, Ga-silicate and H-ZSM-5(38)
show a type IV hysteresis in the lower range indicating the presence
of both micro- and mesopores, often found for aggregated crystals
of zeolites.[136] Surface areas (SA) and micropore volumes were
determined by the BET method and t-plot method respectively,
following consistency criteria and show values typical for micro-
porous zeolites.[137] The morphology of some of the samples is
described in previous works using scanning electron microscopy
(SEM). Ga-silicate shows interconnected crystals, indicating the
presence of mesopores.[132] Irregular structures on the external
facets could suggest the potential migration of some Ga species
during the post-synthesis calcination.[132]

Table 4.2: Physico chemical properties and additional characterisation availability of the catalysts studied in this work.

Sample Si02/ CuGa SA  SApicro  SAext  Vmicro  Acidsite density? Usedin  Ref.
Framework M>03 % %2 %2 %Z % %"1 Paper info
BEA monolith®  powder®
H-BEA(37) 37 648 620 28 0.255 0.230 I 1T
MFI
H-ZSM-5(355) 355 433 420 12 0.198 0.118 II [138]
H-ZSM-5(38) 38 403 394 9 0166 0300 0417 1LV [138]
Cu-ZSM-5(22) 22 2.8 367 348 19 0.140 0.647 II [131]
H-ZSM-5(22) 22 412 386 26 0.158 0767 II,IL V [131,138]
Silicalite-1 - 395 386 9 0.175 0.002 1 [130, 133]
Ga-Silicate 67 31 365 338 27 0.145 0179 1L IV [130, 132]

@ Acid density determined by NH3-TPD:
P In the range 150 °C to 550 °C for catalysts coated on monolithic cordierite substrate (Paper II).
¢ Temperature range of 100 °C to 600 °C for catalyst powder with a particle size of 300 um to 355 um (Paper III-V).

N
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thermocouple
cooling heating
gas inlet gas outlet
to MS

Figure 4.3: DRIFTS setup showing
the reactor cell and the incoming IR
beam, that is diffusely reflected by
the powdered catalyst before being
directed to the detector.

4.2.1 DRIFTS

In section 3.1.3 infrared spectroscopy was introduced and I ex-
plained how the technique can be applied for the analysis of a
gaseous mixture. However, IR spectroscopy can of course also
be applied to solids, such as catalyst materials. In this specific
case, diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is used to study the surface species of the catalyst. The
principle and the reactor setup are illustrated in Figure 4.3. An
IR beam hits the sample and makes the chemical bonds vibrate
at certain frequencies. Due to the interaction of the incident light
with the rough sample’s multiple surfaces the samples, the dif-
fusely reflected light is especially sensitive to surface species. For
example, DRIFT spectra confirm the Ga-O(H)-Si vibration in the
Ga-silicate sample, and it is thus concluded that Ga is inside the
framework.[132] Spectra reported in the SI of Paper II[139] indicate
the presence of octahedral extra-framework Al for the H-ZSM-5(22)
sample at 3778 cm™1.[123]



DRIFTS can also be used for in situ and operando measurements,
where the catalyst is studied when exposed to a stimulus or
under reaction conditions. In Paper II, adsorption and TPD studies
of 2,5-dmf are discussed. The studied spectra for H-BEA(37) in
Figure 4.4 show a peak at 3733 cm™, indicating the interaction
of the adsorbent with internal silanols. Peaks at 3746 cm™' and
3742 cm™! for both H-BEA and ZSM-5 samples are attributed to
external silanols.[140, 141]

Vibrations assigned to strongly acidic bridged hydroxyl groups
(BAS) are observed around 3611 cm™! to 3612 cm™'.[142] However,
for the Cu-ZSM-5 sample, no such strong BAS interaction could be
observed confirming the absence of BAS due to the ion exchange.

Upon temperature increase, the evolution of the bands between
3000cm™! to 2900cm™ is assigned to aliphatic C-H stretching
vibrations, while the signals between 3200 cm™ to 3000 cm™" are
attributed to aromatic and olefinic C-H stretch vibrations.[143]
More details are discussed in Paper IL

However, another observation from DRIFTS studies, that is worth
mentioning are relatively strong bands at 1726cm™!, 1715cm™!
and 1684 cm™! for H-ZSM-5(22), H-BEA(37) and Cu-ZSM-5(22) re-
spectively. These signals strongly indicate a C=O stretch vibration
of ketones.[144-147] Ketone vibrations in the gas phase are usually
expected between 1750 cm™! to 1730 cm™!, however, upon interac-
tion with the zeolitic BAS, a shift to lower wavenumbers is observed.
Moreover, ketone and Cu interaction are even stronger, leading to
a C=0 bond weakening to even lower frequencies at 1680 cm™" to
1690 cm™!.[144] These interactions suggest ring-opening reactions
of the adsorbed 2,5-dmf upon adsorption, which are of relevance
for discussion later in this chapter.

4.3 Reaction products

The catalytic conversion of 2,5-dmf produces a wide range of
products. The product distribution and selectivity are dependent
on many factors, such as the reaction temperature, the catalyst
framework structure, acidity, deactivation etc. Commenting on
all observations and specific numbers is far beyond the scope of
this chapter, meanwhile, these can be found in the corresponding
papers. Here, I summarise and highlight the most important
trends and group the products into BTX, olefins, isomers and
others (compare Figure 4.5).

