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The chemical industry is looking for environmentally renewable sources of raw materials
in an attempt to reduce the global dependency on fossil fuels. Biomass, composed mainly
of cellulose, hemicellulose and lignin, shows great potential of offering the solution,
by supplying key building blocks for both chemicals and fuels. Exploiting sustainable
sources of biomass is, however, insufficient. It is also of great importance to design
environmentally responsible processes, by limiting the use of hazardous compounds in

the industry.

Zeolite § (beta), a solid acid, is a non-toxic, regenerable, and easily recoverable material
which is capable of replacing conventional harmful mineral acids in many industrial
applications. This thesis explores the potential of employing zeolite 5 and modifications
hereof for the acid catalysed dehydration reaction of fructose to 5-hydroxymethylfurfural
(HMF) and the hydrolysis of cellulose to its glucose units. Zeolite 3 proved to effectively
promote the reaction of fructose to HMF in 2-butanol, while it had no visible effect in
the presence of dimethyl sulfoxide (DMSO), contrary to several sources in the literature.

DMSO is capable of promoting the reaction in the absence of catalysts.

By making use of cellulose pre-treatments such as ball-milling and performing the re-
action in high concentrations of formic acid, a weak acid, high yields of glucose were
obtained. Incorporating zeolite 8 lead to lower yields of glucose but significantly in-

creased the yields of levulinic acid, a valuable chemical intermediate.
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Chapter 1

Introduction

1.1 Background

The global chemical industry is the single largest industry in the world, playing a vital
role at the base of the majority of all other industries and businesses. The full spectrum
of the chemical industry includes all industries which process raw materials such as oil,
natural gas, air, water, metals and minerals into thousands of different products, essential
to make modern life possible. Its global impact on humanity and the world is immense
and hard to grasp, often blessing it with improved lifestyle and longevity and at times
cursing it with its unfortunate mishaps. No example is truer than the Haber-process
which made modern farming possible. Considered by many as the most important
invention of the 20th century[1], Fritz Haber used iron-based catalysts to fixate nitrogen
from the air. It resulted in the mass-production of nitrogen-based fertilizers which are

currently solely responsible for sustaining one-third to half of the global population|[2].

The catalyst used in the Haber-process is just one in a large family called heterogeneous
catalysts used in the chemical industry. The term ”heterogeneous” classifies the catalyst
as a material which is present in a different phase other than the reacting medium, often

used as a solid material interacting and promoting the reaction of gases or liquids.

Heterogeneous catalysts, together with homogeneous catalysts and biological catalysts
form the basis of the catalytic industry. It is estimated that currently more than 90% of
all chemicals manufactured involve at least one catalytic step. Heterogeneous catalysts
are predominantly used in the bulk industries while homogeneous catalysts dominate

the pharmaceutical and fine chemical industry.

In recent years, the gradual depletion of fossil fuels[3] has lead to an in increased momen-

tum in research seeking efficient alternatives to the oil and gas based industry. Renewable

1
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sources of energy such as solar, water and wind have the potential of satisfying a major
fraction of the global energy demand. However, the liquid fuel for the transportation

sector and feedstock for the chemical industry require an alternative carbon source.

A possible solution to this challenge can be found in the development of modern bio-
refineries[4], which make use of environmentally responsible processes capable of con-
verting renewable biomass into useful and valuable products. Heterogeneous catalysts
can play a vital role in such processes as they possess a series of advantages over other
catalysts such as low toxicity and re-usability among others. Among the many hetero-
geneous catalysts, one can find Zeolite Beta which is an heterogeneous catalyst which
belongs to the zeolite family. It contains a unique pore and channel structure through
which molecules can diffuse and react. Its unique structure can lead to high selectivi-
ties for specific reactions, making it a prime candidate to study potential new biobased

processes that make use of biomass as a starting material.

The possible sources of biomass are as varied as the possible processes and potential final
products. The simplest and oldest process used was the burning of wood to generate
heat for cooking and heating. This process, although being the simplest, is also the
one that makes the least use of the potential of the biomass. A deep understanding of
both the structure and composition of the biomass, coupled with knowledge of catalysis,
can lead to the development of innovative processes resulting in the creation of higher

potential ”green” products. An overview of the possibilities can be found in table 1.1.

Biomass makes use of photosynthesis to capture carbon dioxide which is converted into
sugars and sugar polymers. This biomass, if used efficiently, could result in a biomass-
based industry which has the potential of greatly reducing the global carbon-footprint.
Lynd et al.[5] described biomass as:

“Biomass is a plant matter of recent (nongeologic) origin or material
derived there from and could be used to produce various useful chemicals

and fuels.”

Plant material in general is composed of lignocellulose which in turn can be divided into

the following three main constituents depicted in Figure 1.1:

¢ Cellulose makes up from 50% to 70% of the plant dry material. It is a long chained
linear polymer containing from 6000 to 15000 units of glucose. The function of
cellulose is to give rigidity to the cell walls. The long chains are connected by a

series of intra-molecular hydrogen bonds giving the cellulose its rigidity.
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TABLE 1.1: Simplified three step Biomass - Process - Product procedure[6]

— Fuel:
- Ethanol
- Renewable Diesel

Feedstocks: —> Conventional Processes: @— Power:

- Trees - Acid/Enzymatic hydrolysis - Electricity

- Grasses - Fermentation - Heat

- Agricultural - Bioconversion

Crops - Chemical Conversion —> Products:

- Agricultural - Gasification - Plastics, resins, foams
Residues - Pyrolysis co-Firing - Phenolic resins

- Animal Wastes - Solvents, cleaning fluids
- Municipal Solid - Chemical intermediates
waste - Adhesives

- Fatty acids
- Carbon black

- Paints, coatings
- etc.

> Hemicellulose makes up from 10% to 40% of the plant dry material. It is a branched
polymer containing various sugar monomers such as glucose, xylose, mannose,
galactose and arabinose among others. Its structural function is to interact with

the cellulose and the lignin[7].

¢ Lignin makes up 10% to 30% of the plant dry material, being most common in rigid
woods. Lignin is an aromatic polymer and is covalently linked to hemicellulose

and fills the spaces between hemicellulose and cellulose.

Cellulose

L
p-Coumarylalcohol Coniferylalcohol Sinapyl alcohal

Y Hemicellulose

FIGURE 1.1: Structure of lignocellulosic material[8].
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In addition to the three constituents just mentioned, biomass can contain some amounts
of terpenes, oils and various minerals. Some specific plants such as sunflower and flax are
able to produce seeds from which oils can be extracted. These can in turn be converted
to biodiesel by means of transesterification processes or hydrocraking. Other plants are
capable of producing large amounts of starch or sugars like the sugar cane, sugar beet
and corn. The processing of these sugars to bioethanol is already existing in large scale

projects aimed at the fuel industry [9].

Developments in technologies towards highly efficient bio-refineries is an important ap-
proach towards finding feasible alternatives to the current fossil fuel based products.
Research into platform chemicals which can be derived from renewable feedstocks may

open paths to new products and greener processes[10][11].

Among the most prominent platform chemicals, one can find 5-hydroxymethylfurfural
(HMF). HMF has a great potential of effectively replacing oil derived chemicals in the
bulk industry[12] and has potential applications in sectors such as fuels, fine-chemicals[13],
pharmaceuticals and furan-based polymers[14]. The potential of HMF resides in the pos-
sibility of it being synthesised from fructose with the help of an acid catalyst which is
capable of promoting the dehydration reaction from fructose to HMF. Fructose can be
easily obtained from Glucose in current industrial processes which produce fructose as

a sweetener for the food industry.

Knowing this, cellulose and cellulosic biomass become of great interest as a starting
material for the production of HMF, since it could provide a valuable source of glucose
without directly competing with the food industry. If the hydrolysis of cellulose to its
glucose units can be performed in an effective way in biorefineries, combined with its

conversion to HMF, it would open new and greener paths for the chemical industry.

1.2 Research scope and objectives

This thesis aims at elucidating on the catalytic effect and potential applications of ze-
olite 8 for the hydrolysis reaction of cellulose to its glucose units and the dehydration
reaction of fructose to HMF. Both reactions are studied in a series of acid catalysed

reactions at high temperatures.

& Firstly, four different sources of Zeolite 8 were subjected to various post-synthesis
treatments aiming at changing and optimizing both the activity and selectivity of
the catalyst for the selected applications. The post-synthesis treatments chosen in-

clude calcination, fenton technology, steaming, acid leaching and pyrolysis, which
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were characterized by several techniques in order to make a relationship between
the structure and acidity on one hand and the reactivity and selectivity on the

other.

¢ Secondly, the acidic dehydration reaction of D-fructose to 5-hydroxymethylfurfural
(HMF) was studied using zeolite 3. For this purpose DMSO and 2-butanol were
chosen as reaction solvents to promote the reaction and ZSM-5 (a different zeolite)

used as a reference catalytic material.

¢ Thirdly and finally, the activity and effectiveness of zeolite S for the hydrolysis of
cellulose into glucose units was studied. With this goal in mind, additional pre-
treatments and effects of solvents were introduced in the research, in order to find
forms of synergism between the pre-treatment of cellulose, the pre-treatment of
zeolite (8, the solvents and the reaction conditions. For this study, formic acid
as both a catalyst and a solvent were used together with catalytic amounts of

sulphuric acid.

1.3 Dissertation structure

The following chapters 2 to 6 present the current status of the developments involving the
use of zeolite 8 as a catalyst for the dehydration of fructose to HMF and the hydrolysis

of cellulose and show the new findings obtained as the result of this research.

¢ Chapter 2: Aims at elucidating the structure and properties of zeolite § together
with the current developments in post-synthesis treatments of zeolites. Addition-
ally, a brief survey on the topics of the dehydration of HMF and the hydrolysis of
cellulose is given. Here, information obtained from the literature on the respective
topics is included. The knowledge in this section serves as a basis to this thesis

and the research performed which presented in the following sections.

¢ Chapter 3: Contains a description of the experimental methods and characteriza-
tion techniques used throughout this research together with the materials and

chemicals.

& Chapter 4: Shows the most significant and relevant results and findings are shown
together with a discussion in which the data is evaluated of its reliability and

importance.
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¢ Chapter 5: Presents the conclusions from the thesis based on the experimental find-
ings and includes suggestions for future research in the form of either an extension
of the current findings or indicating alternative approaches while sharing the same

goals as those of this research.



Chapter 2

Literature Survey

2.1 Zeolites

In 1756, the Swedish mineralogist Axel Fredrik Cronstedt observed large amounts of
steam being released upon rapid heating a certain mineral. The steam produced was
water which had been adsorbed within the highly porous structure of the mineral. Axel
called this class of materials Zeolites, from the Greek word “Zeo”, meaning to “boil”and
“Lithos”, meaning “stone”. The mineral in question was stilbite, one of the forty natu-
rally occurring zeolites known to date. The unique structure of zeolites gives it special
properties rarely found in other materials. They express high adsorption capacity for
specific molecules, are capable of readily act as ion-exchangers, and the small size of
their channels allow zeolites to be used as molecular sieves. These and other properties
has driven researchers in the past century to gain a deeper understanding of the crys-
talline structures and to this day the 40 original natural zeolites have been joined by

150 additional synthetic zeolites created in different labs throughout the world.

The distinct properties of zeolites are made possible thanks to their composition and
three dimensional crystalline structures. The framework of zeolites consist of cross-linked
tetrahedra units of TO4, where T is often a silicon or an aluminium atom linked to four
oxygen atoms. In some special cases, the T atom can be a metal or a transition metal.
These are referred to as Primary Building Units (PBU) and each PBU can connect to
up to four adjacent PBU’s through oxygen bridges as shown in figure 2.1.

By connecting up to 16 PBU’s in various arrangements, Secondary Building Units
(SBU) can be created resulting in the formation of rings or prisms of different sizes. The

16 possible SBU are shown in figure 2.2.
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FIGURE 2.1: 3D image of cross-linked units of TO,4. The grey atoms refer to either
aluminium or silicon atoms, where the red atoms depict oxygen atoms[15].

G QL)

1
ey C{}
114 -6 85 6-2
31 i=1 34=1 51

B

Spiro-5 =1

FIGURE 2.2: Secondary building units of zeolites. The dots represent aluminium or
silicon atoms and the lines represent oxygen bridges[16].



Chapter 2. Literature Survey 9

Secondary building units can be combined in large numbers which defines the shape and

structure of several distinct zeolites, often forming interconnected voids.

Zeolite Type A (Fig 2.3) is composed of 5 cages composed of six 6-2 SBU’s shown
in blue, each being linked to four other 8 cages through 4-4 SBU’s shown in purple.
When eight 8 cages are joined as shown in the figure, a void is formed at the core
which, as the crystal structure extends infinitely in all three directions, the voids become
interconnected forming a regular network of channels in all three dimensions. Faujasite
shows a similar structure, shown in figure 2.4, being also composed of 5 cages, however
it differs from LTA by having the 5 cages linked by 6-6 SBU’s. This results in a less

packed structure with larger cavities and channels.

The size of the interlinked voids greatly determines the absorbing properties of the
zeolite as the aperture diameters are in the micropore range which can only be accessed
by molecules smaller than its respective sizes. Zeolites are classified in three categories

according to the dimensions of the channels. These can be:

¢ Small: 8 tetrahedral units with an inner diameter ranging from 3.5 to 4.5 A
& Medium: 10 tetrahedral units with an inner diameter from 4.5 to 6.5 A

¢ Large: 12 tetrahedral units, with an inner diameter from 6.0 to 8.0 A

LTA is classified as a small channel zeolite with a channel diameter of 4.21 A[17] and
FAU is classified as a large channel zeolite with a channel diameter of 7.35 A[18]. The
diversity in pore and channel sizes within zeolites allow zeolites to absorb ions and
molecules of different sizes which can diffuse within the structure and, in some cases

interact with the active surface of the zeolite.

FIGURE 2.3: Structure of Zeolite Type A (LTA)[19].
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FIGURE 2.4: Structure of Zeolite Faujasite (FAU)[19].

The elemental composition of zeolites is often designated as a ratio between the amount
of aluminium and silicon atoms present in the framework. AlOy4 tetrahedra PBU’s have a
natural tendency to avoid each other due to charge restrictions, as a result, the minimum
Si: Al ratio possible for zeolites is 1 : 1, which exists in structures where SiO4 and AlQy4
are present in an alternate fashion. This behaviour is known as Loewenstein’s rule[20].
The same rule does not apply for silicon and as a result, zeolites with large Si : Al ratios

are commeon.