In Paper II, four catalysts are evaluated for the valorisation of
2,5-dmf at 300 °C, 400 °C and 500 °C: H-BEA(37), H-ZSM-5(38) of
similar Al content, H-ZSM-5(355) with a lower Al content, and a
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Figure 4.4: Background substrac-
ted DRIFT spectra of pre-adsorbed
2,5-dmf on H-BEA(37) and sig-
nal evolution upon temperature in-
crease.[139]

It must be noted that catalysts
in Paper II were evaluated as
powder samples (160 mg) deposited
on a cordierite monolithic substrate
(Corning, 400 cpsi, 188 channels,
length = 15mm, J= 13mm) by a
dip coat process.[139] A picture of
the catalyst on the monolithic sub-
strate is shown in Figure 4.9
Otherwise, catalysts were evaluated
as powder samples (ca. 65mg) of
300 pum to 355 um particle size, hold
in place by quartz wool plugs.

In both cases, no pressure drop dur-
ing catalytic reactions was observed.
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Cu-ion exchanged Cu-ZSM-5(22). In Paper 111, a pure silicalite-1,
Ga-silicate with Ga in the MFI framework and H-ZSM-5(22) were
studied. In this way, the BEA and MFI framework structure can be
compared, as well as the effects of acid site density, acid site strength
and the effect of ion-exchanged Cu in a zeolite, which has been
explored for cycloaddition reactions before.[148] Silica, alumina
and silicalite-1 did not result in any relevant conversion or product
formation, which highlights the importance of the combination of
microporous structure and the presence of acid sites. The following
describes the results during continuous production, which means
the catalyst is continuously exposed to the reactant 2,5-dmf at
isothermal conditions, which is distinct from results discussed in
section 4.5.3.

4.3.1 BTX

In general and for all studied catalysts the selectivity to BTX is
highest at initial exposure to the reactant and then declines over a
time span of minutes to hours of TOS to reach zero. This decline is
attributed to the deactivation of certain active sites caused by the
formation of coke.

Different temperatures were studied in Paper II. The conversion
decreases with lowering the temperature. At 500 °C the selectivity
to benzene is highest among BTX, with a general trend of B> T > X.
At lower temperatures, toluene or xylenes might be favoured over
benzene, however, their selectivities are usually quite low and in the
range of single-digit percentage region, hence comparable to other
CP studies.[97, 149] Among the four above-mentioned catalysts,
the highest initial benzene selectivity of 18% was achieved with Cu-
Z5SM-5(22) (based on a 2,5-dmf feed of 386 ppm and a conversion
of 53%). In comparison, H-ZSM-5(38) had 8% while H-BEA(37) 4%.
This indicates that introducing Cu can target increased benzene
production. However, with Cu, the catalyst sample experiences
faster deactivation and shows increased carbon oxide selectivity as
discussed in section 4.4.2 and visible in Figure 4.6. At 400 °C the
H-BEA(37) sample seems to favour the larger toluene (1.3%) and
xylene (3.1%) aromatics, possibly due to the slightly bigger pore size
compared to the MFI framework structure. Noteworthy, at 300 °C,
no benzene formation takes place, but some toluene is detected for
H-BEA(37) and trace amounts of xylene for H-ZSM-5(38).

4.3.2 Olefins

Olefins, including ethene, propene and 1,3-butadiene follow sim-
ilar trends as described for BTX, while overall concentrations and



selectivities are lower than those for BTX. In Paper 1II, I described
certain correlations between ethene and benzene, propene and
toluene, and 1,3-butadiene and xylene. Olefin availability was
linked to the formation of BTX, however, it is now clear that BTX
are not formed from ethene alone, nor does additional ethene
facilitate BTX formation as discussed in section 4.5.2. Since tests
with other olefins were not carried out, future studies should also
evaluate the effect of propene and butadiene on aromatisation.
The simultaneous evolution of olefins and BTX can however still
be connected, for example by originating from the same crack-
ing, oligomerisation and aromatisation reactions as described in
Figure 4.18.

4.3.3 Isomers

Three structural isomers of the reactant 2,5-dmf were identified
during catalytic reactions. These isomers are discussed in more
detail in Paper II and Paper IV. It is noteworthy, that all studied
catalysts do not favour the isomer products at initial exposure to
2,5-dmf. Instead, they are preferably produced with increasing
TOS, once the formation of BTX and olefins declines. This selectivity
change from olefins and aromatics to 2,4-dmf, 3mcpo and 2mcpo
must thus depend on a change in active site availability. This means,
with increasing TOS, the catalyst might lose certain active sites that
are responsible for cracking and aromatisation reactions, while
active sites that are responsible for isomerisation remain or emerge.
The cause of this change is suggested to be the formation of coke
and is discussed in more detail later on.

There are indications that Cu suppresses the isomerisation since
selectivities are lower than its H-form derivatives, which suggests
that isomerisation reactions are less likely to happen in the absence
of BAS. The BEA framework seems to favour 3-mcpo over 2-mcpo,
in contrast to all MFI structures including the Ga-silicate that
favour 2-mcpo over 3-mcpo.

4.3.4 Others

Among the many products described in Table 3.3, some of the
most relevant are discussed in the following. Small amounts of
2-methylfuran and 2,3,5-trimethylfuran were identified, which
are likely reaction products of the reactant 2,5-dmf undergoing
transalkylations. Such reaction phenomena are well known for
zeolites and xylenes and are exploited on an industrial scale to
increase p-xylene yields.[122]
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Figure 4.5: A simplification of the
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zeolites: BTX and olefins decline
with TOS, while isomer concentra-
tion increases.

concentration

>
>



40 | 4 Applying the on-line analysis for catalyst evaluation and design

— CO,
— CO
20 —
= = benzene
o —— toluene
=~ xylenes
(]
C
S 104 ethene
o —— propene
l_
[
O —
I 1 1 1 1 I 1 1 1
0 50
Time / min

Figure 4.6: Concentrations of CO,
COy, BTX, ethene and propene dur-
ing a 2,5-dmf pulse over Cu-ZSM-
5(22) at 400°C, showing a pre-
oxidation effect of Cu.[139]

Carbon oxides detected during all catalytic reactions indicate
decarbonylation reactions, removing CO and CO; from the reactant
and providing hydrocarbon intermediates for further cracking,
oligomerisation and aromatisation reactions. The heavier aromatics
indene, naphthalenes and other polycycles are formed in relatively
smaller amounts, however, these are suggested precursors of
graphite-like coke.[90] Some of these molecules might lose a
methyl group and release methane, mostly at temperatures above
500 °C. Water is always detected as a dehydration product and can
indicate the overall cracking activity of the catalyst, but less so the
isomerisation activity.