Aluminium and silicon can be found respectively on group 13 and 14 of the periodic table,
which, when these atoms are covalently bonded to four oxygen atoms, the aluminium
atom becomes negatively charged whereas the silicon atom has a neutral charge. Then
inclusion of aluminium in the framework renders an overall negative charge of the crystal
lattice of the zeolite which is neutralized by the inclusion of non-framework cations.
These cations which are free to diffuse through the pores and can be exchangeable
under certain conditions, are mainly alkali metal or alkaline earth metal ions present
with absorbed water molecules. The final composition of the zeolite can be described

by the unit-cell formula 2.1[21]:

M(x/n)[(AZOQ)x(S’LOg)y]ZHQO (2.1)
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Where: M represents the extra framework cation with charge n; z is the moles of water
molecules contained in the pores, and y and x represent the silicon and aluminium
content, from which the respective Silicon to Aluminium ratio of the zeolite can be

derived..

Zeolites can also contain other elements incorporated into its framework such as Boron,
Germanium, Zinc and Phosphorus among other transition elements. By taking the
structural role of Aluminium and Silicon atoms, new structures with distinct properties

have been created and are usually referred to as crystalline molecular sieves[21].

By exchanging the cations by protons (hydrogen atoms), Bronsted acid sites are formed
near Si—O—Al clusters as seen in figure 2.5. These sites can be shape-selective active
catalytic sites useful for various acidic reactions. Lattice defects and the presence extra-
framework aluminium can additionally result in the formation of an additional type of
acid sites, namely Lewis acid sites. Certain post-synthesis treatments such as steaming
can further promote the formation or neutralization of such sites on the original catalyst
leading to an increase in shape selectivity[22][23]. These active sites can be found in
large numbers within the pores of the zeolite, making zeolites great candidates for the

replacement of conventional mineral acids in industrial applications.

£y /A Fa R Fia

£
OO0 00 00 OO0 OO0 OO

FIGURE 2.5: Bregnsted acid sites created by aluminium in the framework[24].

2.1.1 Applications and practical utilization

Commercial applications of zeolites vary greatly according to the desired properties
of the minerals and a clear distinction must be made between natural zeolites which
are mined throughout the world and synthetic zeolites which are prepared for specific

applications under controlled conditions.

Natural zeolites, when extracted from the earth in mining operations, can be extracted
in a relatively pure form or as a mixture of various zeolites together with several other
minerals as impurities. Major markets for natural zeolites are in horticultural applica-

tions such as soil conditioner and growth media, waste-water treatments, animal feed
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and pet litter. In China, natural zeolites are abundant in certain areas and due to
the lack of other materials, zeolites are used as construction materials. Its use as soil
conditioner, is given to a synergy of two properties, first it increases the pH of the soil
and second, by being a ion exchange material, it can absorb ammonium and potassium
ions, two components of fertilizers essential for plant growth, prolonging the efficiency
of fertilizers[25][26].

Synthetic zeolites are able to be manufactured and modified according to various strict
and specific requirements of industrial applications. For these applications, zeolites must
have a high purity level, a consistent composition, regular crystal size, morphology and
availability. Synthetic zeolites are mainly used in three main commercial applications,
namely in detergents as ion exchangers commonly referred to as water softeners; in
separation and adsorption as molecular sieves and as catalysts in industrial processes

such as catalytic cracking of hydrocarbons[27].

2.1.1.1 Zeolites as Catalysts

In the past decades a general increase of sensibility towards environmental protection has
resulted in constant efforts to reduce emissions and increase production efficiency. Here,
heterogeneous catalysts and zeolites in particular have gained favour over other catalysts
thanks to their lower energy consumption and reduction of unwanted by-product pro-
duction by promoting highly selective reactions. Gradually the consumption of mineral
acids such as hydrochloric, hydrofluoric and phosphoric acid is being reduced due to the
many draw backs which result from their utilization, such as corrosion and difficulty in
separation of the final products. The main advantages of zeolites over traditional acid

catalysts include:

¢ Reduced corrosion problems

Easy regeneration of the catalyst upon thermal treatment

Higher reaction temperatures due to the thermal stability of zeolites
Easy preparation of bi-functional catalysts

Shape-selectivity

Non-toxic

Easy to handle

S TSSO

Safe to store, long life time



Chapter 2. Literature Survey 13

¢ Easy and inexpensive removal from reaction mixture

The family of heterogeneous catalysts includes metals, metal oxides, acids and a com-
bination of metals and acids and can be used in various applications as shown in table
2.1.

TABLE 2.1: Classification of heterogeneous catalysts[28]

Classification Functionality Example
Hydrogenation Ni, Pd

Metals Hydrogenolysis Pt (Cu)
Oxidation Ag, Pt

Complex metal molybdates

Metal Oxides Partial Oxidation
Multi-metallic oxide compositions
Dehydrogenation FeyO3, ZnO CrO3/Al03
Hydration Acid Type Ion Exchange Resin
Acids Polymerization H3POy4 on carrier

Cracking hydrogen transfer Si0O9-AlyO3, Zeolites in acid form

Disproportionation
Paraffin isomerization Pt/acified support
Metal plus Acid Hydrogenolysis Pd/zeolite

From the large family of heterogeneous catalysts, the zeolite acid catalysts are the most
used in chemical processes, having found applications in reactions such as alkylation,
acylation, isomeration, amination, cracking, among others[29]. By altering specific syn-
thesis parameters, different zeolites with specific characteristics and properties can be
created, these can in turn be further modified by subjecting them to post-synthesis

treatments to optimize or add specific properties.

The presence of aluminium in the framework of zeolites form negatively charged sites
resulting in an overall negative charge of the framework. The negative charge is in turn
neutralized by the presence of cations mobile within the pore structure which can be
converted into strong acid catalytic sites by replacing the existing cations by protons.
Acid sites can be present in the crystalline framework of the zeolite or in the amorphous

form, each being able of having catalytic active sites. Figure 2.6 shows (a) Brensted
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acid sites and (b) Lewis acid sites which can be formed as the result of the presence of
aluminium in the crystal lattice. The later often occurs as a result of damage to the
structure. or in the amorphous material. Figure 2.7 shows various forms of aluminium
which can be present in its amorphous form, however not all forms are charged and

catalytically active.

(@) ™
NN N
¢ Yoo’ Moo’ N .

FIGURE 2.6: Presence of framework aluminium species in USY
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FIGURE 2.7: Presence of non-framework (cations and neutral) aluminium species in
USY([30].

The synergy of these acid sites with the unique rigid 3D structure of zeolites containing
molecular sized pores, cages and channels is used to promote specific hydrocarbon trans-
formations as it is shown in Figure 2.8. The rigidity of the zeolite structure promotes
selectivity such as reactant selectivity, product selectivity and restricted transition state

selectivity:

{ Reactant selectivity takes place when only molecules no larger than the diameter
of the zeolite are able to diffuse through the channels and pores, restricting access

to the acid sites to larger molecules.

¢{ Product selectivity takes place when formed molecules are too large to diffuse out
of the structure. These either react further into smaller molecules or remain within
the structure deactivating the catalyst by blocking either the pore or the active

site.
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FIGURE 2.8: Reaction selectivity imposed by the porosity of zeolites[30].

¢ Restricted transition state selectivity takes place when the formation of certain
transition states are hindered of blocked, as their formation would require more

space than it is physically available[31].

Some of the most common applications for zeolites can be seen in figure 2.2 with the
most important application being fluid catalytic cracking in crude oil refineries. Here,
zeolite Y is used to break down high molecular weight hydrocarbons into lighter and

more valuable molecules[32].

2.1.2 Synthesis of Zeolites

In order for zeolites to be able to satisfy the strict requirements of large scale catalytic
processes, it is essential that these become available in their pure form, to be repro-
ducible and to be able to be synthesized, have a uniform channel and pore size and
modified according to specific needs. Natural zeolites are not able to satisfy these re-
quirements and as a result, a new field of research was created. Synthesis of zeolites
currently takes place under conditions which mimic those which lead to the formation
of natural zeolites. However, in order to greatly shorten the required time for crystal
formation and growth and favour the formation of specific structures, key parameters
can be changed such as pH values, temperature, composition of the reaction mixture
and reaction time[34]. Specific structures require the presence of additional Structure-

Directing Agents (SDA), commonly named as templates which act as molecular sized
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TABLE 2.2: Common catalytic applications for Zeolites[27][33]

Inorganic reactions

Hydrocarbon conversions

HsS oxidation

NO reduction of NHg
CO oxidation, reduction
COg3 hydrogenation
H,O — Oy + Ho

Alkylation
Cracking
Hydrocracking
Isomerization

Organic reactions

Aromatization (Cy hydrocarbons)
Aromatics (disproportionation,
hydroalkylation, hydrogenation,
hydrozylation, nitration, oxidation,
ozyhalogenation, hydrodecyclization, etc.)
Aldol condensation

Alkylation (aniline, benzene, biphenyl,
ethylbenzene, naphthalene,
polyaromatics, etc.)

Beckman rearrangement (cyclohexanone
to caprolactam)

Chiral (enantioselective) hydrogenation
CHy (activation, photocatalytic oxidation)

Chloroaromatics dechlorination
Chlorination of diphenylmethane

Chlorocarbon oxidation
Chlorofluorocarbon decomposition
Cinnamaldehyde hydrogenation

Cinnamate ester synthesis

Cyclohexane (aromatization, isomerization,
ozidation, ring opening)

Dehydration
Epoxidation (cyclohezene, olefins,
a-pinene, propylene, styrene)

Friedel-Craft reaction of aromatic
compounds (alkylation of butylphenol

with cinnamyl alcohol)

Fischer-Tropsh reaction (CO hydrogenation)

Methanol to gasoline

Methanation

MPV (Meerwin-Ponndorf-Verley) reduction
(transfer hydrogenation of unsaturated
ketones)

Oxyhalogenation of aromatics

Heck reaction (acetophenone + acrylate
— acrylate ester)

Hydrogenation and dehydrogenation
Hydrodealkylation

Shape-selective reforming

scaffolds. These take position within the newly formed pores and promote the forma-

tion of unique structures. A large template often leads to the formation of a zeolite with

large pores. Once the zeolite has been synthesized, a template removing step is required.

Additionally, by altering the concentration of specific reagents, the same zeolite can be

synthesized with different Si—Al ratios.

In general, two distinct methods are commercially used for the synthesis of zeolites,

namely the synthesis from gels and the synthesis from layer silicates and they make use

of a very wide range of silica and aluminium sources and the cation used can be one or

more alkali metal cation or in some specific

organic cation.

structures, an alkaline earth cation or an
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2.1.3 Zeolite Beta

Zeolite Beta is a synthetic aluminosilicate which contains large pores. Often written as
Zeolite (3, or according to the IZA code: Zeolite BEA. It was first synthesized in 1967 by
Wadlinger, Kerr and Rosinski at the Mobil Research and Development Laboratories[35].
It was the first high silica zeolite (Si/Al = 10-100) synthesized from gel in the pres-
ence of alkali metals and made use of tetraethylammonium hydroxide as a templating
agent[36]. Zeolite Beta is a highly faulted inter-growth hybrid of three crystalline struc-
tures designed polymorph A, B and C[37].The polymorphs are closely related structures,
however they differ in inter-planer/intra-planar stacking. These are responsible for the
formation of its 12 membered ring pore structure which are interlinked. Two channels
are straight and have an inner diameter of 0.76 x 0.64 nm and run parallel to [100]
and [010] directions. The intersection of these two pore systems leads to the forma-
tion of a third pore channel in the [001] direction, which unlike the previous two, has
a smaller inner diameter of 0.55 x 0.55 nm and is a 12 membered ring sinusoidal (zig-
zag) channel[38][39]. Figure 2.9 shows the structure of zeolite BETA from the three
different angles. The cylinders represent the channels of the zeolite BETA which are

interconnected and through which molecules smaller than the pore diameter can diffuse.

The great potential of Zeolite BETA as a catalyst comes from the presence of the large
pore structure, giving it a very high surface area, exceeding 600 m? per gram where the
strong acid sites are located. Additionally, it possesses high thermal and acid treatment

stability and the high silica content makes the zeolite hydrophobic[34].

2.1.4 Post Synthesis Treatments of Zeolites

In order for a zeolite to be used as a catalyst it must subjected to one or more post-
synthesis treatments to activate the acid sites and to free the pores or channels from the
existing template. Additionally, the zeolite can be subjected to additional treatments

to fine tune the catalyst for specific applications.

Currently, zeolites can be subjected to various post synthesis treatments, each affecting
the properties of the catalyst in one or multiple ways. The relevant post synthesis

treatments for this study can be divided into different groups which include:

& Ton exchange
{ Template removal

* Calcination



Chapter 2. Literature Survey 18

Straight
channels

Zig-zag
channels

FIGURE 2.9: Stereographic drawings and perspectives views of zeolite Beta viewed
along axis (a) [0 1 0], (b) [1 0 0] and (c) [0 0 1][39].

* Fenton
{ Dealumination

* Steaming

x Acid leaching

{ Carbonization

* Pyrolysis

Other treatments exist such as metal doping, desilication, etc.. however this will not be

discussed in detail.
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2.1.4.1 Ion Exchange

The presence of cations within the pores of zeolites are necessary to neutralize the
overall negative charge caused by the presence of aluminium within the framework.
These cations can be introduced within the structure during the synthesis or formation
of the zeolites and can be positively charged organic molecules which act as structure
directing scaffolds referred to as templates or as alkali metal or alkaline earth metals[40].
The cations are free to diffuse through the structure if the size of the pores allows it and
are able, under specific conditions to diffuse in or out of the zeolite. The presence of the
cations neutralize the acid sites required for the catalytic activity of the zeolite and in
order for the zeolite to be used as a catalyst, the cations must be removed and replaced
by protons. By subjecting the zeolite to an ion exchange treatment, where the cations
are exchanged by protons, allows the formation of Brgnsted or Lewis acid sites within

the structure.

Ton exchange a treatment which is generally performed in an aqueous system using a
high concentration of ammonium salts, such as ammonium nitrate. Ammonium nitrate
is capable of diffusing through the structure of the zeolite and is capable of replacing
the existing cation. The treatment is followed by a calcination step which releases the
ammonia, leaving the protonated acid site behind. Equations 2.2 and 2.3 illustrate these

two steps, where sodium is exchanged by a proton[41] .

NaZ(s) + NHy(aq) — NH4Z(s) + Na™ (aq) (2.2)
NHyZ(s) S4eination, 1 7(s) + N Hs(g) (2.3)

A detemplation step before ion exchange can be required in some situations as the
template present is too large to readily diffuse through the pores of the zeolite during
the ion exchange treatment.