4.4 Understanding selectivity changes and
deactivation

The above-described differences and changes in product distribu-
tion and selectivity sparked interest in how the reactant interacts
with the catalyst. How and where does deactivation take place?
Are different active sites involved? If so, which active sites are
responsible for which reactions? Which modifications of the cata-
lyst or the experimental design can target increased selectivity to
certain products?

4.4.1 Observing transient phenomena

The high time resolution of the developed on-line analysis method
makes it especially suitable to observe transient phenomena. It can
also be conveniently operated under dynamic reaction conditions,
such as temperature programmed experiments. Because a wide
range of species can be analysed simultaneously, the method is
especially suitable to combine catalytic experiments with TPD to
monitor the state of active sites. To make meaningful conclusions
about the molecular interactions of surface species, results from
catalytic experiments are combined with in situ DRIFTS.

4.4.2 Pre-oxidation phenomena caused by Cu

During the study of the Cu-ZSM-5(22), the CO,, BTX and olefins
signals were distinct from the other tested catalysts. The peak
maximum was not exactly at the start of 2,5-dmf exposure but
shifted for a few minutes TOS. At the same time, the initial CO
and CO; selectivities are higher and their decrease coincides with
the increase of BTX and olefins as shown in Figure 4.6. In separate
ad- and desorption studies with in situ DRIFTS, surface species



4.4 Understanding selectivity changes and deactivation | 41

formed on the catalyst were probed. Figure 4.7 illustrates that
with increasing temperature a peak at 2156 cm™! starts to emerge
at >180°C. This band is assigned to C=O stretching vibrations
from CO on Cu-species v[Cu*-CO].[131, 150] and is supporting
evidence for the previously postulated decarbonylation pathway of
2,5-dmf.[97] The enhanced oxidation behaviour of Cu-ZSM-5(22)
is assumed to originate from the oxidative pretreatment of the
catalyst, which is done to remove any possible carbon deposits.
The Cu-centres in the zeolite function as oxygen storage and as an
oxidation catalyst once exposed to the carbon-rich reactant.[139,
151]

The observation of this phenomenon, which happens within a
few minutes, is possible because of the high time resolution of the
on-line analysis and the simultaneous monitoring of both carbon
oxides and hydrocarbons.

4.4.3 Cycling Temperature

In an experiment part of Paper V and also described in Mestre’s
Master thesis,[138] the temperature was cycled consecutively from
100 °C to 582 °C (10 °C min ') while exposing the catalyst H-ZSM-
5(38) continuously to 2,5-dmf. The dynamic response of reactant
and product concentrations are plotted in Figure 4.8. The produc-
tion onset temperature and the maximum production temperature
of the 1% cycle are summarised in Table 4.3. At the initial 100 °C
the reactant 2,5-dmf is not converted. Only upon increasing the
temperature, its concentration starts to decrease, indicating the first
conversion process. When it comes to the three isomers, 2,4-dmf,
2-mcpo and 3-mcpo, two main differences must be pointed out:

1. In contrast to experiments, where the catalyst is exposed to the
reactant at high temperatures from start, e.g. 400 °C and isomers
only evolve after BTX decline with increased TOS, the onset of
isomers here is before BTX detection (compare Section 4.3).

2. In experiments, where 2,5-dmf is pre-adsorbed onto the catalyst,
and then heated without additional 2,5-dmf exposure, no isomers
are detected (compare 3.3.2). However, in this procedure, toluene
is formed before benzene likewise to continuous production at a
steady temperature and to pre-adsorption-TPD experiments.

These observations suggest that depending on the adsorption
conditions and the initial temperature, the order and nature of
product formation and distribution are fundamentally different
and need to be examined further.

2156 250°C

200°C

150°C
_..————-—-/’\/

1 I 1 I 1 I 1 I 1
2200 2100 2000 1900

-1
Wavenumber / cm

Figure 4.7: Observation of C=0O
stretch vibration on Cu at 2156 cm ™!
in a DRIFTS experiment. Difference
spectra, background at 25 °C.[139]

Absorbance

Table 4.3: Onset and maximum pro-
duction (conversion in case of 2,5-
dmf) temperature for the Ist cycle
(100°C to 582°C, 10°Cmin~1) dur-
ing continuous 2,5-dmf exposure of
H-ZSM-5(38). Compare Figure 4.8.

Temperature / °C

onset max
2,5-dmf 117 579
2,4-dmf 233 582
2-mcpo 319 501
3-mcpo 361 582
ethene 240 447
benzene 345 565
toluene 341 418




42 | 4 Applying the on-line analysis for catalyst evaluation and design

B 2,5-dmf (scaled 50%) - 600
300 T — 500
g_ 7] o 400 0
o : C °
§ 20 2,4-dmf B S
= . = 2,4-dm r 2
g 7] —— 2-mcpo — 300 g
S — 1 3-mcpo L s
2 ] ethene r kz
8 ] — benzene T 500
100 = toluene C
] 100
0 i - };-(\:\.\ L [c\ A .
= T T T TT I T T T T T T 1T I L L I L L I L L I LI
200 300 400 500 600
Time / min

Figure 4.8: Dynamic product evolution during consequential temperature cycles (100°C to 582°C, 10°Cmin~') of
continuous 2,5-dmf exposure of H-ZSM-5(38).