An alternative method involves direct exchange using a mineral acid such as HCl. This
treatment however can lead to dealumination of the framework, partial loss of the crystal

structure or even the collapse of the structure.

2.1.4.2 Detemplation

The synthesis of zeolite beta and other synthetic zeolites require the use of templates

to aid in the coordination and directing of silica oxide and aluminium oxide groups.
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In the case of zeolite beta, tetraethylammonium hydroxide is used. The presence such
the template within the channels of the zeolite beta blocks the pores and access to the
acid groups. Removal of the template is required and can be performed by calcination,

pyrolysis or using fenton technology.

Calcination Calcination is the most commonly used method to remove organic molecules
within zeolites. It consists of gradually heating the mineral to temperatures at which the
organic template will oxidize and be converted to CO5 and water in the form of steam.
Heating rates between 1-10 °C/min and temperatures ranging from 773 K to 973 K are
commonly used. The drawbacks of calcination include the formation of water in the
form of steam which can lead to localized dealumination of the framework which com-
bined with the high temperatures can cause to damage to the structure. Some synthetic
zeolites like Zeolite Beta have fragile structures which will partly or fully collapse after a
calcination step[42]. Duan et al. [43] found that calcination effectively removes the tem-
plate of Zeolite Beta, however at a loss of 25-30% crystallinity. Additionally, Corma et
al.[44] found that high temperature calcination during detemplation caused aluminium
and other hetero-atoms to be removed from the structure, having a detrimental effect

on both surface acidity and the catalytic performance.

Fenton Detemplation Fenton detemplation is a method developed to remove the
template while preserving the integrity of the structure of the zeolite. By making use
of hydrogen peroxide and catalytic amounts of Fe, HO radicals are formed which are
capable of chemically oxidizing the template at significantly lower temperatures (<353
K). This method leads to larger pore volumes at micro and meso levels and a higher
density of Brgnsted acid sites while maintaining the integrity of the structure intact

when compared samples which were detemplated using a calcination method[45][46].

2.1.4.3 Dealumination

Dealumination of zeolites are treatments which increase the silica to aluminium ratio of
the framework of the zeolite by removing aluminium. These treatments may however not
necessarily remove the aluminium from the material, as part of the aluminium can remain
in its amorphous form as extra-framework aluminium within the pores or channels of the
zeolite or as aggregates at the surface of the crystals. Dealumination is often performed
on zeolites which cannot be otherwise synthesized in high silica to aluminium ratios.

Dealumination can additionally be performed as a way of achieving[23][41]:

¢ Higher hydrophobicity of the zeolite.
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& Increased acid strength and accessibility of the of Brgnsted acid sites.

{ Creation of Lewis acid sites in either the framework or in the extra framework

aluminium.

¢ Formation of secondary channel systems to reduce diffusion limitations or reagents

and products.

The two methods most often used are hydrothermal treatment and acid leaching.

The dealumination step is often coupled with an additional structural rearrangement
process where the defect sites are filled by silica and the structure integrity restored,
resulting in a highly stable and highly silicious framework[30]. The two steps leading
to the higher stability of the zeolites are shown in figures 2.10 and 2.11, where the first
depicts the dealumination step caused by high temperatures in the presence of steam and
the later depicts the framework stabilization. Three mechanisms have been proposed to

explain the structural rearrangement which takes place.

¢ Barrer[47] proposed that new Si-O-Si bonds can be formed by the elimination of

water near the hydroxyl nests created by the removal of the aluminium atom.

& Meher et al.[48] proposed that the silica which is fills the defect sites originates from
parts of the crystal framework which collapsed due to the severity of the treatment.
The silica would migrate under steam and high temperature conditions to the
defect sites, where it would assumes the place of the original removed aluminium

atom, restructuring the framework.

¢ von Ballmoos[49] proposed that the vacancies gradually migrate to the exterior of the
structure as the vacancies would be filled by a neighbouring T—atom, where T is
either an aluminium or a silica atom. This phenomenon is referred to as a T—jump

and by occurring multiple times would lead to a restoration of the framework.

N N
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FIGURE 2.10: Framework dealumination by steam and high temperatures[50].
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FIGURE 2.11: Framework stabilization by SiO2[50].

Steaming and acid leaching have found applications in the bulk chemical industry as
methods to optimize and improve the catalytic performance of certain zeolites for specific
applications. Example of such zeolites include MFI which is used for octane boosting
in the FCC process[51], Zeolite Y or FAU to create ultra-stable zeolite Y, designated

Zeolite USY and mordenite for the paraffin hydroisomerization process[52].

Hydrothermal Treatment Hydrothermal dealumination, often referred to as steam-
ing, resembles the calcination step, as it takes place at high temperatures, however
steam is added to promote dealumination of the zeolite. By combining high temper-
atures and steam, the Si—-O—Al bonds will hydrolyse, leading to the expulsion of the
aluminium from the framework to the non-framework sites. The formed non—framework
or extra—framework aluminium can exist with within the pores or at the surface of the
crystals in an amorphous form and can be neutral or catalytically active in the form
of Lewis acids. Hydrothermal treatment can lead to a dealumination degree of up to
50%153].

Acid leaching Acid leaching makes use of mineral acids such as oxalic acid (HoC204),
hydrochloric acid (HCI) or nitric acid (HNO3) to remove extra framework aluminium,
where the first is the most effective and commonly used. The advantage of using oxalic
acid for dealumination applications resides in its ability to form stable complexes with
most metal ions, including aluminium. Its small size allows it to diffuse and penetrate
the structure of the zeolites where it effectively removes the aluminium from the crystal
lattice. A complex of an aluminium ion with one oxalate ion and several water ligands
is formed which can be easily removed[54]. This treatment is often performed at room

temperature.

During acid leaching the Si/Al ratio of both the framework and the bulk of the material
increases as the aluminium is removed from both the structure and the extra framework

aluminium.
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2.1.4.4 Carbonization

Pyrolysis Pyrolysis is similar to calcination as it makes use of high temperatures to
breakdown the template, however it is performed in the absence of Oxygen. As a result,
the template will not oxidise but will be converted to coke. The coke can lead to a
higher hydrophobicity of the zeolite leading to a higher affinity for hydrophobic organic

molecules and to a partial blockage of the pores and acid sites.

2.1.5 Zeolite Characterization

Due to the various “complex” properties of zeolites, one must often use a combination of
several characterization methods in order to effectively assess the properties regarding
the structure and its interaction with other molecules. In heterogeneous catalysis, it
is crucial to obtain information which forms relationships between the chemical and
physicochemical properties on one side and the sorptive and catalytic properties on the

other. Characterization techniques seek to provide information such as:

& The structure and morphology of the material.

¢ The chemical composition of the zeolite.

& Ability to sorb and retain molecules.

¢ Ability to chemically convert or modify these molecules.

The later two are aimed at surface chemical properties, which due to the complexity of
the structure of the zeolites is harder to characterize. This is due to the periodic three
dimensional intrinsic properties which affect its sorption and diffusion properties. Often

key molecular probes are used to better analyse and simulate their behaviour under

specific conditions.

The typical characterization tests performed on zeolites are summarized in table 2.3, and
only a few tests will be further discussed in detail in this report due to their relevance

to the research at hand.

2.1.5.1 TGA

Thermogravimetric analysis is a method of commonly used in zeolitic studies. It consists
of accurately following the mass of a sample (of zeolite) as a function of the tempera-

ture. The rising temperature will cause adsorbed molecules to desorb and cause organic
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TABLE 2.3: Compilation of characterization techniques[55]

Technique

Synonym

Functional
Groups

Chemical
Composition

Structure Pore

size

Electron microscopy

HRTEM
SEM
EDX

4 v/ v

Nuclear magnetic
resonance (Magic
angle spinning)

MAS-NMR

Sorption of
probe
molecules

Model

Reactions

Thermogravimetry,
Differential scanning
calorimetry

TGA/DSC

Temperature
programmed
desorption

TPD

Vibrational

spectroscopy

X-Ray
absorption
spectroscopy

XAS

X-Ray

diffraction

XRD

X-Ray
fluorescence
spectroscopy

XRF

X-Ray
Photoelectron
spectroscopy

XPS

molecules to break down and be converted to carbon dioxide in the presence of oxygen.

An inert atmosphere can be used for specific tests to limit the degradation of organic

compounds. TGA in mainly used to obtain information regarding:

& Catalytic activation - To determine the temperature and time required to activate

the zeolite.

¢ The amount and rate of desorption of water and other reagents and the respective

temperature.

¢ The carbon content present in the sample.
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& The extent of detemplation.

2.1.5.2 Nitrogen physisorption

Nitrogen physisorption is the most used technique to determine the specific surface area
and the pore size distribution of the mesopores present in zeolites. The specific surface
area of the sample is estimated from the amount of nitrogen adsorbed in relation to its
pressure at the boiling point of nitrogen at normal atmospheric pressure. The sample
material is cooled down to allow for the nitrogen to be adsorbed, after which the cooling
is removed and the nitrogen will naturally desorb during which, the rate of adsorption
and desorption is monitored. Brunauer, Emmett and Teller theory (BET) provides the
required mathematical model for the process of gas sorption, allowing for the specific

surface area to be determined, often referred to as "BET surface area” given in m?g—!.

2.1.5.3 X-Ray diffraction

X-ray powder diffraction (XRD) is an analytical technique primarily used for phase iden-
tification of a crystalline material and can provide information on unit cell dimensions.
XRD is used to measure the average spacings between layers or rows of atoms and the

size, shape and internal stress of small crystalline regions.

By projecting a beam of X-rays onto a crystalline sample, the ordered planes of the zeolite
will cause the incident beam to interfere with one another as it leaves the crystal. Only at
specific angles which are related to the long range order of the crystals, does constructive
interference takes place. Measuring this information, one can obtain information about
zeolites regarding:

> Determination of unit cell dimensions

¢ Measurement of sample purity

¢ Determine crystal structures using Rietveld refinement

¢ Crystallite size and Microstrain
2.1.5.4 Temperature Programmed Desorption
The principle of Temperature Programmed Desorption (TPD) is to monitor the changes

in the surface coverage of the zeolite by probe molecules as a function of the temperature.

Probe molecules are selected according to their affinity to the surface of the zeolite or to
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specific acid sites and by following the partial pressure of the probe molecules in the gas
phase information regarding the strength and concentration of acid sites can be obtained.
The strength of the interaction between the acid sites and the probe molecules is reflected
in the temperature profile of the desorption rate. Stronger interactions will result in the
maximum desorption rate to occur at higher temperatures and by integrating the area
under the peaks, which is related to the number of probe molecules, the concentration

of sorption sites can be obtained.

Temperature Programmed Desorption works under two assumptions[56]:

¢ The rate of removal of the molecules from the gas phase over the sample is significantly
higher than the desorption rate.

¢ Re-adsorption of the probe molecules does not occur.

For zeolites, these two criteria are often not met as the result of the complex structure

and the high porosity of the materials.
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2.2 Dehydration of Fructose to HMF

HMF, short for 5-hydroxymethylfurfural, is a highly versatile chemical platform from
which various other chemical intermediates can be produced. Its potential lays in its
ability to, if available in bulk quantities, reduce our dependency on oil derived com-
pounds, offering a green alternative to the petrochemical based industry. HMF is, how-
ever, unable to currently compete against conventional compounds due to the high costs

associated with both its production and the starting materials.

HMF has the potential of being used as a general base chemical from which several useful
and diversified compounds can be derived. This can have the potential of transforming
the chemical industry, introducing with new families of renewable molecules. A selection
of the derivatives from HMF with high industrial potential are shown in figure 2.12 and

may include among others:

{ Biofuels

% 2,3-Dimethylfuran (DMF') has a energy density 40% higher than ethanol and
comparable to gasoline[57][58].

¢ Platform Chemicals

x Levulinic Acid is a potential precursor to nylon like polymers, synthetic rub-

bers and plastics[59].
¢ Polymers
x 3,5-dihydroxymethylfuran is already applied at an industrial scale for the

production of polyurethane foams by Oaker Oats[60].

x 2,5-furandicarboxylic acid (FDA) has the potential of being used as a monomer
for the production of furan-based polymers, being able of offering alteratives

to current polymers such as polyesters, polyamides and polyurethanes[61].
{> Pharmaceuticals

x Derivatives from HMF can be further modified into complex bio-active molecules

with promising medicinal properties.

With these applications is mind, various research groups throughout the world have
aimed their focus on finding sustainable and renewable sources of bio-mass from which

HMF can be synthesized effectively and in large quantities.
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FIGURE 2.12: Possible derivatives from HMF[62].

In 1990, Antal et al.[63] proposed a mechanism in which D-fructose could be dehydrated
into HMF using acid catalysts. This opened the way for a bio-based path to the syn-
thesis of HMF. D-Fructose has the potential of supplying the required bulk quantities
needed, due to its wide availability and ease to process. Fructose is currently produced
using an enzyme (Glucose Isomerase) which is able to convert D-glucose and D-xylose to
D-fructose and D-xylulose respectively[64]. This enzyme is currently one of the most pro-
duced enzymes globally and its introduction lead to the bulk production of glucose/fruc-
tose syrup (GFS) also referred to as high-fructose corn syrup (HFCS), a commonly used

sweetener which can be found in many processed foods and beverages[65][66].

2.2.1 Acid catalysed reaction of Fructose to HMF

HMF can be synthesized from hexoses, such as Frucose, through the loss of three
molecules of water in an acid catalysed reaction. This mechanism was explained in
1990 by Antal et. al.[63] who proposed the dehydration of Fructose to HMF followed a
series of reactions in which the different substrates were open-ring derivatives of Fruc-
tose. This reaction mechanism is shown in figure 2.13. Since then, many other authors
have tested a vast number of homogeneous and heterogeneous catalysts, in an attempt
to find an effective method for its synthesis. This resulted in an explosion of articles and

reviews related to the synthesis of HMF in the past 15 years, with over 1000 references.

The reaction mechanism proposed by Antal et. al. has recently been subjected to

some debate, and an alternative "open ring” based reaction pathway has since been
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FIGURE 2.13: Reaction mechanism for the conversion of HMF from Fructose[62].

proposed[14]. The two reaction mechanisms, although being different, share a common
concept, where the dehydration of fructose must pass through a series of intermediates,
during which, three water molecules are released, leading ultimately to the formation
of HMF'. In both mechanisms, some of the intermediates can further react into other
products through condensation reactions and unwanted by-products such as soluble
polymers and insoluble black humins can be formed. Additionally, in the presence of
water, HMF can enter a series of additional reactions, taking up two water molecules to

yield levulinic acid and formic acid.