Figure 4.9: Depiction of a fresh (col-
ourless) and a spent (coked, black)
catalyst coated on a monolith sub-
strate.

4: or blue for Cu-ZSM-5.

4.4.4 Coking

During the catalytic conversion of 2,5-dmf, the catalyst depos-
its graphite-like coke on its surface and pores. This can often
be observed visually by a black, soot-like residue on the spent
sample in contrast to a fresh sample that is colourless? as artist-
ically portrayed in Figure 4.9. Precursors of coke are supposed
to be heavier, polycyclic aromatics, such as (substituted )indene
and naphthalenes.[90] Figure 4.10 shows the MS signals of such
aromatics, with an obvious trend of later detection, the bulkier
and heavier the aromatics are. For instance, xylene formation is
detected right at the start of 2,5-dmf exposure to the H-ZMS-5(355),
while naphthalene is detected some minutes after and methylnaph-
thalene even after that. The detection of these coke precursors
at longer TOS indicates increased coke formation, which is also
observed with increasing catalyst deactivation.

This coke can be analysed in many different ways. In section 3.3.3,
I already presented the analysis of temperature programmed oxid-
ation for two different catalysts based on temperature-dependent
CO and CO; release. In Paper III, the amount of coke stored on
three different catalysts was examined. Silicalite-1 did not accu-
mulate coke, because the absence of strong acid sites does not
lead to any relevant conversion of the reactant to products and
precursors of coke. In the following, the discussion focuses on
how coke affects the active acid sites. Since the distinct trends in
product distribution depending on TOS have been pointed out,
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they must be connected to the availability of different active sites,
which shall be evaluated in the following.

4.4.5 Ammonia-TPD

NHj3-TPD was introduced in section 3.3.1as a method to determine
the total amount of acid sites in zeolites. In Paper III, NH3-TPD
was used to evaluate the acid sites of fresh and spent ZSM-5 and
Ga-Silicate catalysts. In Paper V and discussed in the following,
NH;3-TPD was used to monitor the acid site density of the fresh
catalyst, but also the increasingly coked catalyst by intermittent
NH;3-TPD experiments of consequential 2,5-dmf conversion exper-
iments. Figure 4.12 displays the experimental sequence and some
of the product concentrations emerging from the consequential
2,5-dmf pulses. As can be seen, the product concentration pro-
files” progressions are not affected by the intermittent NH3-TPD
experiments. BTX and olefins are initially preferred products, but
once they decline, isomerisation takes place before the catalyst
deactivates completely.

In Figure 4.11, the corresponding intermittent NH3-TPD profiles
are presented. An obvious trend of decreasing available acid site
density relates to the build-up of coke. It seems that weak acid
site density (<250 °C) is decreasing initially (NH3-TPD#0-2), but
remains stable later on (NH3-TPD#2-4). This coincides with the
decrease of BTX and olefins, while the later decrease of strong
acid sites correlates with decreasing isomerisation. However, this
does not necessarily mean that weak acid sites are responsible
for aromatisation. On the contrary, it was found in Paper III, that
even though a majority of acid sites were still available after a 10h
conversion experiment, the catalyst H-ZSM-5(22) was completely
inactive. On the other hand, a Ga-silicate had lost most strong acid
sites but was still active for the isomerisation of 2,5-dmf, which is
discussed in Section 4.6 and the topic of Paper IV.
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Figure 4.10: MS signals of xylene
and heavier aromatics which might
be precursors of coke formation.
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Figure 4.11: Intermittent NH3-TPD
during consecutive 20 min 2,5-dmf
pulses. #0 corresponds to the fresh
catalyst (H-ZSM-5(38) 300 um to
355 um).
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Figure 4.12: Concentration profiles
of various species during 20 min 2,5-
dmf pulses intermitted by NH3-TPD
(see Figure 4.11); catalyst: H-ZSM-
5(38) 300 um to 355 um.
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4.5 Targeting increased aromatics production

To increase the attractiveness of BTX production from biomass
molecules, it is desirable to increase BTX yields. In this chapter, the
most important findings that could contribute to enhanced BTX
yields are addressed.

The comparison of continuous production with adsorption and
subsequent TPD experiments described in section 3.3.2 revealed
distinct differences in product distribution. One way to increase
BTX yield could be to exploit the experimental procedure and
process design as described later on.

Another way is the modification of the catalyst. As discussed above,
using Cu-ions in the zeolite could increase initial aromatics yield
at high temperatures. However, the same catalyst also suffers from
faster deactivation and higher carbon oxide selectivities, which
are both undesirable. It is hence interesting to study the impact
of other metals in the zeolite as well. Among several, Ga was
found to be a promising candidate.[152] Ga-promoted zeolites
were studied for the enhancement of aromatics production for
both furan[149] and 2,5-dmf[97]. The study using furan as the
reactant found that aromatics selectivity increases when Ga is ion-
exchanged. When Ga is incorporated into the framework, benzene
selectivity increases, but overall aromatics selectivity is lower and
the catalyst suffers from increased coking.[149] With 2,5-dmf as
the reactant, Ga-ion exchanged zeolite shows higher aromatics
selectivity, but the catalyst experiences faster deactivation and
lower cumulative yields.[97] A study that used beech wood as
feedstock found that Ga-containing ZSM-5 zeolites could increase
p-xylene selectivity.[153]

From the TPD experiments with 2,5-dmf, it was observed that once
adsorbed, 2,5-dmf does not desorb anymore. The modification
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of acid site strength by using Ga instead of Al in the framework
would thus allow a better understanding of the role of Ga in the
framework and its effect on the valorisation of model compounds
such as 2,5-dmf.

4.5.1 The effect of Ga in the framework

As described in section Section 4.2, Ga-silicate samples were syn-
thesised by a sol-gel method followed by hydrothermal crystal-
lisation to obtain MFI-type zeotypes where Ga is in the frame-
work.[130] Figure 4.13 shows the conversion and product selectivity
of benzene, toluene, olefins and isomers for two different catalyst
samples, namely H-Ga-silicate(68) and H-ZSM-5(22). Some major
differences can be observed: The conversion of the ZSM-5 sample
is initially high but drops rapidly after 60 min to 90 min TOS. The
Ga-silicate sample, on the other hand, shows a much slower decline
in conversion. In fact, the latter is active for aromatisation for more
than 4h TOS and remains active for isomerisation beyond 10 h.
A study on hierarchical zeolites discussing the effect of different
intracrystalline pore dimensions on catalyst deactivation behaviour
in the MTO reaction found that meso- and macropores suppressed
deactivation behaviour in a similar way.[154] One could speculate
that this has also an effect on the different samples here, how-
ever, the characterisation shows, that both ZSM-5 and Ga-silicate
samples show similar isotherms and hystereses, indicating that
there must be another factor that favours the prolonged activity.
The weakened acid strength of the Ga-silicate might indeed lead
to slower deactivation by being more selective to desired products
and less to deactivating coke.

The second distinction is product distribution. For the Ga-silicate,
the selectivity to benzene is significantly higher, however, tolu-
ene, xylene and olefin selectivity is lower compared to ZSM-5
samples.® A similar observation in selectivity changes has been
made by Cheng et al. when studying the effect of Ga during furan
conversion.[149]

4.5.2 The effect of ethene

The Diels-Alder cycloaddition of 2,5-dmf and ethene and sub-
sequent dehydration is a desirable route to make p-xylene. If this
reaction pathway takes place during the here studied conditions
under a continuous flow of 2,5-dmf, adding an additional ethene
feed should promote this path and thus increase the otherwise low
p-xylene selectivity.
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Figure 4.13: Conversion and product
selectivity comparison between H-
ZS5M-5(22) and an H-form Ga-
silicate sample.

5: Although the Si/Al ratio is quite
different from the Si/Ga ratio, the
same trends in deactivation have
been observed for ZSM-5 with lower
and higher Si/ Al ratios than the Ga-
silicate sample, indicating that the
deactivation behaviour might not be
dependent on the Si/ Al ratio. Com-
pare also Figure 4.12 and Paper II.
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Figure 4.14: MS signals showing the
effect of co-feeding ethene (light col-
ours) on BTX production for a Ga-
silicate catalyst at 400 °C. Compare
also Paper IIL

6: High-pressure batch reaction us-
ing 2,5-dmf and ethene produces
p-xylene in high yields (>90 %, how-
ever many hours reaction time, un-
polar solvents and relatively high
pressures (typically 40 bar to 50 bar
are required.

7: This is in principle a TPR of pre-
adsorbed 2,5-dmf as described in
section 3.3.2.

8: The adsorption must thus be
stronger than for N-heterocycle equi-
valents such as pyridine which is
commonly applied for TPD and acid
site characterisation.

9: Xylene concentrations are so low
that they are at the detection limit.

For this purpose, it was first tested, what happens if the catalyst
is exposed to ethene alone at the target reaction temperature. For
example, tests with ZSM-5(355) feeding ethene at 460 °C show
no aromatics production and only trace amounts of propene are
detected via MS. With Ga-silicate and at 500 °C, trace amounts of
propene, benzene and toluene were detected, however, no p-xylene
is formed as described in Paper III. This means a hypothetical
increase in p-xylene formation from 2,5-dmf plus ethene cannot
originate from ethene alone.

Second, it was tested, if p-xylene formation increases when both
2,5-dmf and ethene are used as reactants compared to using either
2,5-dmf or ethene alone. Figure 4.14 shows no increase in the
xylene signals, which suggests, that ethene has no relevant effect
on aromatics formation and behaves instead as a spectator. This can
be said for both ZSM-5 and Ga-silicate catalysts. It can thus be ruled
out, that Diels-Alder cycloaddition and dehydration reactions take
place under the studied conditions, which is further supported
by work from Uslamin et al.[98]. Experiments and observations
regarding this question are discussed in more detail in papers II
and IIL

4.5.3 Increasing p-xylene formation

It would be desirable to steer the selectivity within the aromatic
distribution to the ones that are of most need and value, of which
p-xylene is of particular interest. In high-pressure batch reactors,
very high selectivities of p-xylene have been achieved,[79, 92]
although the same cannot be claimed for CP approaches. The latter
is especially desirable because it is solvent free and can be operated
continuously at atmospheric pressure, while also offering much
faster reaction times.® During this thesis work and the Master
project of Pol Mestre,[138] it is observed that p-xylene is formed in
much higher amounts in a specific experimental procedure:”