The dehydration reaction is promoted with the presence of an acid catalyst and various
catalysts have been tested with different degrees of success. Effective comparative studies

on the kinetics of the different catalysts are, however hindered due to the wide range of
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reaction conditions used throughout the different research groups. Additionally, in most
reported studies, HMF was obtained in solution and the yield determined by HPLC or
GC, with the focus of the research on the optimization of the synthesis and the catalyst
used. It is, however, of equally importance to develop effective isolation or extraction

methods.

The yield and effectiveness of the dehydration reaction of fructose to HMF varies ac-

cording to the following factors:

Starting material, hydrolysis and reversion Fructose is currently the most re-
searched starting material for the conversion of sugars to HMF, however other sources
of bio-mass are being studied. These include glucose, inulin, sucrose, galactose, cel-
lobiose and mannose among others. Fructose forms significantly less stable rings than
glucose, which leads to faster reaction[67]. Studies into the use of different sugars at-
tempt at explaining the effect of the reactive reducing groups and their contribution in

the formation of polymers and unwanted by-products.

Catalyst The following list summarizes several catalysts used in the literature. The
dehydration reaction can be catalysed by both Lewis and Brgnsted acid sites.

¢ Mineral acids such as HoSO4, HCL, H3PO4 [57][12][68][69][70][13]

¢ Organic acids such as oxalic acid and levulinic acid[68]

¢ H-Form zeolites|71]

¢ Transition metal ions[72][73][74][75]

¢ Solid metal phosphates[76][77][78][79]

¢ Strong acid cation exchange resins[57][70]
The selection of the catalyst often imposes restrains on the selection of reaction condi-
tions, making it impractical or even impossible to compare the catalytic performance
of two different catalysts under similar conditions. Acidic resins, for example are often
limited to a maximum temperature of 130°C. Additionally, the effect of the formed in-

soluble humins on the activity of the catalyst must be taken into consideration, with

respect to deactivation, the effective lifetime and regeneration.
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Reaction temperature and time As it is common in catalytic reactions, there is a
strong relationship between the reaction temperature and the time of the reaction and
their effect on the conversion and yield. The dehydration reaction to HMF is no different,
and higher temperatures result in a faster reaction within the practical limits for the
catalyst concentration. Additionally, it appears that the activation energy for the rate
determining step for the dehydration reaction is higher than the activation energy for
its degradation which leads to the formation of various by-products. As a result, higher
temperatures promote higher selectivities and yields[67][80]. The solvent to catalyst
relationship must also be taken into consideration, as the activity of the catalyst may

depend on the selected solvent.

Concentration and polymer formation It is of commercial interest that the con-
centration of fructose and ultimately of HMF are as high as possible, as it will lead
to reduced transportation, handling, production and separation costs. Van Bekkum et.
al.[81] however found a strong relationship between the concentration of hydrocarbons
and the rate of cross-polymerization reactions leading to a significant increase in the
formation of humins and loss of selectivity towards HMF. This is likely caused by an
increased chances of collisions between intermediate molecules which are capable of un-
dergoing unwanted polymerization reactions. Different concentrations used can lead to

different product selectivities, independent of the catalyst employed.

Solvent, HMF stability and extraction The objective of a solvent in the dehy-
dration reaction of fructose to HMF is to induce fluidity and promote contact between
the reactants and the catalyst. The most tested solvent is water, as it acts as a good
solvent for both reactants and product. Additionally, the dehydration reaction releases
three water molecules per HMF formed, so a water separation step will be most likely
required during large scale production, whereas or not water is used as a solvent. The
presence of water as a solvent will however, being one of the products formed, shift the
dehydration equilibrium and increasing reaction times. Additionally, HMF reacts at
high temperatures with water to form levulinic acid and formic acid which are formed
at high temperatures, making conventional separation through distillation impractical.
Several authors have proposed a aqueous/solvent mixture, which is capable of main-
taining the solvent properties of the water but will shift the reaction equilibrium to the
dehydride and suppress further HMF hydrolysis[82][83]. Solvents with promising results

are polar organic solvents which include:

¢ Dimethylformamide

{ Acetonitrile
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¢ Quilonine

¢ Dimethyl sulfoxide

Unfortunately, many of these solvents have additional drawbacks, such as high boiling
points complicating product removal and purification steps, are expensive and harmful
for the environment. Alternative, other authors have shifted their attention to ionic
liquids, which can be used in combination with a low boiling point solvent to extract
the HMF[84][85].

2.2.2 Heterogeneous catalysed dehydration of Fructose

Many catalysts have been reported to effective promote the dehydration reaction of
Fructose to HMF. Despite the known advantages of heterogeneous catalysts over the ho-
mogeneous catalysts, their conversion still remains lower. A direct comparison between
the different heterogeneous catalysts is also hindered due to the different solvents used

and the large variety of reaction conditions.

For this study, a few key reaction conditions were selected from the literature, in which
the use of zeolyte 8 or other zeolites showed promising results. Based on these results,
different versions of zeolite 8 were to be tested in order to make relationships between
the structural properties of the zeolite on one hand and the activity and selectivity of

the dehydration reaction on the other.

Two solvents were selected, namely DMSO and 2-Butanol.

DMSO based reactions Shimizu et al.[86] tested various heterogeneous catalysts
such as heteropoly acids, zeolites and acidic resins for the dehydration reaction of Fruc-
tose in DMSO. In order to promote the reaction, he used mild extraction methods by
performing the reaction under a mild evacuation method by subjecting the reaction to
vacuum (0.97 x 10° Pa) to allow the release of water from the reaction medium and
suppressing side reactions to levulinic acid and formic acid caused by the re-addition of
water to HMF. This resulted in an increase in an HMF yield and selectivity as it can be

seen in table 2.4.

The conditions used for this study are based on the reaction conditions in Shimizu’s
work without the mild evacuation where it can be seen than the zeolite 8 without using
mild evacuation techniques has ave effect on the conversion and yield of HMF when

compared with the blank reaction.



Chapter 2. Literature Survey 33

TABLE 2.4: Dehydration of fructose with various heterogeneous catalyst[86]

Catalyst HMF Yield (%) Conversion (%)
H-BEA zeolite® 97 100
H-BEA zeolite® 51 100
Amberlyst-15% 92 100
Amberlyst-15° 76 100
Nafion® 94 100
Nafion® 75 100
H-Y zeolite® 76 100
SO, ?/Zr0q @ 92 100
Blank® 32 81

Reaction conditios: Fructose (1.7 mmol), DMSO (10g), catalyst (0.02g), T = 120 °C, t = 2h.
@ Reaction performed under nitrogen and evacuation conditions.at 0.97 x 10° Pa.
b Reaction performed under nitrogen at 1.01 x 10° Pa without evacuation.

The goal is to determine if subjecting zeolite 5 to different post-synthesis treatments,

will have an influence on the conversion and yield of HMF.

2-Butanol based reactions The dehydration reaction of Fructose to HMF was also
studied using 2-butanol as a solvent. Fructose has a limited solubility in 2-butanol,
which leads to a lower concentration present in the solution, lowering the effect of side
reactions which are often caused by high concentration of the products and intermediates
in the solution. Sylvia Reiche[87] researched the effect of different catalysts in a 2-butanol
system and found promising results using protonated ZSM-5 among other heterogeneous
catalysts shown in Figure 2.14. The yields stated were significantly lower than the results
found in the literature using DMSO, however the author stated that no reaction took
place when no catalyst was used. This was not the case using DMSO, with several
authors stating some conversion to HMF without the use of catalyst. The reaction
system used by S. Reiche was used as a basis for the comparison of different versions of

zeolite 5.

For the each reaction the author used 100 mL of 2-butanol was used as solvent with 2.5 g
of fructose and 0.250 g of the stated catalyst unless otherwise stated. Reactions in which
2xm and 4xm are stated, 2 or 4 times the amount of catalyst was used. The reaction
medium was heated to 130 C under stirring (450 rpm) in a 200 ml Parr autoclave using

a teflon liner and a teflon-coated stirrer.
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FI1GURE 2.14: Comparison of different oxidic materials for the dehydration reaction of
fructose to HMF[87]

2.3 Hydrolysis of cellulose to glucose and derivatives

Cellulose is the single largest polymer available on Earth. It is a vital component of
plants, having a structural role offering the required rigidity. As a bio-based raw mate-
rial, it is a natural product which has the potential of being inexhaustible as it can be
regenerated in relatively short time periods, for as long as no destructive lumbering and
over-cropping take place. Cellulose is formed in plants as a result of photosynthesis and
it is estimated that nature is capable of producing a global annual yield of 1.3 x 10° met-
ric tones of cellulose[88] and one average sized tree is capable of producing roughly 13.7
g of cellulose daily. Cellulose fibres are rather stiff and its function is mainly structural,
giving plants its required rigidity, where the cellulose fibres are held together by lignin
and hemi-cellulose. The fraction of cellulose in bio-mass can vary greatly and table 2.5

shows the composition of several sources of cellulose.

TABLE 2.5: Percent dry weight composition of lignocellulosic bio-mass feedstocks[89]

Feedstock Cellulose (Glucan) Hemicellulose (Xylan) Lignin

Corn stover 37,5 22.4 17,6
Corn fibre 14,3 16,8 8,4
Pine wood 46,4 8,8 29,4
Popular 49,9 17,4 18,1
Wheat straw 38,2 21,2 23,4
Switch grass 31,0 20,4 17,6
Office paper 68,6 12,4 11,3

Note: Since minor components are not listed, these numbers do not add up to 100%
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Wood pulp remains the largest source of cellulose for industrial applications, where the
vast majority is processed for the production of paper and cardboard and roughly 2
% of the processed cellulose is chemically modified into cellulose esters and ethers[90].
These can in turn, be used for specific applications such as coatings, laminates, optical
films and sorption media among many other applications, from building materials to

pharmaceuticals and cosmetics.

Chemically, cellulose is an isotactic 8-1,4-polyacetal of cellobiose which in turn consists
of two molecules of glucose. The elemental compostion of cellulose was determined
already in 1842 by Payen[91]. The constitutional formula and the polymeric nature of
cellulose with the multiple covalent bonds between the glucose units was determined
by Staudinger[92] and Haworth[93]. The constitutional formula of cellulose is shown in

equation 2.4.

CepHi0p+205p+1 ~ (CeH1005)p (2.4)

Where ”p” is the degree of polymerization, equivalent to the number of glucose units
present in the chain, which is 2 for cellobiose and can vary greatly according to the source

of biomass. In table 2.6 a few selected examples where this can clearly be observed are

shown.
TABLE 2.6: Degree of polymerization of cellulose of different origin[94]
Type of Cellulose Degree of Polymerization (p)
Cotton, raw 7 000
Cotton, raw (according to Russian work) 14 000
Cotton, purified 300 - 1 500
Cotton linters 6 500
Flax 8 000
Ramie 6 500
a-Cellulose (isolated from wood fibres 800 - 1 100
Spruce, pulped 3 300
Beech, pulped 3 050
Aspen 2 500
Fir 2 500
Bacterial cellulose 2 700
Acetobacter cellulose 600

The rigidity of cellulose is the result of the long linear chains on glucose units which are
held together by a series of intra-molecular and inter-molecular hydrogen bonds. These
last, despite being significantly weaker than the covalent bonds holding the monomer
units together, are present in such large numbers allowing for the formation of crystalline

domains making the material more resistant. As a result, the solubility of cellulose
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depends greatly on the degree of polymerization. The solubility of cellulose in water
and other common solvents is greatly dependent on the degree of polymerization of the
cellulose. Cellulose with 1 to 6 glucose units dissolve readily in water, 7 to 13 glucose
units will dissolve partly in hot water and chains larger than 30 glucose units will start
forming a dense network of intra-molecular hydrogen bonds[95] clearly depicted in figure

2.15 giving the cellulose its typical properties such as:

¢ High resistance to chemical and biological transformations

¢ Insolubility in most common solvents

These two factors greatly hinder the process of catalytic depolymerization of cellulose
to its glucose units and for an effective use of the catalyst, the cellulose may require
a pre-treatment in order to expose the chemical bonds to the catalyst and increase
reactivity.
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FIGURE 2.15: Structure of Cellulose[96].

2.3.1 Catalytic hydrolysis of cellulose

The use of catalysts for the depolymerization of cellulose and lignocellulosic raw materi-
als have been the focus of much research is the pass 50 years, which resulted in the devel-
opment of knowledge and techniques in this field. As a result, cellulose can be hydrolysed
with positive results using mineral acids such as HyS04[97][98][99], HC1[100][101] and
even HF[102]. However, these techniques have not been introduced for large scale com-
mercial applications due to the complications resulting from applying these catalysts
mentioned for this application. Problems arise such as corrosion, high energy demands,
catalyst recovery and decomposition of the sugars formed[103] with the sulphuric acid
having to be neutralized with a mixture of CaO/CaSO4 which leads to the formation of

large amounts of gypsum as waste[104].
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When using heterogeneous catalysts, the draw-backs imposed by the catalysts on the
process become less profound, however, employing solid acid catalysts introduce a series
of new challenges due to the nature of cellulose which is not easily solubilized in the
reaction medium. The effectiveness of the heterogeneous catalysts is greatly hindered
by the crystalline nature of the cellulose and this becomes a crucial restriction on the
effectiveness of the solid catalyst. The physical barriers such as the crystallinity, mor-
phology, surface area among others have a dramatic effect on the effectiveness of the

catalyst[105].

To overcome this, the depolymerization of cellulose can be performed in a reaction
medium which is able to break down the crystalline structure of the cellulose or the
cellulose must be subjected to a pre-treatment do disrupt the supra-molecular structure
of the cellulosic material. Both these options have the of enhancing the reactivity of the
cellulose towards hydrolysis. These two fields have gradually become a research topic
of their own, with research groups selecting only one type of solvent or cellulose pre-
treatment and testing the catalytic performance of the selected heterogeneous catalyst

under the selected conditions.

2.3.1.1 Reaction media

Cellulose is insoluble in the most commonly used solvents in the chemical industry,
opening the way into research into new varieties of solvents for this particular application.
In order for a solvent to be used in combination with an heterogeneous catalyst, the
solvent must be able to disrupt the cellulose fibres, leaving the hydroxyl groups and -
glycosidic linkages accessible for catalytic attack. Additional requirements are imposed
from the perspective of ”Green” processes and sustainability, where solvent and catalyst
recovery is desirable together with ease of product separation without having to employ

energy intensive processes.