At a relatively low temperature, e.g. 100 °C, 2,5-dmf is adsorbed
onto the H-ZSM-5 catalyst and purged in argon to remove any
physisorbed species. Then the sample is heated in inert argon
atmosphere (e.g. 10 °C min™!). Surprisingly, no 2,5-dmf desorbs
anymore after it had been adsorbed.® Instead of desorption, cer-
tain reactions must take place, which is discussed in more detail
later and reaction products desorb at temperatures above 200 °C.
The desorption products and their desorption temperatures are
summarised in Table 3.5. Among these desorption products is
p-xylene, with one of the highest concentrations. In fact, the usual
trend of selectivity B>T»X’ is inverted to pX>T>B.
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Moreover, this adsorption and temperature programmed reaction
procedure gives similar results with increased heating rates and
can be repeated without regeneration of the catalyst, resulting in
only slightly lower BTX yields. The BTpX signals and temperature
profile of two consecutive cycles are plotted in Figure 4.15. The
corresponding yields are shown in Table 4.4. The pX yield in
the 1st TPR was 46 umol g~! catalyst, more than three times the
amount of benzene. For the second TPR, the decrease in BTX was
between 4 and 17%, allowing several cycles before the catalyst  T.ple 4.4: Yields of BTX and olefins

needs to be regenerated. I also suggest that reaction conditions  obtained duringa TPD after 2,5-dmf
adsorption in two consecutive ex-
periments without catalyst regener-
ation and the percentage decrease

could be chosen even milder in the future since the temperature of
maximum desorption for pXis around 350 °C, which is expected

to reduce catalyst deactivation further. between the 1. and 2. TPD.
This is the first time that more of the desired p-xylene could be LTPD- 2.1PD N
achieved under atmospheric pressure conditions. It is so far unclear Yield / pmolg /%
what the origin of this phenomenon is. Possibly, the increased Aromatics

contact time at low temperatures favours p-xylene production over ’; X ggg ;’Zg 1;
benzene. Perhaps disproportionation and transalkylation reactions B 135 130 4
are favoured under these conditions. These transalkylations of Olefins

BTX are industrially applied to increase pX yields and utilise less Bu 28 19 3l
desired toluene, 0- and m-xylene.[126] To examine the underlying E ‘Z?i 155;? g

mechanisms I suggest TPR experiments, that stop the temperature

ramp at the maximum desorption temperature of pX. Possibly the
heating rate should also be slow, to distinguish better between the
formation and desorption of the various BTX. Since pX desorbs at
lower temperatures, the corresponding occupied active sites are
now free to be investigated. As such, they can be probed with e.g.
NHj3 or pyridine, ideally in situ, e.g. using DRIFTS, to clarify which
acid sites become available. Active sites that host the remaining
products, including benzene and toluene, should thus still be
occupied.
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The effect of ethene

Once again it was tested if ethene would affect aromatics selectivity.
If p-xylene formation would happen through cycloaddition and
dehydration reactions, then feeding additional ethene is expected
to have a promoting effect on p-xylene selectivity. However, in the
following separate experiments, no such effect was found.

1. Pre-adsorption of ethene onto H-ZSM-5(38) before 2,5-dmf
adsorption did not increase p-xylene production during TPR.

2. Adsorption of ethene onto H-ZSM-5(38) that had 2,5-dmf
already adsorbed did not increase p-xylene production dur-
ing TPR.

3. Feeding ethene continuously during the TPR of pre-adsorbed
2,5-dmf did not increase p-xylene production.

These observations indicate that no cycloaddition and dehydration
take place, meaning that other reactions or factors must be the
reason for the inverted selectivity trend compared to the continuous
2,5-dmf exposure.

4.6 Selective isomerisation to 2,4-dimethylfuran

2,4-dimethylfuran possesses a rare 2,4-disubstitution pattern in the
5-membered furan ring. This structure is rather difficult to access by
chemical synthesis as discussed in Paper IV. In section Section 4.6,
I described that the isomerisation rate of 2,5-dmf increases with
TOS, once olefin and aromatic formation declines. This discovery
sparked thus interest if this observation could be exploited for
the selective isomerisation of 2,5-dmf to 2,4-dmf. Indeed it was
found that the Ga-silicate catalyst provides much improved long-
term activity for isomerisation compared to the ZSM-5 catalysts.
Figure 4.16 shows the conversion of 2,5-dmf and product selectivity,
with 40% selectivity to 2,4-dmf, remaining stable after ca. 5h TOS,
while conversion continues to decline slowly. Besides, 2-mcpo and
3-mcpo are formed in lesser amounts. The same catalyst could be
regenerated and was active for 48 h TOS, although with decreased
overall activity, indicating some deactivation through potential
loss of active sites. It is yet not completely understood what the
underlying cause of the Ga-silicate catalyst’s superiority in terms
of activity is. Possibly the reduced acid strength makes it less prone
to deactivation. However, also sterical effects caused by the larger
Ga atoms compared to Al atoms in the framework could play a
role.

As shortly mentioned in section Section 4.3, the BEA framework
seems to favour 3-mcpo over 2-mcpo, which could path the way



4.7 The role of the acid site and proposed mechanism | 49

1.0 H N
"9' — 2 A-dmf
conversion % — 2-mcpo
0.8 — 3-mcpo3
2 - henzene
- toluene
0.6 — 0 ethene

propene

0.4

0.2 —

Conversion and Selectivity

0 2 4 6 8 10
Time on stream / h

for more selective 3-mcpo production from 2,5-dmf with a Ga-BEA
catalyst.

4.7 The role of the acid site and proposed
mechanism

With the previously described observations and discussions, I now
dare to propose some reaction pathways and mechanisms that
2,5-dmf undergoes upon interaction with the zeolitic catalysts. A
schematic summary can be found in Figure 4.18.

The detection of 2-methylfuran and 2,3,5-trimethylfuran by GC-
MS suggests disproportionation and transalkylation taking place,
analogue to BTX.[126]

Predominantly weak acid sites are suggested to be responsible
for isomerisation as shown in Paper III. This conclusion relies on
the observation that Ga-silicate was still active for isomerisation,
even though it had lost most of its acid sites, and of those mostly
strong acid sites as determined by NH3-TPD. The formation of
2,4-dmf requires an acid-catalysed methyl shift and is believed to
be dependent on the sterical confinement provided by the MFI
(and partly BEA) framework structure. Isomerisation to 3-mcpo
and 2-mcpo requires a ring opening of 2,5-dmf.1° The ring opening
would lead to the suspected observation of ketonic C=0O stretch
vibrations, which were indicated by in situ DRIFTS experiments at
1720cm™!, 1715cm™! and 1684 cm ™! for H-ZSM-5(22), H-BEA(37)
and Cu-ZSM-5(22) (compare Figure 4.17). In fact, adsorption of
2,5-dmf onto the here studied catalysts is not (fully) reversible
and the reactant experiences subsequent reactions, such as the

Figure 4.16: Conversion and selectiv-
ity of aromatics, olefins and isomers
from a 10h long 2,5-dmf valorisa-
tion experiment.

10: The  cyclisation of 2,5-
hexanedione to either 2,5-dmf or
3-mcpo catalysed by ZSM-5 was
described by Dessau.[155]
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Figure 4.17: Background substrac-
ted DRIFT spectra of pre-adsorbed
2,5-dmf on H-BEA(37) and sig-
nal evolution upon temperature in-
crease.[139]

ring-opening instead. Other works have also described such ring-
opening reactions. 2,5-dmf is hydrated to 2,5-hexanedione which
is then dehydrated to 3-mcpo.[156, 157]

Strong acid sites are supposedly mainly responsible for cracking,
decarbonylation and dehydration reactions. Decarbonylation is
indicated by the detection of carbon oxides and the C=0 stretch
vibration on Cu in Figure 4.7 was further evidence for such mech-
anisms. Dehydration reactions are well known for zeolites and are
indicated by the detection of relatively large amounts of water in
the product stream. These reactions could proceed for example
through pathway a) in Figure 4.18 as proposed by Uslamin.[97]
The resulting (olefinic) hydrocarbon pool is then subject to oligo-
merisation and aromatisation, which produces the desired BTX
products. Some olefins such as butadiene, propene and ethene
were detected in larger quantities. It was also shown, that ethene
does not contribute to aromatisation. BTX can further react in a
so-called arene cycle, with similar disproportionation and transal-
kylation as described above, but also additional alkylations are
possible.

The formation of polycyclic aromatics stems from the same hydro-
carbon and aromatic pool and is believed to be a precursor of coke,
which finally leads to catalyst deactivation.

Diels-Alder cycloaddition reactions between 2,5-dmf and ethene
and subsequent dehydration to p-xylene are not taking place under
the here studied conditions. This is in contrast to reactions studied
in high-pressure batch reactions, including the use of unpolar
solvents such as n-heptane.[76, 79] Whereas cycloaddition seems
to be facilitated by LAS on the external surface, dehydration is
catalysed by BAS.[91] However, no microporous zeolite structure
is strictly necessary for aromatisation,[76, 158] in contrast to the
CP of biomass and bio-derived compounds. The solvent seems
to stabilise certain intermediates and possibly even block the
micropores, preventing undesired side reactions. Cycloaddition is
also facilitated by high pressures, shifting the equilibrium to the
product side.
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Figure 4.18: Reaction pathways for 2,5-dmf in zeolites undergoing isomerisation, cracking, decarbonylation, dehydration,
oligomerisation and aromatisation reactions. The example pathway a) is based on [97].






Conclusions and outlook

In this final chapter, I summarise what my studies have shown and
conclude the research questions and hypotheses. Then, I discuss
the impact of my research and address where understanding is
still missing and which questions could be targeted next.

To tackle the societal challenge of reducing fossil resource consump-
tion, making commodity chemicals from a renewable, bio-derived
teedstock can make a contribution that sequesters carbon longer
than making fuels. This process requires new and better catalysts,
whose development relies on the understanding of reactant-catalyst
interaction and the structure-function relationship of the catalyst.
For the purpose of catalysis research, the need for analytical meth-
odology with high time resolution to study the product stream
was identified.

5.1 What have I shown?

First, an on-line gas phase analysis method of a continuous com-
plex hydrocarbon stream with infrared spectroscopy and mass
spectrometry has been developed and reported in Paper I. This hy-
drocarbon stream stems from the catalytic valorisation of 2,5-dmf
over zeolitic materials and includes a wide range of compounds,
such as aromatics, olefins, carbon oxides, water and other hydrocar-
bons. The method was successfully applied for the identification
and quantification of most compounds of interest. Hypothesis I
and I can thus be answered as follows: IR spectroscopy in com-
bination with mass spectrometry is indeed a suitable and practical
technique to monitor the complex hydrocarbon stream stemming
from 2,5-dmf valorisation. Despite the successful identification
of most products (ca. 90% carbon mass balance), some species
could not be analysed and calibration plus IR band selection can
be tedious. Further limitations, such as false negatives and false
positives were discussed and remain a reason for caution. However,
spectra can be reevaluated after future refinement. Data collection
is highly automated and the method can be operated with a high
time resolution (>8 min™?).

In the remaining Papers II, III, IV and V, the method was applied to
arange of catalysts, among them zeolite beta and ZSM-5 to account
for different framework structures?, H-form and Cu-ion-exchanged
ZSM-5, and finally, a Ga-silicate MFI zeotype, to account for various
modifications of the catalyst with the same framework structure.