Plenty of literature can be found where authors describe the effects of different substances
on cellulose. The effects of the solvents on the cellulose can be described as being
a swelling agent or dissolving agent[106] and sometimes both. The interaction of the
solvent with the cellulose can additionally be described as being derivatizing or non-
derivatizing, with the derivatizing solvents being chemicals which are capable of reacting

with the cellulose forming a covalent chemical bond between the two.

Navard et al.[107] studied and characterized the effects of several non-derivatizing sol-
vents and the behaviour of cellulose fibres dipped in various chemical. Ultimately he
divided the effects of the solvents on the cellulose in different modes shown in the fol-

lowing list and in figure 2.16.
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{ Mode 1: Fast dissolution by disintegration into rod-like fragments
{ Mode 2: Large swelling by ballooning, followed by dissolution of the whole fibre

{ Mode 3: Large swelling by ballooning, followed by partial dissolution of the fibre,
keeping its fibre shape

{ Mode 4: Homogeneous swelling, with no dissolution of any part of the fibre

{ Mode 5: No swelling and no dissolution (Case of a non-solvent)

Confont of <17% 10— 24% 25-35% >35%
water ]

Swelling Dissolution by Swelling by ballooning, Swelling by Homogeneous
and disintegration in : : ballooning, swelling,

: . ; dissolution " - ) 3
dissolution spindle (Mode 2) no dissolution no dissolution
mechanisni (Mode 1) (Mode 3) (Mode 4)
10 pm Wood fibre Wood fibre Wood fibre Cotton fibre
*—e

FI1GURE 2.16: Different swelling and dissolution mechanisms for cotton and wood fibres
in NMMO - water mixtures at various water content[107].

The difference between swelling and dissolution lays in the effect of the swelling agent on
the cellulose. The swelling agent can diffuse through the system of pores and channels
of the cellulose leading to some degree of splitting of the hydrogen bonds. This however

occurs mainly in the amorphous regions of the cellulose.

Table 2.7 shows a series of solvents and swelling agents which have shown positive results
as swelling agents or in the dissolution of cellulose. From this list, ionic liquids have been
the focus of many research groups since the breakthrough of Rogers et al. who showed
that alkylmethylimidazolium ionic liquids are able to dissolve cellulose[110] and later
even wood[111], leaving the glycan-linkages accessible for catalytic attack. Despite the
success of ionic liquids, the recovery and reuse remain a big challenge; making scaling
up from laboratory scale to pilot plant and even commercial scale impractical[112].
Additionally, the presence of long polymer chains of cellulose in the solution greatly
increases the viscosity of the medium, and no more than 10 to 15 wt% of cellulose can

be dissolved at a time[113].
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TABLE 2.7: Some solvent media for cellulose. Adapted from [108] and [109]

Class and type

Some examples

Aqueous systems

- Transition metal complexes
containing NHs and/or amine ligads
- Transition metal tartrates

- Quartenary ammonium hydroxides
- Alkali hydroxides

- Tertiary amines oxide

Molten salt hydrates
- Swelling agents

- Solvent media

Nonaqueous systems
- Alkyl imidazolium ionic liquids

- N-Alkylpyridinum salts
- Tertiary amine oxide

- DMSO-based solvent media

- Liquid NHgs-based solvent media
- Dipolar aprotic solvents/LiCl

- Tricomponent solvent media

Cadoxen, Cupren, Cuam, Zincoxen

FeTNa, Nag [Fe(C4H306)3]

Triton B, TEOH, Triton F, Guanidinium hydroxide
NaOH, LiOH

N-Methylmorpholine- N-oxide

LiCl.xH50O (2<X <5), ZH(N03)2.6H20, NaClO4.H,0
Mg(ClO4)2.HQO, LiClO4.3H20/CaC12.6H20
ZnCls.4H50, LiClO4.3H>0, ZD(N03)Q.XH20 (X<6),
FeC]36HQO, LISCN2H20, LIIQHQO,
LiClO4.3HQO/MgCIQ.6HQO, etc..

EMIMCIL, BMIMCI, EMIMAcO, BMIMAcO,
EMIMOP(O)(OMe),

N-Ethylpyridinum chloride

N-Methylmorpholine- N-oxide

DMSO/methylamine, DMSO/KSCN, DMSO/CaCls,
DMSO/tetrabutylammonium fluoride (TBAF)

NH; /NaI(NH,4I), NH;/NaSCN(NHSCN)

N, N-Dimethylacetamine /LiCl,
N-Methylpyrrolidone/LiCl

NH3/NaCl/DMSO, Ethylenediamine/Nal/
N,N-Dimethylformamide, Diethylamine/SO2/DMSO

In addition to the non-derivatizing agents mentioned in table 2.7, there is the class of
derivatizing solvents. These are solvents which are capable of forming ”unstable” ethers,
esters or acetal derivatives with the cellulose, breaking down the crystalline domains.
Derivatizing solvents are often small organic molecules which are capable of reacting
with the hydroxyl groups forming weak and reversible covalent bonds, which should be
easily decomposed by changing the medium conditions such as pH or changing from a
non-aqueous to an aqueous system. These systems can offer an acceptable alternative
to the ionic liquids, however the major disadvantage of derivatizing solvents lays in the
formation of undefined structures. Figure 2.17 shows several derivatizing solvents and

the respective intermediates formed.

For this research, a lot of focus has been on the effects on cellulose by formic acid and to
study if some synergetic effect can be observed by using formic acid in combination with
heterogeneous catalysts under which zeolite 8. Formic acid was chosen in particular

since the reaction of HMF with water will lead to its formation, together with levulinic
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FIGURE 2.17: Representative examples of derivatizing solvents of cellulose and respec-
tive intermediates[108]

acid. From a kinetic perspective, the presence of formic acid should push the equilibrium
towards the HMF', and from an engineering perspective, since formic acid will be formed
during production, a separation step would to extract the product from formic acid
would be required even if no formic acid would be employed as a solvent. The use of
formic acid as a solvent for the hydrolysis reaction of cellulose it not a widely studied
topic, and to the best knowledge of the author, at the time of writing, only Sun et
al.[114] used formic acid in combination with catalytic amounts of hydrochloric acid to

hydrolyse cellulose at low temperatures (55 to 65 °C) and long reaction times (2 - 9 h).

2.3.1.2 Pre-treatments of cellulose

The solvents described in the previous section aim at disrupting the crystalline structure
of cellulose by chemical means. There are, however, additional techniques which can be
employed before the reaction or the dissolution takes place to attempt at disrupting
the structure of the cellulose. The methods vary greatly, each with its own degrees of
success and drawbacks. Plenty of research has been performed on different techniques to
promote the dissolution of cellulose and they can be grouped in following three different

methods, within which, the techniques explored in this study are included:

¢ Partial chemical degradation
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* Treatment with formic acid: In which the cellulose was allowed to react with

formic acid without an heterogeneous catalyst[108].

{> Mechanical comminution

* Mechanical grinding by ball-milling: by allowing the cellulose to be milled

which converted the crystalline domains to amorphous domains[115].

$ Activation by swelling

* Treatment with salts: Where by making use of salts, the hydrogen bonds

within the cellulose can be disrupted.

The ball-milling pre-treatment proved to be an essential pre-treatment when using micro-
crystalline cellulose (Avicel) used in catalytic experiments when using heterogeneous
catalysts in an aqueous medium. Onda et al.[115] found a strong relationship between
the yield of cellulose and the respective pre-treatment, showing that higher conversion
is obtained after a ball-milling for 48h as it can be seen in figure 2.18 and a very limited
conversion obtained without the pre-treatment. This was explained by a decrease in
both crystallinity and particle size, allowing more of the cellulose to be accessible to the

surface of the catalyst.

100

50

Glucose yields / C-%

0 50 100 150

Ball-milling time / h

Reaction conditions: Cellulose pretreated by ball-milling at shown times 0.05 g, catalyst 0.05 g,
water 5 mL, reaction time 24 h, temperature 423 K.

FIGURE 2.18: Hydrolytic conversion of cellulose over sulfonated activated carbon[115]

2.3.1.3 Solid acid catalysts for the hydrolysis of cellulose

The use of solid acid catalysts for the hydrolysis of cellulose has been the recent fo-
cus of various groups. Table 2.8 shows several used catalysts and their respective yield

and conversion. The yields obtained by employing solid acid catalysts are lower when
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the same reaction conditions are used with homogeneous catalysts, due to the diffusion
limitations imposed by solid acid catalysts. The dimension of the microfibrils are sig-
nificantly larger than the micropores in the solid material, forcing the reaction to only
occur at the surface of the solid, with some authors proposing that the catalytic reaction
occurs as the result of the formation of H3O™ species which is released into the reaction
medium[116].

TABLE 2.8: Recent developments on the transformation of cellulose over acid solid
catalysts[103]

Catalyst Reaction Solvent  Yield (%) Conversion  Ref.
conditions (%)

Several Solid acids 150 °C, 24h  Water 40.5 Not [115]

(Optimal cat: Sul- (Glucose) reported

fonated act. carbon)

Layered HNbMoOg 130 °C, 12h  Water 8.5 (Glucose) Not [117]

reported

Amorphous car- 100 °C, 4h  Water 4 (Glucose) Up to 100  [118],

bon bearing SOzH, 64 (others) [119],

COOH and OH [120]

groups

Amberlyst 15DRY 100 °C, 1h  Ionic >90 (Cello- 100 [121],
liquid, oligomers) [122]
BMIMC1

Onda et al. [115] compared multiple acid catalysts under identical reaction conditions
and as found that materials containing sulfonated active groups out-performed other
solid acids, even if they possessed equivalent densities of acid sites. This was explained
to be the result of the density of the -SO3sH sites which are thought to be found mainly
at the surface of the catalyst, whereas the acid active sites of zeolites are found within
the pores and channels. The work performed by Onda et al. was followed by Sels et al.
[123] who expanded the work to include additional catalysts such as zeolite USY among
others. The results of his work can be seen in figure 2.19, where the yield of glucose
together with other components is given. In his work, he showed that heterogeneous
catalysts with sulphonated groups were particularly active and effective for this reaction.
Zeolite 3 was also one of the catalysts tested for the hydrolysis reaction and, under the

stated conditions, it resulted in a yield of 8% of glucose.

These results will serve as a basis and a reference for this research.
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Reaction conditions: Cellulose pretreated by ball-milling 0.05 g, catalyst 0.05 g, water 5 mL,
reaction time 24 h, temperature 423 K.

FIGURE 2.19: Hydrolytic conversion of cellulose over heterogeneous acids[123]
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Experimental

The chemicals used in this study were of analytical grade, and unless otherwise stated,
used without purification or additional treatments. Where required, Milli-Q water was

used.

3.1 Post-synthesis treatments of Zeolite Beta

3.1.1 Materials

Catalyst samples relevant for this study were purchased from different suppliers. Zeolite
Beta HSZ-930 (Si/Al=12.5; ammonium form with template) and HSZ-940 (Si/Al=25;
ammonium form with template) were obtained from TOSOH Corporation, Zeolite Beta
CP806C (Si/Al=25; Sodium cation with template) and CP806E (Si/Al=12.5; Sodium
cation with template) were obtained from Zeolyst International together with ZSM-5
5510G (Si/Al=55; ammonium form with template); CBV 8010 (Si/Al=80; ammonium
form with template) and CBV 2801 (Si/Al=280; ammonium form with template) and
Amberlyst® 16 wet (Sppr=30 m2g~!; H-Form) was obtained from Sigma-Aldrich. For
two post-synthesis treatments Oxalic acid dihydrate (Purity > 99%) was obtained from
Acros Organics. Ammonium Nitrate (Purity > 98%) was obtained from Sigma Aldrich.

3.1.2 Catalyst preparation and Post-synthesis treatments

Ion exchange Ion Exchange treatment was performed on the sodium containing sam-
ples of Zeolite Beta. Exchange was performed by allowing the zeolite to react in a 0.5
M ammonium nitrate solution at 80 °C for 48 hours. A ratio of 50 to 1 ammonium

nitrate solution to zeolite was used. The samples were extracted by centrifuge and dried

44
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over-night followed by an activation step such as calcination or pyrolysis to remove the

absorbed ammonium.

Calcination Calcination was performed using a Nabertherm P330 oven which assures
steady heating and accurate temperature control. Samples were placed in a crucible as
a flat bed and allowed to heat up to 550 °C at a heating rate of 6 °C min~! and kept at

temperature for 6 hours. This treatment was performed on all samples of Zeolite Beta.

Fenton chemistry Fenton was performed using 1 g of zeolite 5 in 30 ml of hydrogen
peroxide (30 wt%, Merck). A catalytic amount of iron nitrate (Fe(NO3).9H20 (Purity >
98%)) was added, and the reaction medium heated in an oil bath at 343 K and allowed

to react for 24 h. The solids were extracted, washed and dried under vacuum at 353 K.

Steaming Steaming was performed using a Nabertherm P330 Tubular Flow Oven fit
with a glass tube reactor with an insert for the reactor. During steaming, the tube was
constantly fed with a supply of steam provided by a water boiler and a condenser to
recover the excess steam and maintain a supply of water to the boiler. Temperatures of
550 °C were used with a heating rate of 6 °C min~! and a holding time between 1 and
24 hours.

Acid Leaching Acid leaching was performed using an 1 M oxalic acid solution at a
ratio of 20 ml solution per gram of zeolite. The treatment was performed for one hour
at room temperature using glassware and a magnetic stirrer. Upon acid treatment, the
sample was extracted and washed multiple times with Milli-@Q water followed by a drying

treatment over night and a calcination step to remove the absorbed oxalic acid.

Pyrolysis Pyrolysis was performed on the four samples of Zeolite Beta. A Nabertherm
P330 Tubular Flow Oven was used, in combination with a glass tube reactor with an
insert for the catalyst. Nitrogen was allowed to flow through the tube to assure an inert
atmosphere to avoid thermal oxidation of the template and promote coke formation. A

heating rate of 6 °C min~! up to 550 °C was used with a holding time of 90 minutes.

3.1.3 Analysis methods

BET Analysis The specific surface area (BET) and average pore size of the zeo-

lite samples before and after being subjected to various post-synthesis treatments were
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were determined on a Physisorption Micromeritics ASAP 2420 instrument. (Describe

program) p/po for surface area and p/po for pore size measurement.

TGA Thermogravimetric analysis was performed using a Mettler Toledo TGA /SDTAS851¢.

The samples were heated from room temperature to 900 °C at a rate of 10 °C min™"

while being subjected to a synthetic flow of air at a rate of 100 mL min~"'.

TPD Temperature-programmed decomposition of ammonia was performed on samples
to determine the total amount of acid sites on the zeolite. A Chemisorption Micromerit-
ics AutoChem II was used and the samples were subjected to a drying treatment in
the presence of Helium (100 mL min~!) up to 500 °C at a heating rate of 10 °C min~!
followed by cooling to 120 °C at which point the sample was subjected for 30 minutes
to a mixture containing 1 vol.% of NH3 in Helium at a rate of 25 mL min~! to allow
the sample to adsorb the ammonia. After a purge flow of Helium to remove excess and
weakly absorbed ammonia, the sample was heated to 1000 °C at the same heating rate
of 10 °C min~! during which time the desorption of ammonia from the sample was

monitored.

X-Ray diffraction The X-ray analysis was performed using a Panalytical Axios FAST
spectrometer. The long range order of the catalyst was scanned in the range 5° < 20 <

60° with 0.02° increments.
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3.2 Dehydration of Fructose to HMF

3.2.1 Materials

The chemicals used for this part of the studied were D-(4)-Fructose which as obtained
from Sigma-Aldrich. DMSO (purity > 99.5%) from Sigma-Aldrich. HMF (purity >
99%) purchased from SAFC and 2-Butanol anhydrous (purity > 99.5%) from Sigma-
Aldrich. The catalysts used were the same used in section 3.1.1 and were subjected to

the various post-synthesis treatments described in section 3.1.

3.2.2 Experimental apparatus

Microwave reactor A CEM Discover SP-D microwave reactor was used to perform
microwave assisted reactions. A temperature set-point of 150 °C was used with a holding
time of 20 minutes and a maximum pressure of 20 bar followed by cooling. This reactor
was used for preliminary studies, however the unknown effect of the microwave radiation
on the zeolites and the possibility of the formation of localized hot-spots shifted the
attention of the research to the traditional methods such as autoclaves and oil-bath as

a source of heating the reaction medium.

Glass ware Reactions were performed in a 100 mL three-necked-flask fit with a con-
denser with a constant supply of cold water and a teflon-lined magnetic stirrer. A hot
oil bath was used for heating the reaction medium. Glassware was used for experiments,

in which constant sampling at small time intervals was required.

Autoclaves Reactions performed in autoclaves were performed in a system acquired
from Amar Equipments. Four parallel installed autoclaves (M4) shown in Figure 3.1,
each having a capacity of 50 mL offered the possibility of performing reactions, with a
heating rate of roughly 10 °C/min~! while allowing for the monitoring of the temperature
and pressure within the reactors. The system offered additionally the possibility of
internal cooling through internal tubes present within the autoclaves, mechanic steering
and the feeding of pressurized hydrogen and the possibility of relieving pressure from
the reactors.. These last two options were not used, however their presence resulted
in great inconvenience as it made effective cleaning very time consuming and difficult

which increased the risk of cross-contamination.
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FIGURE 3.1: Multiple stirred autoclave system (M4) from Amar Equipment.

Pressure Tube reactor Reactions were performed using Ace Pressure Tubes of Bush-
ing type shown if Figure 3.2, (Front seal, volume ~ 9 mL, L x O.D. 10.2 cm x 19 mm)
purchased from Sigma Aldrich, heated in oil bath with a small magnetic stirrer. The
reactor tubes are pressure rated to 150 PSIG, a pressure which can be obtained when
reaching a temperature of ~ 180 °C using water. For safety reasons, no reactions were
performed in these reactors above 150 °C. The tubes were used with a combination of an
oil-bath which allowed for a rapid heating of the reaction medium. The reactions were
performed at a temperature of 130 °C and reaction times ranging from 1 to 24 hours.
After the reaction took place, the tubes were allowed to cool to room temperature in
two gradual steps by first immersing the tubes in a hot water bath shortly followed by
a cold bath to assure the reaction would cease and the contents moved to a small vial
and the weight was measured to assure no leakages took place. The sample was then
filtered and analysed by means of HPLC according to section 3.2.3. In the experiments
where 2-butanol was used as the reaction medium, the samples for the HPLC were di-
luted more than normal due to the limited dilution of 2-butanol in water, which caused
partial phase separation (organic and water phase). The use of an agitator was required

to assure a homogeneous solution.
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FIGURE 3.2: Ace pressure tube.
3.2.3 Analysis methods

HPLC The composition of the liquid fraction of the reaction medium was determined
by HPLC. The HPLC system used consists of a Hewlett Packard 1050 pump, a Bio-Rad
organic acids column Aminex HPX-87H operated at 60 °C and a Waters 410 differential
refractive index detector. An aqueous mobile phase solution of 5 mM sulphuric acid
was used at a flow rate of 0.55 cm?m™~!. An analysis time of 4 minutes was chosen as
the main reactants and products were separated within this analysis time. For each
compound of interest, a calibration was performed using standard solutions with known
concentrations of the reactants, allowing for a relationship between the area under the
peaks and the respective area to be made. All solutions containing zeolites were filtered
using a 0.45 pm hydrophobic membrane syringe filter to remove solid particles which

could potentially block or damage the separation column.
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3.3 Hydrolysis of Cellulose

The acid-catalysed hydrolysis of cellulose was studied experimentally on laboratory scale.
The heterogeneous zeolites used for these experiments were subjected to post-synthesis

treatments which are described in 3.1

3.3.1 Materials

Avicel® Micro-crystalline cellulose PH-101 (Particle size ~ 50 ym) was purchased from
Fluka Analytical. D-(4)-Glucose was obtained from Sigma-Aldrich. Sodium Chloride
(purity > 99.5%) from MERCK. Levulinic acid (purity > 98%) from Sigma-Aldrich.
Acetic Acid was acquired from ACROS.

3.3.2 Experimental conditions
3.3.2.1 Pre-treatments

Ball-milling pre-treatment was performed using a GerMatec TopFroller Typ: TPRO,
fitted with a 5 L Zirconium oxide bottle loaded with 55 balls of zirconium oxide, each
weighing 1.9 g. 100 g of samples were processed in this way for a period of 48 hours.
The cellulose was dried for 2 hours in an oven at 80 °C prior to being subjected to the
pre-treatment to assure the sample was dry and no aggregation would take place. The
effect of the ball-milling on the crystallinity was analysed by X-ray diffraction. The
milled cellulose was further used as a starting source of cellulose for studying the effect

of different solvents and catalysts on the hydrolysis reactions of cellulose.

NaCl was used to test the effect ions had on the structure of the cellulose. 7.5 grams
of NaCl were used together with 30 ml of water and 1 gram of cellulose and allowed to
react for a period of 24 hour at 160 °C. The cellulose was then extracted by centrifuge
and washed multiple times with Milli-Q water to remove the excess salt. The cellulose

was then dried over night at 80 °C and analysed by X-ray diffraction.

3.3.2.2 Reactions
3.3.3 Product analysis

To study the effect various treatments had on the crystallinity of Avicel was performed by

subjecting the various samples to an X-ray diffraction analysis using the device described
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in section 3.1.3. The diffraction patterns were measured in the range 5° < 20 < 70° with
0.02° increments. Upon reacting, the products were analysed by HPLC using the HPLC
column described in section 3.2.3 with the reactants of interest with their respective
separation time being: Glucose (=~ 11 minutes); Fructose (= 12 minutes); Formic acid

(~ 17 minutes); Levulinic acid (=~ 19 minutes) and HMF (~ 33 minutes).
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Results and discussion

This study was performed in three distinct steps.

¢ Firstly; the properties of the different varieties of zeolite 8 were studied together with

the effects of the various post-synthesis treatments thereon. (Section 4.1).

¢ Secondly; the dehydration reaction of D-fructose to HMF was studied, while focusing

on the various versions of the zeolite 5 as the selected catalyst. (Section 4.2).

¢ Thirdly and finally; the effectiveness of zeolite 5 on the hydrolysis of microcrystalline

cellulose was studied while focusing on:

« Effect of pre-treatments of cellulose. (Section 4.3).

* Swelling of cellulose by formic acid. (Section 4.3).

In all three studies, the focus resided on the various versions of zeolite 5 and their effects

of conversion and selectivity for the selected applications.

4.1 Post-synthesis treatments of Zeolite Beta

The effects of the different post-synthesis treatments described in section 2.1.4 on four
different versions of Zeolite 8 were studied. The four different versions of zeolite 5 with
together with three versions of zeolite ZSM-5 is shown in table 4.1 with the respective
naming code which is used throughout this study, the source, the cation form and the

respective original silica to aluminium ratio.

Table 4.2 shows the sequence in which the samples were subjected to the different treat-

ments. For naming simplicity, the initial of the treatment was added to the end of the

52
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TABLE 4.1: Sources and initial composition of Zeolite

Catalyst Naming Code Source Cation form Original Si/Al ratio
Zeolite Beta CP806C Zeolyst Sodium 25
Zeolite Beta CP806E Zeolyst Sodium 12.5
Zeolite Beta HSZ930 Tosoh ~ Ammonium 12.5
Zeolite Beta HSZ940 Tosoh ~ Ammonium 25
ZSM-5 CBV 5510G Zeolyst Sodium 50
ZSM-5 CBYV 8010 Zeolyst Sodium 80
ZSM-5 CBYV 2801 Zeolyst Sodium 280

same of the sample. For example, HSZ930_ C_ AL represents the 7 sample HSZ930 after
being subjected to a calcination pre-treatment followed by acid leaching. Other initials
include S for steaming, P450 and P550 for pyrolysis at 450°C and 550°C respectively,
IE for Ion exchange and F for Fenton technology.

TABLE 4.2: Scheme of Post-synthesis treatments of Zeolite

Ve Steaming

Calcination
Ve N Acid Leaching
Pyrolysis (450°C) —  Ion Exchange
/!
Zeolite 3 — Pyrolysis (550°C) —  Ion Exchange
- HSZ930
CHSZ940 N\,
- CP603C Fenton
- CP603E Calcination

Ion Exchange Pyrolysis (450 °C)

YR

Pyrolysis (550 °C)

The resulting samples were analysed by TGA, Ny physisorption, X-ray diffraction and

ammonia TPD.

4.1.1 Physicochemical characterization

TGA Thermogravimetric analysis was used to determine the content of carbon present
in the samples. The zeolite material is quite inert to TGA, however other molecules
present within the structure are not. TGA is of particular interest to determine the
carbon content present within the pores which originates from the template and infor-

mation regarding the Si/Al ratio can also be obtained. It must be noted that zeolites
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have a natural tendency to absorb water from the air, which is gradually released as
the temperature rises up to 100 °C. TGA was performed on samples of zeolite 5 which
were subjected only to thermal treatments, since the other treatments were subjected
to calcined samples, at which point little to no carbon was present within the material.

Testing these samples would give little relevant information.

Figure 4.1 shows the different TGA charts from the four original zeolite S samples
showing the percentage weight loss and the derivative weight loss as a function of the
temperature. Four distinct peaks can be observed, namely at: 80 °C, representing
the mass loss as a result of the release of absorbed water; the peak at 350 °C can be
attributed to Hoffman elimination of TEA™ into triethylamine and ethene, if the TEA™
was associated with the [AlO2]™ in the structure, the TEA™ will decompose to form a
BAS (Bulky alkoxy species) linked to the structure. This will lead to a smaller mass loss
in this region for zeolite 8 samples with higher aluminium content as it is the case with
HSZ930 and CP806E which have a smaller Si to Al ratio, and thus less aluminium in
the structure. The third peak at 450 °C is due to the desorption of ethene, ethylamines
and ammonia formed during the Hoffman elimination of the TEAT. The final peak at

650 ° is caused by combustion of remaining carbon species.

These results agree with the theory[124], showing that the two zeolite 8 samples which

have the higher aluminium content have a smaller peak at 350 °C..

FIGURE 4.1: TGA analysis of Zeolite Beta
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Figure 4.2 shows the TGA analysis of the original HSZ930 and after being subjected to
three different thermal treatments, namely calcination and pyrolysis at 450°C and 550°C
respectively. The usefulness of the TGA is of particular interest for this comparison,
as it allows for an easy determination of the carbon content in the samples after the
treatment. This applies particularly to the samples of zeolite § which were subjected
to a pyrolysis treatment, in which it was expected that the template would thermally
decomposed without oxidation resulting in the formation of coke within the pores. It
can be seen that the pyrolysed samples show a slight larger mass losses in the 500°C to
800°C range than the calcined sample which can be the result of the release of carbon

in the form of carbon dioxide.

The mass losses are however much smaller than expected, as it was expected that much
of the mass present in the template would be still remaining within the pores in the form
of coke deposits, making the material hydrophobic. After further research, it became
apparent that upon heating the template TEAT within the zeolite, it would follow a
Hofmann elimination into tryethyl amine and ethene which can freely diffuse from the
structure of the zeolite without the presence of oxygen. Only a small amount of carbon
was left within the structure, probably due to some carbon becoming chemically bonded

to the active sites within the structure of the zeolite.

FIGURE 4.2: TGA analysis of Zeolite Beta
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Table 4.3 clearly shows the mass loss per sample caused by the respective pre-treatment.
Here, the difference between the original material and the samples subjected to the
thermal treatments can clearly be seen, with the pyrolysed material having a slightly

larger mass loss compared with the calcined material.

TABLE 4.3: TGA analysis of HSZ930 subjected to various PST

Catalyst Original Calcination Pyrolysis at 450 °C  Pyrolysis at 550 °C

HSZ930 24,9% 1,6% 2,0% 4.1%

Weight loss % of the original material in the 200 °C to 850 °C range.

Figure 4.3 shows the four different samples of zeolite 8 which were subjected to pyrolysis
at 550°C. Here, the goal was to determine if the different silica to aluminium ratio or the
present of different cations played a role in the formation of coke within the pores of the
zeolites. This was motivated by a distinct color difference between CP806C_ P550 and
the remaining samples, as the first was significantly darker, nearing carbon black color,
whereas the other three samples were of a light grey color. This lead to believe that
CP806C_ P550 had a larger carbon content. From the TGA analysis it can be noticed
that this is not the case, with a negligible difference between the four samples which do

not explain the distinct color difference.

FIGURE 4.3: TGA analysis of Zeolite Beta
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Physisorption analysis Physisorption analysis was performed using both nitrogen
and argon, with the objective of studying the effects of the different detemplation tech-
niques on the catalysts. The tests allow for a comparison between the detemplation
treatments, namely: Calcination and Fenton and their effects on the surface area, the
micropore and the mesopore volume of the zeolite material. Zeolite 5 HSZ930 was used

for this study.