1: Hypothesis

I

II

I

IR spectroscopy in combina-
tion with mass spectrometry
is a suitable and practical
technique to monitor a com-
plex hydrocarbon stream.
The developed method can
be applied to catalytic con-
version reactions of 2,5-
dimethylfuran for a number
of known zeolite catalysts.
The method improves under-
standing of the reactions and
catalysts that is necessary to
ultimately design better cata-
lysts.

2: BEA and MFI
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3: such as methane, carbon oxides,
nitrous oxide etc. in environmental
catalysis of exhaust gas

The capability of the on-line method has been shown in a variety
of different experiments, that indeed improve the understanding
of the reactions and catalysts as proposed in Hypothesis III. In the
following, I want to highlight the most important findings:

Catalytic studies under a continuous flow of the reactant at a set
temperature allowed the monitoring of product distribution and
selectivity changes over time. The catalysts” selectivity towards
aromatic products, such as benzene, toluene and xylenes as well
as olefins is high at the beginning of 2,5-dmf exposure, but with
increasing time on stream, the selectivity shifts towards isomers
of 2,5-dmf. Moreover, as discussed in Paper IV, the isomer 2,4-
dmf, which has a substitution pattern that is synthetically difficult
to access, could be produced selectively for many hours with a
Ga-silicate catalyst.

Measurements of the dynamic response of the products were
carried out in (NH3-)TPD, TPR and TPO experiments. The analysis
method also facilitates the combination of many such experiments
in the same reactor, allowing the preservation of the catalyst and
avoiding the risk of sample loss or contamination during sample
transfer.

It is suggested, that isomerisation reactions mainly proceed via
weak acid sites, while cracking, oligomerisation and aromatisation
reactions leading to desired BTX products mainly proceed via
strong acid sites. These acid sites, especially the strong ones are,
however, also prone to deactivation through the formation of
coke. The reduced acid strength in the Ga-silicate sample showed
decreased deactivation, resulting in higher yields of BTX aromatics,
of which benzene was the most favoured one as described in Paper
1.

Finally, it was shown in Paper V that p-xylene can be produced
much more selectively by pre-adsorption of 2,5-dmf at 100 °C and
subsequent TPD of the products. In fact, this procedure inverts the
B>T>X selectivity trend in favour of the much-desired p-xylene to
p-X>T>B.

5.2 What is the impact?

The application of the on-line analysis method presented here
serves as an example for research purposes and is of high interest
for catalysis research because high time resolution is a crucial
factor to understand the catalyst structure-function relationship.
This case extends the established use of IR spectroscopy and
mass spectrometry for small molecules in catalysis research?® to
more complex organic molecules. The potential of on-line analysis



method based on IR and MS might be especially relevant for
evaluating hydrocarbon streams, stemming from biomass and
recycled waste plastic. The increased use of data science, machine
and deep learning will also facilitate the future development of
spectral analysis.

Reducing catalyst deactivation and increasing BTX yields is highly
desirable for aromatics production from bio-derived molecules.
The potential of a Ga-silicate zeotype catalyst was shown here
and its specific catalyst properties might be relevant for future
catalyst design and industrial applications, for which Ga-promoted
zeolitic materials have already been pointed out as promising
candidates.[152]

The discovery that 2,4-dmf can be selectively obtained from the
isomerisation of readily available 2,5-dmf through a heterogeneous
catalytic process might be especially relevant from the perspect-
ive of the emerging bio-refinery era.[159] 2,4-dmf has a rare 2,4-
disubstitution pattern in a furan ring, interesting for the synthesis
of complex organic molecules, where specific stereoselectivity is
required.[160, 161]

P-xylene can be produced much more selectively when 2,5-dmf is
pre-adsorbed onto H-ZSM-5 followed by TPD. Although this is not
continuous production, it was shown that this procedure can be
repeated consecutively with only small decreases in yield before
regeneration of the catalyst becomes necessary. This approach
might be industrially relevant, by applying cycles of adsorption
and rapid heating4, which could be achieved, for example via
microwave-assisted heating.[162]

5.3 What next?

The insights from this thesis work have opened many new ques-
tions, of which a few are addressed in the following discussion. For
example, it remains unclear what causes the drastically increased
p-xylene selectivity from pre-adsorbed 2,5-dmf TPD. To gain a bet-
ter understanding of the reactions ongoing on the catalyst surface,
I recommend further in situ and operando studies, for instance us-
ing DRIFTS. Moreover, adjusting the experimental procedure and
catalyst could optimise p-xylene, ideally by suppressing undesired
products.”

Further improvements regarding catalyst deactivation and BTX
yields are desirable. Here, the first studies on a Ga-silicate have
been promising and I recommend future studies with various
Ga/Si ratios. It is also desirable to understand which Ga species
are responsible for which reactions, and where they are located in
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4: Doubling the heating rate from
10°Cmin~! to 20 °C min~! showed
similar p-xylene yields

5: Isomerisation can already be
avoided using this procedure.
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6: E.g. as PET replacement PEF.

the zeolite. (In situ) NMR and XAS studies could answer some of
these questions. At the same time, other structural modifications
that reduce the acid strength, such as Fe-silicate, could be worth
investigating.

The isomerisation reactions described here could be investigated
for furans with different substituents, as furans gain importance
as platform molecules.® The scope of isomerisation might also be
extended to N-heterocycles and thiophenes, sulfur analogues of
the 5-membered furans.

Finally, N-heterocycles, such as pyridine could also be used as probe
molecules to further investigate the role of acid sites. Pyridine is
used for reversible adsorption on the zeolite, whereas it was shown
here, that 2,5-dmf adsorbs irreversibly. Competitive adsorption
studies could exploit the different adsorption behaviour to probe
only certain sites with either pyridine or 2,5-dmf and reveal the
character of the acid site.
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