In table 4.4 the effects of subjecting zeolite S to calcination at 550 °C and fenton
chemistry are shown. Both treatments resulted in a three-fold increase in BET surface
area when compared with the native material, while the external area only shows a slight
increase. This confirms the removal of the template from within the structure, resulting
in freeing the pores and channels allowing for other molecules to be absorbed within
the structure. This is confirmed with an increase in both the mesopore and micropore
volume. The two different treatments show similar results, however fenton chemistry
shows an increased mesopore volume and a smaller micropore volume when compared

with calcination.

TABLE 4.4: Physisorption analysis of Zeolite 8

Catalyst sample SBET External Micropore Mesopore
sample Surface area Surface area  volume volume
m2g1 m2g~! cmBg~! cmBg~!
HSZ930¢ 204 189.4 0.005 0.32
HSZ930° 181 215.5 0 0.29
HSZ930_C* 649 255.6 0.182 0.394
HSZ930_C° 577 318.6 0.182 0.443
HSZ930_F (Act 550 °C)® 654 290.9 0.176 0.466
HSZ930_F (Act 550 °C)® 571 321.2 0.098 0.425

% - Analysis performed under Nitrogen.
b _ Analysis performed using Argon

Ammonia TPD By monitoring the rate at which ammonia desorbs from the zeolite
at a respective temperature, it is possible to determine the relative concentration of

active sites within the structure.

TABLE 4.5: Ammonia TPD of Zeolite 5 samples

Catalyst sample Acidity (a.u.)
HSZ930_C 865.6
HSZ930_F 1124.9
HSZ930_F(Act 350 °C) 1541

HSZ930_F (Act 550 °C) 926.5
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Zeolite g HSZ930 was detemplated using four distinct methods. By subjecting these four
samples to Ammonia TPD, the relative concentration of acid sites can be determined.
In table 4.5 it can be seen that by subjecting the zeolite to fenton chemistry followed
by activation results results in a larger amount of active sites then when using simple
calcination to remove the template. Activating the sample at different temperatures after
being subjected to fenton chemistry also has a significant impact, with an activation at

350 °C showing significantly higher acidity.

4.2 Dehydration of Fructose to HMF

The catalytic effect of applying modified versions of zeolite 8 for the dehydration of
fructose to HMF was investigated using DMSO and 2-butanol as solvents. These sol-
vents have the advantage of hindering the re-addition of water to HMF suppressing the

formation of levulinic acid and formic acid.

4.2.1 DMSO as a solvent

DMSO was chosen as it is a widely used solvent for this reaction. In the system which
made use of DMSO as a reaction solvent, the reactions were performed using four dif-
ferent reaction set-ups, namely: Microwave assisted heating, glassware, autoclaves and
pressure tubes.

The reaction conditions were similar to the conditions stated in the literature by the

work of Shimizu et al.[86] without making use of the vacuum.(Table 2.4 in section 2.2.2)

When attempting to replicate the results stated by the literature, it was found that the
catalyst had no significant effect on either the yield or the conversion and that significant
yields were already obtained in the absence of a catalyst. This can be clearly observed
in figure 4.4, where the same reaction was performed in the absence of a catalyst and in
the presence of HSZ930 which was subjected to a calcination treatment and to a fenton
chemistry treatment to remove the template. It can be seen that the reaction reaches
an equilibrium after a reaction time of 40 minutes, independently of the presence of a

catalyst.

The results obtained forced the reaction to be replicated in the four different set-ups
mentioned in an attempt to match the effectiveness of catalysts stated by several sources
in the literature[82][83]. After similar results were obtained in all four systems, it was
concluded that a comparative study between the different heterogeneous catalysts could

not be performed when using DMSO as a reaction medium.
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Reaction performed in glassware.

FIGURE 4.4: Yield of HMF and conversion of the dehydration reaction of Fructose to
HMF in DMSO

When attempting to explain the obtained results and the differences between these and
the values stated in several literature sources and used as a reference, it was later found
that DMSO acts by itself as a dehydration medium. As such, DMSO is able to coordinate
water molecules around itself, promoting the dehydration reaction and hindering the
formation of additional by-products which would result from several hydration reactions
with water. This was backed by studies performed by Munavu et al.[82] who studied the
relationship between the concentration of fructose and the yield of HMF using DMSO

as a solvent in the absence of any catalyst.

4.2.2 2-Butanol as a solvent

The dehydration reaction was studied using a one phase system using 2-butanol, as an
alternative medium for DMSO. The reaction conditions were based on the findings of
Reiche et al.[87] who used 2-butanol as a solvent to test different heterogeneous cata-
lysts, among which functionalized carbon nano-tubes catalysts, ZSM-5 and H-mordenite
with good results as shown in figure 2.14 in section 2.2.2. This reaction was of particular
interest for this study as Reiche showed that ZSM-5, a zeolite with smaller pores than
zeolite 3, showed good catalytic activity for this reaction and additionally, no reaction
took place in the absence of a catalyst, also shown figure 2.14. These two factors to-
gether, made 2-Butanol a good candidate allowing the study of the relationship between
different post-synthesis treatments and the catalytic activity of zeolite .

Reactions were performed using ace pressure tubes using similar conditions stated by
Reiche, namely 130 °C, 0.125 g of D-Fructose, 0.05 g of catalyst in 5 g of 2-Butanol.
The products were analysed by HPLC, however this analysis method was not optimal

for two reasons. Firstly, the peak of HMF is near the larger peak caused by the presence
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of 2-Butanol. This resulted in the peak of HMF to be affected to some degree by a
shouldering effect caused by the solvent. Additionally, 2-Butanol showed limited solu-
bility in water, with some phase separation taking place and the presence of droplets
of 2-butanol within the HPLC analysis vials. Agitation was used in order to obtain a
good degree of mixing, although with limited success. Limiting the amount of 2-butanol
in the HPLC vials helped solve this issue, however it increased the shouldering effect

during analysis, leading to unreliable results.

The results can be viewed in table 4.6 where the catalytic performance of zeolite 3 is
compared with ZSM-5 and a blank reaction. The presence of ZSM-5 resulted in no
detection of fructose in the solution. This can be explained by either a fast reaction to

an intermediate or as a result of absorption of fructose into the pore structure of the

zeolite.
TABLE 4.6: Fructose to HMF reaction in 2-butanol.
HSZ7930_C ZSM-5 No Catalyst
Time (h) Yield Conversion Yield Conversion Yield Conversion
1 27% 20% 40% 100% 0% 13%
3 39% 56% 65% 100% 28% 34%
5 42% 72% 48% 100% 34% 42%

Reaction conditions: Fructose: 0.125 g, catalyst: 0.05 g, 2-butanol: 6.18 ml, temperature 403
K. Reaction performed in pressure tubes with magnetic steering.

Additionally, it can be seen that there is formation of HMF in the absence of a catalyst.
This contradicts the work stated by [87] who showed that no HMF was formed in the
absence of a catalyst under similar conditions. The yield of HMF in the presence of
a catalyst is larger when compared with the equivalent reaction in the absence of the
catalyst, with zeolite 8 giving a yield increase of 10% after 3 and 5 hours of reaction.
Zeolite 8 proved, however, not to be as effective for this application as ZSM-5 which
showed better yields of HMF.

4.3 Hydrolysis of Cellulose

Avicel was used as a source of micro-crystalline cellulose, being present mainly in the
crystalline form with limited amount of amorphous material. Avicel is often chosen as
the source of cellulose for research purposes, as it is present in its near pure crystalline
form, being the part of cellulose which is the most resilient to physical and chemical
treatments. This makes avicel the ideal material used to perform research the effects of
different catalysts and solvents on cellulose.

From the literature[115] it became evident that heterogeneous catalysts were ineffective
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at promoting the hydrolysing avicel without some form of pre-treatment. This is due to
the strong crystalline structure of the cellulose, containing a vast network of enter and
intra-molecular hydrogen bonds which protects the structure from catalytic cleaving.
As a result, very low yields are obtained without some form of treatment to disrupt the
hydrogen bonds responsible for keeping the crystal structure whole. The hydrolysis of
cellulose was studied in two distinct ways, where firstly techniques which decompose the
structure of cellulose are studied, designated ”pre-treatments of cellulose” and secondly,
the techniques which hydrolyse cellulose into its basic constituents were studied, by

combining them with the best ”pre-treatment of cellulose”.

4.3.1 Pre-treatments of cellulose

A short study was performed on different pre-treatments on Avicel, prior to subjecting
the treated cellulose to catalytic hydrolysis. The treatments studied include mechanical
grinding by subjecting the cellulose to a ball milling treatment for 48 h, activation by
swelling, by treating the avicel with salts and chemical degradation by subjecting the

cellulose to a treatment with formic acid.

The effect of different pre-treatments on the micro-crystalline Avicel (cellulose) was
analysed by means of XRD as shown in figure 4.5 with the diffraction peaks of interest
attributed to the long range order of the cellulose being found mainly in the 18 26 and
the 25 26 region.

Pre-treatment by ball milling proved to be the most effective in reducing the crystallinity
of Avicel. This effect can be due to the shattering or marring of the crystalline domains,
increasing the amount of amorphous materials, while the degree of polymerization of the
material might have been kept unchanged. Onda et al. [115] showed that the average
particle size of avicel decreased from 50 pum to 5 um after subjecting the cellulose to a

ball-treatment of 48 hours.

The pre-treatment by subjecting the Avicel to a solution containing formic acid and
water shows negligible changes in the XRD patterns, while the HPLC results shown in
table 4.8 in the following section showed the formation of 15% yield of glucose. The
XRD pattern suggests that the formic acid interacts with the cellulose at the outer layer
of the crystallites where it acts as a derivatizing solvent and subsequently, hydrolyses the
glucose units. If the avicel is subjected to formic acid for relative short periods of time,
the core of the crystallines seems to remain intact. As a result the peaks representing

the long range order of the crystal remaining virtually intact.
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FicUure 4.5: XRD Pattern of cellulose samples. Original Avicel, Avicel pre-treated
with Formic Acid for 30 minutes and Avicel pre-treated by ball milling for 48 h.

Avicel was also subjected to a treatment with 25 wt% solution of sodium chloride salt.
The large concentration of ions in the solution should disrupt the hydrogen bonds within
the crystalline structure of the cellulose, opening the structure and allowing catalytic

access to the §-glycosidic linkages holding the glucose units together.

Catalytic tests were performed to analyse the effects of the different pre-treatments on
the cellulose. Zeolite g HSZ930_ C was included in these tests. Reactions were performed
in water using Avicel before and after being treated and the treatments include ball-
milling and sodium chloride with the results shown in table 4.7.

TABLE 4.7: Reactions using untreated Avicel and Avicel treated by ball-milling in an
aqueous medium.

Yield % of glucose
Catalyst Untreated Avicel Ball-milled Avicel Treated with NaCl
No catalyst 0% 0% 0%
Zeolite 3 1.1% 2.7% 0.3%
Reaction conditions: Avicel pretreated by ball-milling (48 h) 0.05 g, catalyst 0.05 g, water 5
mL, reaction time 24 h, temperature 393 K.

It can be seen that adding salt had no effect on the hydrolysis of cellulose in the absence
of a catalyst and a negative contribution in the presence of zeolite 8. This can be
attributed to the effect of salt on the zeolite 8, which readily acts as a ion exchanger,

with the sodium replacing the active sites within the zeolite, neutralizing the active
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acid sites and deactivating the zeolite. Evidence for this comes from the general use
of zeolites as water softeners in detergents, where zeolites are used due to their cation
absorbing properties. Ball-milling had a positive effect on the yield of glucose when
used in combination with zeolite 8. This may be due to the disrupting of the crystalline
domains or the decrease in article size combined with an increase in surface area of the
cellulose, making encounters between the two solids more likely in the reaction medium.
Based on these results, ball-milled cellulose was chosen as the selected pre-treatment to

study the hydrolysis reaction of cellulose.

4.3.2 Formic acid as a reaction medium for the hydrolysis of Cellulose

Formic acid was selected as a reaction medium to study the hydrolysis of cellulose using
various catalysts for two distinct reasons. Firstly, formic acid, together with levulinic
acid is formed as the result of the reaction of HMF with water. HMF can in turn
be formed by several dehydration steps from glucose. Its separation from the reaction
medium would be necessary if it were to be formed. Additionally, formic acid can act as
a derivatizing solvent for cellulose. It is capable of breaking the strong hydrogen bonds

holding the crystalline structure together.

XRD data from the pre-treatment of cellulose using formic acid, suggests that formic
acid is capable of interact with the surface of the crystals of the cellulose, where it
promotes the hydrolysis, maintaining the inner core of the crystallites intact. This
suggests that formic acid is more suited as a reaction medium instead of a pre-treatment
of the cellulose. Additionally, formic acid is a weak acid, and it is capable of hydrolysing

cellulose to a certain extent without the presence of additional catalysts.

Firstly the effect of combining pre-treating avicel by ball milling with formic acid was
studied. The ball milling treatment of cellulose consisted of a 48 hours treatment prior
to the reactions. The results are shown in table 4.8, where it can be seen that by
combining formic acid and with the ball-milling treatment leads to significant larger
yields of glucose. After a 5 hour reaction, yields of 40% can be obtained in the absence
of a catalyst with a lower yield in the presence of zeolite 5. The yield obtained is
significantly larger than the reactions performed in an aqueous medium shown in table
4.7 in the previous section, even without the presence of a catalyst. This can be due to
the fact that the formic acid acts as a homogeneous catalyst on its own, being able to

hydrolyse the cellulose.

The synergistic effect of ball milling with the formic acid can be explained by a com-
bination of two factors. The ball milling is capable of shattering the crystallites of the

cellulose, decreasing the particle size from 50 pm to 5 pm, as shown in Onda’s work
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[115]. The reduction in particle size will result in a significant increase in available
surface area for catalytic hydrolysis by formic acid. Adding zeolite 8 to the reaction
medium causes a reduction in the yield of glucose. This effect was studied and explained
later this chapter.

TABLE 4.8: Reactions using untreated Avicel and Avicel treated by ball-milling in
formic acid.

Yield % of glucose

Catalyst Untreated Avicel Ball-milled Avicel
No catalyst 14% 40.4%
Zeolite 3 11% 34.6%

Reaction conditions: Avicel pretreated by ball-milling (48 h) 0.05 g, catalyst 0.05 g, Formic
acid: 4 mL, water 1 mL, reaction time 5 h, temperature 393 K.

Formic acid - Derivatizing solvent and catalyst In order to determine if the
catalytic effect of formic acid on the hydrolysis of cellulose is caused strictly by the
weak acidity of the formic acid or a combination of the derivatizing properties of formic
acid and its acidity, a set of experiments were performed by combining formic acid
and sulphuric acid. The objective was to determine the yield of glucose would vary
with different amounts of sulphuric acid and formic acid, while maintaining a constant

concentration of protons in the solution®.

TABLE 4.9: Homogeneous acid catalysed reactions of cellulose

FA:H>O %wt ratio 4:1 3:2 2:3 1:4 0:5
Weight (g) Weight (g) Weight (g) Weight (g) Weight (g)

Formic Acid (95%) 4.00 3.00 2.00 1.00 0.00
H2SO4 (0.1M) 0.00 0.60 1.30 1.95 2.60
H>O 1.00 1.40 1.70 2.05 2.40
Theoretical!

Conc. of [HY] 0.06 0.06 0.06 0.06 0.06
(mol dm~3)

Respective pH 1.22 1.22 1.22 1.22 1.22
Glucose yield (%)

Exp. 1 41.0 39.0 21.0 16.5 11.5
Exp. 2 40.5 - 20.0 17.0 11.0

Reaction conditions: Milled avicel 0.045 g, reaction time 5 h, temperature 393 K performed in
ace pressure tubes with magnetic stirring.

The results can be seen in table 4.9, where the composition of the solvent for the different

reactions is shown, with different amounts of formic acid, a 0.1M solution of sulphuric

1The proton concentration was calculated using the ka values for the respective acids at the stated
concentrations. The ka values apply however only for dilute aqueous solutions. The large amounts of
formic acid present in the different solutions may lead to different proton concentrations. pH meters
were also not suited to determine the pH of the solutions as the electrodes used are not designed to
measure the pH in solutions with such high concentrations of weak acid.
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acid and water. The composition of the solvent was calculated using the ka values for
each acid. The yield of glucose can be seen for the respective experiments, where it can
be seen that higher yields of glucose are obtained when formic acid is present in large
amounts, with a yield of 41% of glucose obtained with a wt% ratio of 4:1 formic acid to
water is used. The reaction with equivalent proton concentration but when using only
sulphuric acid, a yield of 11.5% is obtained. This would indicate that formic acid acts
not only as an acid, but that its derivatizing solvent properties promote the hydrolysis of
cellulose by marring the crystalline structure, making the cellulose accessible for catalytic

attack.

4.3.3 Formic acid and zeolite

The effect of combining zeolite § with formic acid for the hydrolysis of cellulose was
studied using ace pressure tubes under various conditions. Comparative studies include

the following conditions:

& Temperature effect: By performing reactions at 120 °C and 150 °C.
¢ Amount of formic acid used: By performing reactions in:

x 4:1 system: containing 4 g of formic acid and 1 g of water
* 1:4 system: containing 1 g of formic acid and 4 g of water

* 0:5 system: containing 0 g of formic acid and 5 g of water
& Using different catalyst:

x Zeolites: Zeolite 8: HSZ930_C; HSZ930_F; CP906E_P450. Zeolite ZSM-5_C
x Jon exchange resins: Amberlyst 16

* Homogeneous catalyst: Sulphuric acid

Temperature dependency The products of the hydrolysis of cellulose was studied
at different temperatures, namely 120 °C and 150 °C.

Figure 4.7 and figure 4.6 show the effect of the zeolite 5 on the yield of glucose, HMF
and levulinic acid at 120 °C and 150 °C respectively using a 4:1 formic acid to water
solution. The results show that in both systems, the presence of zeolite 8 promotes
the formation of levulinic acid at the expense of the glucose.Additionally, the yield of
glucose in the 120 °C system reaches 40%, twice the amount in the 150 °C system. This
difference may be due to the thermal decomposition of glucose into the precursors of

HMF or leading to the formation of humins through the polymerization of the various
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intermediates, as these solutions were ended up having a dark black color, while the

reactions performed at 120 °C were see-through to slightish yellow.

Additionally, from these experiments, it seems that zeolite 5 has no visible effect on the
hydrolysis of cellulose in the presence of such high concentrations of formic acid. This
can be observed in the first hour of both reactions, as the yield of glucose in the presence

or absence of zeolite § is identical.

1 ---@-- Levulinic acid - Zeolite Beta
—=e— Levulinic Acid - No catalyst
---@-- HMF - Zeolite Beta

40 —| —&@— HMF - No catalyst

1 ---&-- Glucose - Zeolite Beta
—— Glucose - No catalyst

Time (min)

Reaction conditions: Milled Avicel 0.045 g, catalyst 0.05 g, Reaction in Formic acid: Formic
acid: 4 g, water 1 g, temperature 423 K.

FIGURE 4.6: Yield of glucose, levulinic acid and HMF in Formic acid with and without
zeolite 8 150 °C.

-=-@=-= Levulinic acid - Zeolite Beta
—@— Levulinic Acid - No catalyst
---@-- HMF - Zeolite Beta
—&@— HMF - No catalyst
---Ac-- Glucose - Zeolite Beta

—— Glucose - No catalyst

Yield (%)

44

25

Time (hours)

Reaction conditions: Milled Avicel 0.045 g, catalyst 0.05 g, Reaction in Formic acid: Formic
acid: 4 g, water 1 g, temperature 393 K.

F1GURE 4.7: Yield of glucose, levulinic acid and HMF in Formic acid with and without
zeolite 5 120 °C.

Effect of zeolite 5 on glucose The presence of zeolite 8 in the reaction seems to

cause a reduction in the amount of glucose present in the reaction medium. This trend
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was observed in many other reactions performed, where both the reaction time and the

temperature changed. This can be attributed to two distinct factors:

& Absorption of the formed glucose within the pores of the catalyst, resulting in a

reduced concentration of glucose in the reaction medium.

¢ Reaction of glucose to other molecules promoted by the presence of zeolite 3,

resulting in lower yields of glucose.

To verify the possible effect of zeolite 8 with glucose, a solution containing glucose was
allowed to react in an aqueous medium and in formic acid in the absence and in the
presence of zeolite 5. The results can be seen in table 4.10, where it can be noticed that
glucose is converted to HMF, levulinic acid and humins in the presence of formic acid.
This effect is however more noticeable when zeolite 5 is added to the solution, where a
yield of 57% of levulinic acid is obtained when compared with a yield of 43% without the
catalyst. This would indicate that both formic acid and zeolite § promote the reaction
of glucose to HMF and levulinic acid. This would explain the lower yields of glucose
obtained during the hydrolysis of cellulose to glucose in the presence of zeolite 5 shown

in table 4.8.

TABLE 4.10: Reactions using glucose in an aqueous medium and in formic acid.

Conversion and yield of glucose

Catalyst Conversion (%) HMF Yield (%) Levulinic Acid Yield (%)
Reactions in water

No catalyst 9.5 0 0

Zeolite 3 11.2 0 0

Reactions in Formic Acid

No catalyst 75 9.5 42.8

Zeolite 3 87 4.7 57

Reaction conditions: Glucose 0.025 g, catalyst 0.05 g, Reaction in Formic acid: Formic acid: 4
g, water 1 g; Reaction in water: Water 5 mL, reaction time 2 h, temperature 393 K.

Catalytic screening With the effects on zeolite 5 combined the formic acid known,
a screening for additional catalysts was performed in order to determine if better yields

of glucose could be obtained. The catalysts studied used include:

x Zeolites: Zeolite 5: HSZ930_C; CP906E_P450. Zeolite ZSM-5_C
x Jon exchange resins: Amberlyst 16

x Homogeneous catalyst: Sulphuric acid



Chapter 4. Results and discussion 68

A reaction time of 120 °C was chosen, since the biggest yields were obtained at this
temperature (figure 4.7). Two reaction times were selected, namely at 5 hours and 24
hours. This selection was made based on the maximum yields of the previous experiment,
which were obtained after 5 hours, and the reaction seems to be at an equilibrium after
24 h. Additionally, the reactions were performed using a formic acid to water content
of 4:1 and 1:4 and in the absence of formic acid. Reactions performed at 1:4 aimed
at determining if the equilibrium points were caused by the catalyst used of the large
amounts of formic acid and the reactions performed in the absence of formic acid aimed
at determining if the catalyst showed any form of catalytic activity in aqueous medium

under the reaction conditions.

Table 4.11 shows the yields of glucose and levulinic acid for the respective catalysts and
solvent composition after a reaction time of 5 hours and 24 hours. By adding different
catalysts, the reactions performed in 4:1 formic acid to water, both the zeolite 5 and
the amberlyst 16 showed no improvements on the yield of glucose. Amberlyst 16 showed
an almost identical yield to the blank reactions, leading to believe that it is unsuited to
work in the presence of formic acid. The reactions performed in sulphuric acid showed
a better yield than the blank reaction after 5 hours and an identical yield after 24
hours. The better yield at 5 hours is most likely due to the synergy between the two
homogeneous acids, where the sulphuric acid increased the proton concentration in the
solution, leading to a faster the reaction. The detection of levulinic acid was troublesome
due to its proximity to the formic acid in the HPLC. Low yields of levulinic acid were
seen but it was not possible to quantify them. All the results showed significant increased
when compared with the reactions performed in an aqueous solution, where the larges
yields obtained were of 6% after 5 hours using zeolite S and of 9% after 24 hours using

sulphuric acid.

TABLE 4.11: Acid catalysed reactions of cellulose

Yield (%)

FA:H5O0 ratio 4:1 1:4 0:5
Catalyst Time (h) Glucose Lev. Acid | Glucose  Lev. Acid | Glucose
Zeolite 5 35 Some? 7 Not detected 6
HSZ7930_C 24 9 33 35 Not detected 3
Ton Ex. Resin 5 43 Some? 8 Not detected 0
Amberlyst 16 24 19 35 18 Not detected 2
H5SO4 5 52 Some? 27 Not detected 2
(0.01M) 24 27 34 23 Not detected 9
No catalyst 5 41 some? 9 Not detected 0
used 24 27 34 18 Not detected 0

Reaction conditions: Milled avicel 0.045 g, catalyst (0.05g), reaction time 5 h, temperature 393
K performed in ace pressure tubes with magnetic stirring.
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By determining the yields by means of HPLC added different complications. Firstly the
correct determination of the yield of levulinic acid was hindered by the presence of large
amounts of formic acid in the solutions. Additionally, differences in yields were detected
when measuring the same sample after several days, with differences reaching 6% of the
yield of glucose (results not shown). This results in some unreliability in results as the
HPLC was shared with the department, with occasional long waiting times before some
samples could be measured. Ideally, an in-line product determination would be ideal.
The HPLC also made use of a dilute aqueous sulphuric acid medium to transport the
samples and the temperature set-point of 60 °C was used. It may be possible that some
of the products such as HMF may react to form by-products under these conditions,

resulting lower yields detected.

2Some Levulinic acid was detected in the HPLC, however the peak was adjacent to the larger peak of
formic acid, making the results highly unreliable. The peaks at 24 h were significantly larger and since
more levulinic acid was present, making these values more reliable.



Chapter 5

Conclusion and recommendations

for future work

The aim of this thesis was to broaden the available knowledge regarding the potential of
employing modified versions of zeolite 3 for two distinct acid catalysed reactions, namely

the dehydration reaction of fructose to HMF and the hydrolysis of cellulose to glucose.

Regarding the reaction of fructose to HMF, two systems were studied by making use of

DMSO and 2-butanol as solvents. The main findings include:

¢ In system using DMSO as a solvent, no differences were detected by making use of
zeolite B as a catalyst. Yields of 78% of HMF were obtained using only DMSO,
which contradicts multiple sources in the literature which state that a mere 30%
yield was obtained under equivalent reaction conditions. Additional sources in-
dicate that DMSO acts on its own as a dehydrating agent, being responsible for
promoting the reaction. This reaction was studied in four distinct set-ups, all
yielding similar results. The HMF yield was not influenced when using zeolite 3

as an heterogeneous catalyst.

¢ 2-butanol was used as a solvent to study the same reaction in combination with zeolite
B and and ZSM-5 as a reference heterogeneous catalyst. Both catalyst showed
increased yields of HMF, however ZSM-5 outperformed zeolite 5 in the yield of
HMF showing yields as high as 65%. When regarding the results, by employing
2-butanol as a solvent lead to analytical complications when using HPLC as some
phase separation and shouldering effect caused by the 2-butanol took place. HMF
and the solvent appear in close proximity to one another leading to unreliable

yields.

70
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In summary, HMF was obtained in yields ranging from 40% to 78% in 2-butanol and
DMSO as solvents. The later proved to show the highest potential for the reaction,
however the challenge of product separation from the reaction medium must be studied

in great detail before considering potential industrial applications.

For the dehydration reaction of cellulose to glucose, The research included not only
the effects of the heterogeneous catalyst but also the different effects of subjecting the
cellulose to additional treatments. These were employed to attempt at disrupt the
network of hydrogen bonds responsible for maintaining the integrity of the crystalline
structure of the cellulose, and as a result promoting the effectiveness of the zeolite 5.

Noteworthy findings from this work include:

¢ By combining the effects of ball-milling followed by a reaction in high concentrations
of formic acid, yields as high as 40% of glucose were obtained after a 3 hour
reaction. Longer reaction times lead to the formation of levulinic acid being formed

resulting in lower yields of glucose.

& Using zeolite 8 in combination with formic acid, did not result in visible increase
in yields of glucose, possibly as a result of the hindering of solid-solid reaction
between the two materials. Larger yields of levulinic acid were however detected
with lower yields of glucose, leading to believe that the zeolite is active after the

formic acid hydrolyses the cellulose to its glucose units.

> Relative lower yields of glucose were obtained when using sulphuric acid in equivalent
proton concentrations compared with the formic acid. This proposes that formic
acid acts not only as a catalyst but additionally as a swelling/derivatizing solvent,

further promoting the hydrolysis of the glucose.

At the end of this study, it can be concluded that ball-milling and formic acid greatly
promote the hydrolysis of glucose. The incorporation of heterogeneous catalysts lead to
lower yields of glucose favouring the formation of additional products, of which levulinic
acid may be of interest. Since this study was focused particularly on obtaining the best
yields of glucose, no special attention was given to the yield and conversion of cellulose
to levulinic acid. This however may be of interest for future research, as zeolite 3 proved
to promote the reaction. The effect of formic acid and zeolite 8 on glucose as well as

the reaction conditions should be studied to a greater detail.
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